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Robot-Assisted System for Orthopaedic Surgery
JOHANNA GULLMAN
ROBERT SLIPAC
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Among other factors, the success rate of orthopaedic surgery is linked to the skill
and experience of the individual surgeon, and surgical error can lead to severe pa-
tient injuries. The use of surgical navigation or robotic guidance systems during
orthopaedic surgery, such as arthroplasty and spine surgery, has the potential to
increase surgical accuracy and precision, and to ensure a consistent outcome. This
can lead to a decrease in complication rates and length of stay in the hospital. Ex-
isting surgical robotic guidance systems, which usually consist of highly specialised
robot manipulators and software, are expensive to purchase, maintain, and use. The
objective of this thesis is to develop a robotic guidance system demonstrator in col-
laboration with Ortoma AB. The system shall guide a robotic arm equipped with
a surgical tool to a preoperatively planned pose obtained from Ortoma’s surgical
planning software. Contrary to existing robotic systems, this thesis aims to show
that it is possible to create a robotic guidance system with an off-the-shelf collabo-
rative robot. The proposed system uses a Universal Robots 10 and a commercially
available visual tracking device. The system receives a pre-planned target position
from Ortoma’s planning software, together with the patient calibration as input.
Tracking device-robot calibration is performed by using 3D point correspondences
between the two coordinate frames to compute the 3D rigid body transformation
aligning them. Differential kinematics are used to calculate joint velocities, which
are then used to control the robot in Cartesian space. The presented results show
that, after successful calibration, the system can consistently position the surgical
tool in the pre-planned target with high accuracy and precision. In conclusion, the
proposed system demonstrates the possibility to achieve highly accurate results us-
ing standard system components in combination with a surgical planning software.

Keywords: robotics, surgical navigation system, robotic guidance, orthopaedics
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1
Introduction

This chapter presents the objective, as well as medical background, of the thesis.
Already existing systems and medical limitations are also discussed.

1.1 Using Robots in Medical Applications

While contemplating using robots in medical applications, and more speci�cally in
an operating room (OR), there is a vast number of advantages and disadvantages
to take into consideration. Many stakeholders are involved, such as the patient,
the healthcare professionals, the hospital, insurance companies, and the healthcare
system as a whole. Furthermore, ethical aspects also have to be considered and how
the introduction of robots in the OR can a�ect the individual as well as society.

An essential aspect to take into consideration is the cost associated with robot-
assisted surgery. Factors increasing the overall cost are for example the purchasing
the system, the maintenance of it, as well as additional training for the surgeons.
Furthermore, an increased time consumption can be expected due to setup and
calibration procedures [1]. Consequently, there is a possibility that the number of
performed surgeries per day decrease which results in less income for the hospital. On
the other hand, there could also be cost bene�ts in the form of reduced complication
rates, and thus less revision surgeries needed, as well as shorter stay in the hospital
post-operation [1]. Consequently, there will always be a trade-o� between the time
consumption of the surgery and the probability that complications will require even
further treatment or surgery. Thus, for more high risk associated with surgeries it
could be argued that a larger time duration is a small price to pay to ensure the
safety of the patient.

1.2 Objective

The objective of this thesis is to develop a surgical robotic guidance system demon-
strator in collaboration with Ortoma AB. The system shall guide a robotic arm
equipped with a surgical tool to a preoperatively planned pose obtained from Or-
toma's surgical planning software. Existing surgical robotic guidance systems, which
usually consist of highly specialised robot manipulators and software, are expensive
to purchase, maintain, and use. Contrary to such systems, this thesis aims to show
that it is possible to create a robotic guidance system with an o�-the-shelf collabo-
rative robot and a commercially available visual tracking device.

1



1. Introduction

The main approach of the system development is to use inverse di�erential kinemat-
ics, by using input obtained from the visual tracking system. The visual tracking
system consists of a stereo camera and �ducial markers, recognisable by the cam-
era. Firstly, camera-robot calibration will have to be performed by using 3D point
correspondences between the two coordinate frames to compute the 3D rigid body
transformation aligning them. Using di�erential kinematics, the controller for the
manipulator can thereafter be described as a P-regulator with an constant coordina-
tion system update. A graphical user interface (GUI) will also be developed in order
to facilitate both calibration of the system as well as running the robot manipulator.

