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Abstract

We integrated a Mechanical Tracking Arm (MTA) into a navigation software for 3-D
surgical navigation. The navigation software was extended to use both optical and
mechanical tracking with SDC. A reachability estimation was added, that supports
the user in their understanding of the MTA’s physical limitations.
A user study was conducted, in which the usability of the MTA and an optical
tracking system were evaluated and compared for the placement of pedicle screws.
The results were that the optical system provided a better usability and the MTA’s
accuracy is not precise enough.
However, we see potential for the MTA to be a valid option for surgical navigation,
if the accuracy. For its usability to increase, some of the provided feedback needs to
be addressed. This includes an increased range of motion and an easier connection
process.





ix

Überblick

Wir haben einen mechanischen Messarm (MTA) in eine Navigationssoftware für
3D chirurgische Navigation eingebunden. Die Navigationssoftware wurde so er-
weitert, dass sowohl optisches Tracking, als auch der MTA, über SDC genutzt wer-
den können. Zusätzlich wurden Funktionen hinzugefügt, die dem Nutzer eine
Einschätzung der räumlichen Grenzen des MTAs ermöglichen.
In einer Nutzerstudie wurde die Usability des MTAs mit der eines optischen Track-
ingsystems für die Platzierung von Pedikelschrauben geprüft und verglichen. Hier
haben wir herausgefunden, dass die Usability des optischen Systems der des MTAs
überlegen ist. Außerdem hat sich herausgestellt, dass der MTA noch nicht genau
genug ist.
Insgesamt kommen wir zu dem Schluss, dass das Konzept des MTAs Potenzial
für das navigierte Platzieren von Pedikelschrauben hat, wenn die Genauigkeit
verbessert wird. Um die Usability zu erhöhen, sollten unter anderem die Freiheit
der Gelenke erhöht und der Verbindungsprozess vereinfacht werden.
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Chapter 1

Introduction

According to Deyo et al. [2004], Rajaee et al. [2012] and Minimally invasive

surgeries for pedicle

screw placement

require some form of

navigation.

Phillips et al. [2020], the placement of pedicle screws is a
fairly common treatment for various spinal diseases and
injuries, like scoliosis, fractures, and the repercussions of
tumors and infections. While this surgery has historically
been done in an open fashion, recent advancements in tech-
nology allow for a minimally invasive approach. Accord-
ing to Phillips et al. [2020], minimally invasive placement of
pedicle screws requires some form of surgical navigation.
This can either be done the more traditional way, by using
2-D �uoroscopy to estimate the position of a tool with the
help of multiple X-ray scans, or with the newer approach
of 3-D surgical navigation, which simpli�es the work�ow
and allows for higher precision.

Multiple technologies for 3-D navigation exist and are 3-D surgical navigation

can be achieved with

different technologies.

The most common

method is optical

tracking.

common in different medical �elds. According to Mehta
et al. [2018], electromagnetic tracking, in which a tool is
tracked using slight differences in a magnetic �eld, is use-
ful for bronchoscopy, as it does not require a line of sight.
However, according to Wagner et al. [2002] it cannot be
used in the proximity of ferromagnetic tools or other mag-
netic objects, as these in�uence its accuracy.
For these reasons, Phillips et al. [2020] use the more com-
mon optical tracking for the placement of pedicle screws.
While optical tracking offers great accuracy and �exibility,
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Glossop [2009] see its main problem in its dependence on a
clear line-of-sight between the camera and the tracked tool.

This is where the Mechanical Tracking Arm (MTA), a novelThe mediTec proposes

the MTA as a solution to

the line-of-sight

problem. It is a small,

lightweight, wireless

tracking arm.

tracking solution designed by the mediTec, steps in. Its
goal is to deliver constant tracking in situations where opti-
cal tracking would suffer from interruptions due to the line
of sight problem. Furthermore, it differentiates itself from
other mechanical tracking systems, like the ones designed
by Hayashi et al. [1998] and Watanabe et al. [1987], by be-
ing smaller, lighter, and wireless, which allows the MTA to
be mounted closer to the working area and directly on the
patient. This is intended to reduce the cumbersomeness of
older mechanical tracking solutions and accelerate its reg-
istration process.

During this thesis, we integrated the MTA into an exist-This thesis integrated

the MTA into a

navigation software and

designed its work�ow

for the use in pedicle

screw placement

surgeries. A user study

was performed to

evaluate its usability.

ing navigation software, designed two methods that should
help users understand where the MTA's limitations are,
and wrote the code required for the MTA to work.
The MTA's work�ow in the use-case of pedicle screw place-
ment was explored, de�ned, and then tested in a user study.
The user study revealed, that participants rated the MTA's
usability lower than that of an optical tracking system.
However, the MTA's usability rating was not much lower
than that of the optical tracking, and we see potential to
further improve its usability. The direction of improvement
can be derived from insights gained during the user study.
Lastly, we came to the conclusion that the MTA is currently
not accurate enough. This is the case for various reasons,
but the most prevalent reason is the inaccuracy of the used
magnetic encoders.
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Chapter 2

Background Knowledge

2.1 Pedicle Screws for Spinal Fusion

Spinal fusion is a process in which two or more vertebrae Spinal fusion involves

�xing multiple vertebrae

together. This can be

done to combat a

variety of spinal

problems. One

common method for this

are pedicle screws,

which are screws, that

go into the vertebrae

and are then connected

via a metal rod.

are joined together. This hinders any relative movement
between these. According to Deyo et al. [2004], Rajaee
et al. [2012] and Phillips et al. [2020] indications for spinal
fusion include scoliosis, tuberculosis, fractures, spinal de-
generative disorders, spinal disk disorders, tumors, and in-
fections.
One common method of spinal fusion is the insertion of
pedicle screws. In this method screws are inserted into each
vertebra that needs to be �xated. Speci�cally, the screws go
through the pedicle into the vertebral body. These screws
are then connected by a metal rod, that locks the position of
the vertebrae relative to each other. An image of the result-
ing construction can be seen in Figure 2.1.

This surgery can be done as an open surgery or as a percu- Percutaneous pedicle

screw surgeries require

some form of navigation

to achieve a higher

precision. The exact

process surgeons use

to place pedicle screws

varies, but a few

common steps can be

identi�ed.

taneous surgery, but according to Kim et al. [2005] the per-
cutaneous method causes less muscle damage and blood
loss. For this reason, percutaneous methods have become
standard techniques. However, as pedicels are relatively
small, threading a screw through them is no easy task. For
this reason, surgeons use some method of navigation in or-
der to gain the necessary precision. Phillips et al. [2020]
explain two navigation approaches for percutaneous pedi-
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cle screw placement, using 2-D �uoroscopy for guidance
and using a 3-D navigation system, which are further ex-
plained in section 2.2.1. In this thesis the focus is on per-
cutaneous pedicle screw placement using 3-D navigation,
which can be accomplished with a multitude of slightly dif-
ferent procedures. Phillips et al. [2020] for example, use
a navigated Jamshidi needle to create a hole in the pedi-
cle, while a surgeon of the RWTH Aachen University Hos-
pital interviewed during this thesis uses a drill. Further-
more, the interviewee con�rmed that most hospitals and
surgeons have their own procedures that differ slightly in
some aspects. However, most of these methods have the
following steps in common:

1. Determine an optimal incision point, that makes the
pedicle easy to reach, by using navigation outside of
the skin.

2. Make the incision using a scalpel.

3. Use a needle, a drill, or another tool capable of punc-
turing bone to create a hole in the pedicle. For an in-
creased precision, this is done using navigation.

4. Insert an unnavigated Kirschner-wire into that hole.

5. Thread a cannulated pedicle screw over that
Kirschner-wire without navigation.

Once all screws are placed, the metal rod is threaded
through their heads in order to �x their relative position.

2.2 3-D Surgical Navigation

3-D surgical navigation is a method in which the position3-D surgical navigation,

is a process in which

the position and

orientation of a tool is

tracked in real-time.

This information is then

displayed relative to a

previously recorded 3-D

image of a patient.

of a surgical tool is tracked. This position is then shown
to the surgeon on a screen in relation to a 3-D image of
the patient, which is acquired prior. According to Phillips
et al. [2020], this method gives surgeons access to views
during surgery that are not accessible using classical 2-D
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Figure 2.1: This image shows one possible arrangement in
which pedicle screws can be inserted through the pedicle.
The two images on the right additionally show the rods,
which are used to connect multiple screws together. This
�gure was derived from Yang et al. [2023].

�uoroscopic imaging. Furthermore, it increases the accu-
racy of speci�c percutaneous surgeries, as shown by Kos-
mopoulos and Schizas [2007].