1.3 Scope

This project mainly focuses on creating a system where the robot behaves as desired,
i.e. is able to move a medical tool to a pre-planned position and orientation, with
high precision. A UR10 will be used due to its availability at Chalmers, even though
a smaller robot could be more suitable for the application in mind. Tracking the
involved components will be done with a stereo camera and �ducial markers, bor-
rowed from Ortoma. Furthermore, although the medical aspects and requirements
will be taken into consideration and discussed throughout the whole project, the
�nal system will be far from surgery ready, due to time limitations as well as the
fact that it would require knowledge beyond engineering.

1.4 Background: Pedicle Screw Placement

There are several orthopaedic surgery procedures in which a robot-assisted system
could be applied. For this thesis the target application is pedicle screw placement
in spine surgery.

Transpedicular screws are used in lumbosacral-, lumbar-, thoracolumbar-, and tho-
racic spinal fusion. During the surgery, several vertebrae are �xed together by in-
serting screws through the pedicles [2]. Figure 1.1 illustrates the �xation of pedicle
screws from an axial and sagittal view respectively.

Figure 1.1: Fixation of pedicle screws, axial respectively sagittal view. From [3].
CC-BY.
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1. Introduction

The pedicle screws are thereafter connected by rods, stabilising and �xating the
spine [2]. Figure 1.2 illustrates the resulting lumbar �xation.

Figure 1.2: Lumbar �xation with pedicle screws and connecting rods. From [3].
CC-BY

In �gure 1.3 the second lumbar vertebra, L2, is illustrated. The vertebral body is
connected to the laminae by the two pedicles [4].

Figure 1.3: Superior view of the L2 vertebra. From [5]. CC-BY.

Normally, the pedicle screws are placed by hand while using �uoroscopy to facilitate
�nding the right location. Both the size of the pedicle and the size of the screw
a�ects the margin of error during the surgery. However, a pedicle violation below
2 mm is generally considered a safe zone of pedicle perforation by most surgeons
[6]. For a robot-assisted surgery system, this means that the accuracy of the whole
system chain has to be within 2 mm, including every possible aspect that could
potentially cause errors a�ecting the accuracy. These aspects include, but are not
limited to, computed tomography (CT) scans, data processing, planning, patient
alignment, calibration, measurement systems, manufacturer tolerances, robot posi-
tioning, and human error. The success rate of the manual placement is highly linked
to the skill and experience of the individual surgeon [7]. Screw malpositioning has
been found to be relatively common, with misplacement rates up to 40-50 % [8], [9],
[10]. Even though serious complications as a consequence of screw misplacement are

3



1. Introduction

rare they include neurological, visceral, or vascular injuries [9]. Such injuries could
have severe long-term consequences for the patient and could de�nitely decrease
their quality of life. Therefore, there is potential to reduce the risk of complications
with the use of a robot-assisted surgery system.

During pedicle screw placement the patient is �xed to the table but the respiratory
motion could still impair correct placement [11]. The use of a robot therefore has
potential to adjust accordingly and move along with the movement, with a higher
accuracy than a surgeon. Where to place the screws will not be decided by the
robot, but rather by the surgeon before or during the operation. Thus, the robot
should only move a medical instrument into the pre-planned pose and perform high
accuracy drilling and placement.

1.5 Existing Systems

Laying the foundation for the thesis is Ortoma's current surgical navigation sys-
tem, Ortoma Treatment Solution—[12]. The �rst step when using the system con-
sists of preoperative planning of the procedure, by visualising it on a digital three-
dimensional (3D) model of the patient, obtained from a CT scan [13]. In the OR the
stereo camera and screen are positioned and the hardware is calibrated. By equip-
ping the medical instruments with �ducial markers, recognisable by the camera, the
patient's anatomy can be aligned with the computer software. A reference point
is also established by �xating a marker on the patient, which is necessary in the
case of unforeseen movements. The procedure can then be visualised on the screen
and the medical instruments can be tracked, in relation to the patient's anatomy,
in real time [13]. Thereby, the surgeon can easily con�rm correct positioning of
the instruments during the surgery, which is further facilitated by the instrument
turning green on the screen when correctly positioned.