There are different techniques of tracking tools, which all Multiple tracking

methods exist, these

include electro

magnetic tracking,

optical tracking and

mechanical tracking.

However, all of these

methods have

advantages and

disadvantages.

come with advantages and disadvantages. Electromagnetic
tracking can be used in situations where the tool is not
rigid or completely inside of the patient. This makes it,
for example, useful for bronchoscopy, as stated by Mehta
et al. [2018]. However, Wagner et al. [2002] come to the
conclusion that larger ferromagnetic tools or other mag-
netic objects may reduce the accuracy of electromagnetic
tracking, limiting its use-cases. Other methods include the
widely used optical tracking, discussed in Section 2.2.1, and
the so far rarely used mechanical tracking, discussed in Sec-
tion 2.2.2.

2.2.1 Optical Tracking

Optical tracking typically works with two cameras, that In optical tracking two

cameras are used to

triangulate the position

of objects.

point to the same position. A speci�c object can then be
recognized on both camera images. Based on the position
within these images, the position of the object in the space
relative to the camera can be triangulated. By also tracking
a reference position that is �xed to the patient, a relative
position of the object with regard to the patient can be de-
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termined. The speci�c camera setups and tracked object
can differ between different optical tracking techniques.

Multiple different techniques of optical tracking exist. OneOptical tracking can be

performed with multiple

different techniques.

The most common

techniques are based

on passive re�ective

markers.

technique, described by Ma et al. [2020] and Li et al. [2021],
is markerless navigation, which relies on the recognition of
anatomic landmarks or the shape of tools.
The more common tracking techniques use markers, which
are speci�cally designed to be easily recognizable on a cam-
era image. These markers are then attached to the patient
and tools. Methods with markers can be differentiated into
two categories. On the one hand, there are active methods,
which use light-emitting markers that can be recognized
on the camera image, as, for example, described by Yang
et al. [2012].
On the other hand, there are passive methods. These in-
clude methods where QR-code-like markers on patients
and tools are tracked, as proposed by Xie et al. [2023],
which have the advantage that they do not signi�cantly al-
ter the shape of tools and also don't need any additional
surgical procedures to attach markers to the patient. How-
ever, this method is currently signi�cantly less accurate
than the more common passive re�ective methods. These
are based on small infrared light-re�ecting spheres, as in-
troduced by Klimek et al. [1999]. This method is widely
used and therefore chosen as the baseline during this the-
sis.

In these passive re�ective methods, each object that isPassive re�ective

methods are based on

light re�ecting spheres,

which are arranged in

groups to form arrays.

tracked has an array of re�ective markers attached to it.
These arrays enable the tracking system to calculate not
only the position of the object, but also its orientation. Fur-
thermore, each tool uses a slightly different array, such that
based on the relative positions of markers to each other, the
speci�c object can be identi�ed. An example of such arrays
can be seen in Figure 2.2.

According to Glossop [2009] the main drawback of any op-
tical tracking system is the required line-of-sight. If an ob-
ject comes in between an array and the camera, and oc-
cludes too many markers, the array's pose can no longer be
calculated. This problem also occurs if the array is rotated
away from the camera, in such a way that it blocks line-of-
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Figure 2.2: This �gure shows two marker arrays used for
passive re�ective optical tracking. The top one is a marker
array that is permanently �xed to a tool and the bottom one
is a reference marker that is used to track patients. These
two arrays have different marker con�gurations, which al-
lows the optical system to distinguish them. Both arrays
are models made by Surgivisio.

sight to its own markers. Depending on what caused this The main drawback of

optical tracking systems

is their reliance on

line-of-sight.

Additionally, the space

usage of the marker

arrays and the camera

can be considered as a

problem.

problem, the camera or the array need to be repositioned in
order to regain tracking.
Solving the line-of-sight problem is an ongoing research
topic, that is further explored in Chapter 3.2.
Glossop [2009] mentions another problem of passive re�ec-
tive optical tracking, which is its space usage on the tool. As
a marker array needs to be attached to each tracked tool,
this makes them bigger and less easy to wield. Further-
more, the camera itself may also use up valuable space in
the vicinity of the operating table, depending on the way
the tracking camera is setup. This is something that was
mentioned by a surgeon we interviewed during this thesis.

2.2.2 Mechanical Tracking

Mechanical tracking for image-guided surgery has a long
history. One of the �rst uses was by Brown [1979]. They
created a stereotactic head frame, which could be used to
track the position of a tool during brain surgery. However,
its rigid design, meant that it had a limited number of use
cases. Mechanical tracking became more �exible with the
�rst frameless system by Watanabe et al. [1987]. This sys-
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tem used a mechanical tracking arm with six degrees of
freedom, which measured the angles in each joint using po-
tentiometers. It achieved a reported accuracy of 5<< .
Hayashi et al. [1998] used a mechanical tracking arm with
an accuracy of 2•9<< in the late 90s, and while further me-
chanical tracking arms, with better accuracy, were devel-
oped since then, their use in the surgical �eld was, accord-
ing to Smith et al. [2025], overshadowed by the rise of op-
tical tracking, mainly because, when compared to optical
tracking, they were cumbersome to use. Additionally, as
shown by Zhang et al. [2019], optical tracking systems are
capable of tracking multiple tools at once, something com-
mon mechanical systems can not, which is another reason,
why optical tracking is the currently more prevalent tech-
nique.

2.3 Service-oriented Device Connectivity
(SDC)

Service-oriented Device Connectivity (SDC), is a standardSDC encompasses a

family of standards, that

de�ne a manufacturer

independent

communication protocol

for medical devices.

Providers can offer

metrics and operations

to consumers. The

standard de�nes certain

units, use-cases and

risk levels for metrics.

family made up of the core standards 11073-20701 [2020],
11073-20702 [2017] and 11073-10207 [2024]. Its purpose is
to enable manufacturer-independent intercommunication
between medical devices. SDC is based on a provider-
consumer architecture. This means one medical device can
host a provider, which publishes certain metrics and offers
certain operations, while another medical device can host a
consumer, which subscribes to the metrics of the provider
or triggers one of their operations. In order to communi-
cate to the medical devices in the network, what a provider
offers, it publishes a model representation of itself, which
describes all of its features. This description is standard-
ized and consists of metrics and operations with prede�ned
uses, units, and levels of risk.
While this allows for communication between multipleTo facilitate

exchangeability

between devices of the

same category, SDC

de�nes device pro�les.

medical devices, the SDC family of standards aims to do
more. Medical devices of the same category, should be in-
terchangeable inside of a system made up of multiple med-
ical devices. For example, if a patient monitor uses SDC to
communicate to a respirator, it should need no additional
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con�guration, if the respirator is replaced for one of a differ-
ent brand. This is achieved with standardized device pro-
�les, that de�ne which metrics and operations a device of
a certain category needs to offer. These device pro�les are
de�ned in additional standards.
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Chapter 3

Related Work

3.1 Surgical Navigation with SDC

As described in Chapter 2.3, the SDC family of standards A device pro�le for

surgical navigation

systems is still missing

in the SDC standard.

Before it can be

developed, matrices

need to be supported

as metric type.

describes device pro�les for different types of medical de-
vices. However, currently these do not cover all types of
devices, and devices for 3-D surgical navigation fall under
this category.
Wickel et al. [2023], explore the requirements of a device
pro�le for controlling a surgical arm, which also includes
a device pro�le for surgical navigation systems. One prob-
lem this device pro�le is facing, is that it cannot be properly
implemented, because the current speci�cations of SDC do
not support matrices as metric types. These are vitally im-
portant for transmitting transformations, which describe a
tool's pose. Current workarounds include implementing
matrices as strings.

3.2 Solving the Line-of-Sight Problem

Solutions to the line-of-sight problem, as described in Solving the line-of-sight

problem has been a

research focus. One

study tried to

automatically readjust

the cameras position.

Chapter 2.2.1, have been a focus in the research �eld of sur-
gical navigation for years.
Schaller et al. [2011] tried to solve the line-of-sight problem,
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by automatically adjusting the camera position with a robot
arm. While this improved the uptime of navigation, it did
not completely remove the line-of-sight issue.

A common attempt at solving the problem, which was alsoMultiple researchers

attempted to solve the

problem, by using more

cameras. While this

does help, it does not

fully solve the problem.

tested by Chen et al. [2025] and Pfeiffer et al. [2016], is the
usage of an increased number of cameras. The intention
is that when one camera's line-of-sight is blocked, another
might have a clear view of a marker. Additionally, multiple
cameras can be used to increase the working area, in which
tools are tracked. However, this approach comes with an
increased camera footprint, that takes up valuable space in
the vicinity of the operating table. Both of these approaches
improved the uptime of navigation, but do not guarantee
an uptime of 100% because, depending on the situation, all
cameras can be blocked. Nevertheless, according to Chen
et al. [2025], multi-camera setups are already in use during
real surgeries.