When using a robotic guidance systems, the initial steps are usually similar to a
navigational system. Based on a CT scan of the patient, a plan is made preopera-
tively. Using �ducial markers, or other detectable landmarks, and a stereo camera,
the robot- and camera coordinate systems can be aligned [14]. Thereafter, the sys-
tem can align the robot arm in the pre-planned position and orientation of the
pedicle screw. An example of a robotic guidance systems for spine surgery is Mazor
X—(Medtronic PLC). The system consists of a workstation, as well as a robotic arm
with a built in camera, and a screen, both mounted to the operating table [15]. The
system can plan the surgery either preoperatively or intraoperatively with their so
called �Scan-and-Plan� mode. Studies have concluded the system to be safe and re-
liable, although not signi�cantly superior to a surgical navigation system [15], [16].
Other robotic guidance systems are the ExcelsiusGPS (Globus Medical) and the
ROSA ONE Spine System (Zimmer Biomet) [17]. These two systems both consist
of a robotic arm and a stereo camera for navigation, and planning of the surgery
is carried out by either CT scan or intraoperative �uoroscopy. All three aforemen-
tioned robotic guidance systems have in common that the robotic arm is equipped
with some form of guidance tool. The system then positions the robot such that the

4



1. Introduction

surgeon can insert the medical instrument through the guidance tool, and thereby
perform the procedure in the desired position and with the correct orientation. In
other words, the robot does not cut or drill in the patient, but enables the surgeon
to do it with high accuracy and precision.

1.6 Medical Limitations

To implement a robotic arm in an OR requires knowledge about the environment
and the rest of the medical equipment. There are some medical devices that are
essential to keep close to the patient during an operation. For instance, an oxygen
system and computer screens showing necessary information about blood pressure,
heart rate, etc [7]. When implementing a robotic manipulator in such an environ-
ment it is important to feed information about the surroundings to the manipulator,
in order to avoid unnecessary collisions. The robot that will be used in this project
does not have any sensors to detect surrounding objects. Consequently, some as-
sumptions and restrictions have to be made, such as assuming that the medical
devices are always placed approximately at the same position each surgery. One
part of this project will be to add the position of the medical equipment to the
mathematical model for the controller, in order to give the manipulator some input
of the working environment. The working area restricts the possible movements of
the manipulator and is considered a limitation in this project.

During an actual surgery, the preoperative planning of the goal pose is done by a
surgeon and patient calibration, i.e. the alignment between patient and the coordi-
nate system used during the planning, is performed using an optimisation algorithm.
However, in this project a simpli�ed patient alignment will be carried out when cre-
ating a demonstration of the system.

Furthermore, since the surgery is intended to be carried out on a human, with a
very small margin of error, accuracy and precision are both highly important for
this project. The patient is expected to be under general anesthesia during this
process, but still move slightly due to respiration with help of a ventilator. Muscle
contractions, causing for example leg- or arm twitching are not expected since the
patient only receives enough air to breathe during a surgery. The only expected
movement is therefore the thorax, where the breathing takes place. This movement
can be highly restricted since it depends on how much air is be pumped into the
patient. It is possible to optimise the air�ow entering the patient, in order to
restrict respiratory movements, however this topic is also considered outside the
scope for this project. The robotic manipulator is able to work with high precision,
which means that optimisation of the breathing could be taken into consideration
when implementing such a solution in a real operating room, in order to achieve
optimal results. The robot has to reach the target with respect to the patient, and
consequently has to be able to dynamically adapt to changes of the target position,
based on the movements of the patient.

5



1. Introduction

1.7 Relevant Research Articles and Literature Re-
view Directions

An essential �rst step, to be able to turn the existing navigation system into a robotic
guidance system, is to determine the relationship between the coordinate systems
of the robot respectively the camera. This can be done by using 3D point corre-
spondences between two sets, to compute the 3D rigid body transformation aligning
them. In [18], Eggert et al. compares four algorithms for solving this problem. All
algorithms compute the transformation, i.e. the rotation and translation, between
two point sets by formulating and solving the problem as a least-squares problem.
The di�erence between the four algorithms lies in how the transformation is repre-
sented, and how a criterion function is minimised. The di�erent solutions are based
on the following: 1) computing the singular value decomposition (SVD) of a matrix,
2) using orthonormal matrices, 3) using unit quaternions, and 4) using dual quater-
nions. In the paper, it was concluded that all algorithms result in a similar accuracy
and robustness, with negligible di�erences even in applications with low noise levels.