Birkfellner et al. [2002] proposed a combination of electro-Using optical tracking to

calibrate a magnetic

tracking system, which

then takes over

navigation, when the

camera loses sight, is

another approach. It

however, did not reach

the same accuracy as

optical tracking.

magnetic tracking and optical tracking. They use optical
tracking to calibrate the electromagnetic tracking prior to
the surgery. This is in an attempt to remove errors intro-
duced by metallic or magnetic objects in the surrounding
area. When the optical tracking loses sight of the markers,
the position calculated by the electromagnetic tracking is
used to bridge the time until a line-of-sight is reestablished.
While this approach removed the line-of-sight problem, the
electromagnetic tracking calibration could not fully com-
pensate for the errors that were introduced, which meant
the accuracy of the magnetic tracking was lower than that
of an optical tracking system.

Another approach to solve the issue is the MTA, which is
described in Chapter 3.3.

3.3 Mechanical Tracking Arm - MTA

This chapter gives an introduction to the Mechanical Track-
ing Arm (MTA), which is required to understand the capa-
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Figure 3.1: This image shows the MTA in the calibration
rig at the top. The rig positions all joints in their prede-
�ned origin. For the �rst and the last joint additional cal-
ibration volumes can be seen, which are required to keep
the MTA in the correct position. The bottom left shows
the connector used for connecting the MTA to the Dynamic
Reference Base (DRB). It has three connection points and
can be rotated by 180° to provide three additional connec-
tion points. In the bottom right, this image shows the tool
connector, which is attached to the MTA, so that tools can
be slid through it.

bilities and limitations of the MTA and why certain deci-
sions were made during this thesis.

The MTA, is a novel mechanical navigation system that can The MTA is a small,

wireless, lightweight

measurement arm, that

can be connected

between a patient and a

tool, to determine the

tool's position. It was

designed as an

alternative to optical

tracking systems.

calculate its pose based on the measurements of magnetic
encoders in all of its joints. An image of it can be seen in
Figure 3.1. It is an ongoing research project at mediTec,
which is why its concept and mechanical prototype have
been designed and manufactured separately to this thesis.
The goal of the MTA is to offer an alternative to the com-
monly used optical tracking systems. The main drawbacks
of optical tracking are its required line-of-sight between the
camera and the markers, as well as the space usage of the
camera in the vicinity of the operating table. The MTA is
an attempt at solving both of these issues. Instead of with
cameras and markers, surgical tools can be tracked using
the MTA, a small, lightweight wireless measurement arm.
These attributes are what differentiate the MTA from exist-
ing mechanical tracking methods, as they are introduced in
Chapter 2.2.2. They allow the MTA to be mounted directly
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on the patient, in close proximity to the working area, with
the intent to reduce the obstruction that it poses to the sur-
geon. This further alleviates the step of manually register-
ing the patient's position relative to the arm's basis, as the
arm is connected to a prede�ned position on the patient.

3.3.1 Mechanical Design

The MTA consists of seven segments that are connected byThe MTA has six joints,

which can not fully

rotate. It therefor has 6

degrees of freedom

with some limitations.

six joints. Joints one, four, and six rotate along the MTA's
roll axis, while joints two, three, and �ve rotate along the
MTA's yaw axis. Together these joints allow for movement
with six degrees of freedom. However, the movement of
these joints is limited to a rotation from � 137•5° to 137•5°,
because there are cables running through each joint. Fur-
ther limitations stem from its length of 37 •52< and the fact,
that the MTA may be blocked by objects in the vicinity or
by parts of itself.
The prototype of the MTA used throughout this thesis was
3-D printed from plastic, but the �nal version is supposed
to be out of aluminum.

At both ends of the MTA are female adapters; these allowThe MTA has two

adapters, which can be

used to connect it to

other objects. These

adapters can only be

connected in one

orientation.

the connection to a male adapter, which is either mounted
to a tool or a reference point at the patient. The male
adapter has a metal pin, which can be best seen on the tool
connector on the lower right side of Figure 3.1. The female
adapter has a slit in which this pin can slide, which allows
these adapters to only connect in one speci�c orientation.
Furthermore, the female adapter has a spring-loaded mech-
anism, which can be pulled back to allow connecting or dis-
connecting the adapters. If the mechanism is not pulled
back, the adapters stay locked together.