Due to the limited space in the OR, and the fact that the visual tracking requires
the markers to be in view for the camera, it is reasonable to restrict the movement
of the robot manipulator. This can be done by implementing joint constraints, also
known as �joint limit avoidance�, for example by implementing bounds on their
speed or angles. In [19], Atawnih et al. proposes a kinematic control signal that
guarantees joint limit avoidance. The control signal is based on the prescribed per-
formance control method, and it can be applied to either planned trajectories or
sensor driven tasks with trajectories generated online. Tests, carried out with a 7
degrees of freedom (DOF) robot manipulator, also veri�ed the possibility to obtain
smooth joint trajectories and to accurately reach the target. In [20], the closed-loop
inverse kinematics algorithm laid the foundation for Wang et al. when deriving
the inverse kinematics and control of a 7 DOF redundant robot manipulator. Here,
joint limit avoidance is used as a performance criterion, which is locally optimised in
order to �nd the redundancy resolution. This is done with the Gradient Projection
Method.

Inverse di�erential kinematics requires a Jacobian of full rank, and therefore prob-
lems arise when the robot manipulator comes close to kinematic singularities [21].
Instead of inverting the di�erential kinematics, the problem can then be reformu-
lated as a damped least-squares (DLS) problem. In [22], several DLS methods are
implemented and tested. The di�erent versions are a basic DLS scheme, a weighted
DLS solution, and the addition of a feedback correction term. It was concluded that
the proposed re�nements could improve the basic method.

6



2
Background

This chapter introduces the hardware and software that will be used to carry out
the thesis.

2.1 Camera and Markers

The camera being used is the Atracsys fusionTrack 250. This is a stereo camera,
tracking so called �markers� in real-time, with a sample frequency of 120 Hz [23].
The markers are tracked in 6D, meaning that both position and rotation of the
markers are tracked, in the camera's reference frame. From the camera software,
each marker's homogeneous transformation matrix, describing the transformation
from marker to camera frame, is extracted. This data is used to obtain relative
poses of the markers with respect to each other. The camera software was already
implemented and we made no changes to it during this project. The camera has
a C++ Application Programming Interface (API) that can be used via a Python
wrapper provided by the manufacturer. The Python interface is used to obtain
measurement data from the camera.

There are a number of di�erent markers that Ortoma uses, each with their own
unique geometry. The ones used for this thesis are calledmarker 2, marker 4, and
marker 9. During this project they are also denominated depending on their use,
such as �goal/reference marker�, �tool marker� and �calibration unit marker�. Each
marker is equipped with four re�ective discs, also known as �ducials, recognisable
by the camera.

Figure 2.1: A marker, equipped with four re�ectors which the camera detects.

A marker is attached to each medical instrument, as well as one reference marker

7



2. Background

attached to the patient, and thus the pose of the instruments and the patient, rela-
tive to the camera, is known throughout the surgery.

2.2 Medical Instrument and Calibration Unit

Various medical instruments can be equipped with a marker and then calibrated
with a calibration unit acquired from Ortoma. The calibration unit, shown in Fig-
ure 2.2, has three available calibration points, each purposed for a di�erent tool,
as well as an attachment site for calibration unit marker (marker 9) which is what
the camera recognises. Additionally, Ortoma has also provided the di�erent trans-
formation matrices between calibration unit marker and the three calibration points.

Figure 2.2: Pointer tool and calibration unit.

In this case the tool to be integrated with the surgery system is a pointer tool, to
which tool marker (marker 4) can be attached.

2.3 Robot Manipulator

A robot manipulator is made up of a number of links which are connected by joints,
enabling mobility [21]. When a single series of links connects the �rst- and last part
of the manipulator, this is called an open kinematic chain. In this case the DOF is
also equal to the number of joints. Alternatively, when the links form a loop, this
is known as a closed kinematic chain [21].
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