3.3.2 Electrical Design

In order to determine the angles of all joints in the MTA,
the electrical system contains six magnetic encoders, of the
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model AMS_AS5038B1. These sense a magnetic �eld gener- The MTA contains six

magnetic encoders

which are connected to

a microcontroller via

I2C. The microcontroller

has a WiFi module and

an integrated battery

management system.

ated by a permanent magnet that sits on the opposing side
of the joint. If the joint is rotated, the magnetic �eld rotates
relative to the encoder, which translates this change to a ro-
tation information.
This rotation information is transmitted using Inter-
Integrated Circuit (I2C), a serial data bus designed for com-
munication between two or more integrated circuits. I2C
requires a total of two data lines, and the magnetic encoders
require two additional power lines. This means four cables
need to �t through each joint.
The recipient of the rotation information is an ESP32_S32,
a microcontroller that comes with a WiFi module and a
battery management system. This microcontroller runs the
code required to receive the angle data and transmit them
further via WiFi. It is powered with a small battery. Both
of these components sit inside of the third segment of the
MTA, which is marked in Figure 3.1.

3.4 Similar Research

During the writing of this thesis, Smith et al. [2025] pro- Another mechanical

tracking arm, with a

similar approach to the

MTA, has recently been

published.

posed a similar approach. They also designed a small, wire-
less mechanical tracking arm, that calculates its pose based
on angular encoders in its joints. Furthermore, it is de-
signed to be mounted directly on the patient to simplify the
registration step, just like the MTA. Their design, however,
was made for a different surgical procedure and consists of
only four joints, because their use-case does not require a
full six degrees of freedom.
While the reason for the conception of the MTA was the
line-of-sight problem, Smith et al. [2025] proposed their me-
chanical tracking arm because they deemed it to be cost-
effective and easier to learn than optical tracking.

1 https://ams-osram.com/products/sensor-solutions/position-
sensors/ams-as5048b-high-resolution-position-sensor (15.12.25)

2 https://www.seeedstudio.com/XIAO-ESP32S3-p-5627.html
(15.12.25)
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Chapter 4

System Design and
Implementation

During this master's thesis, multiple software components For this master's thesis

multiple software

components were

created or extended in

order to facilitate the

use of optical and

mechanical tracking in

one navigation suite.

The software

components are split up

on multiple devices, that

are distributed in the

surgery room.

were newly created or extended in order to accommodate
both optical and mechanical tracking within one navigation
suite.
As Figure 4.1 shows, the entire system is designed to be
run on multiple devices, in order to facilitate �exible usage.
While the setup of the camera comes as one unit, which in-
cludes the camera and a computer for the more complex
calculations, the MTA' setup is split into two systems. The
MTA comes with an additional unit, which hosts its own
WiFi, performs the computationally complex calculations,
and acts a as a bridge to the SDC network. This allows
the MTA and the optical tracking camera to easily switch
surgery rooms and connect to different instances of the nav-
igation software.

The navigation software used in this thesis is written by The navigation software

was extended during

this thesis and the

MTATransformer and

the embedded code

were newly created.

the mediTec for navigation using optical tracking. It has
been extended to also enable mechanical tracking. Addi-
tionally, its usage has been simpli�ed, and new features
were added, that improve its use for the placement of pedi-
cel screws. More about the continued development of the
navigation software can be seen in Chapter 4.3.
The transformation calculator for the optical tracking is a
software written by the mediTec, that calculates the trans-
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Figure 4.1: This diagram shows the physical distribution
of all of the required software components and their com-
munication methods. The tracking camera comes as one
unit with a computer, which hosts a transformation calcu-
lation software. The MTA's setup consists of two systems,
the MTA itself and a separate unit, which hosts the MTA-
Transformer, and handles all of the calculations. It also
acts as a bridge to SDC and hosts its own WiFi to which
the MTA connects to. Both systems communicate via SDC
with a navigation software running near the operating ta-
ble. Components which are represented as cuboids, require
specialized hardware and can not run on a normal com-
puter.

formations for the optical system and functions as a bridge
between the optical tracking camera and SDC. It has not
been signi�cantly altered during this thesis. For mechani-
cal tracking, the MTATransformer acts as the middleman. It
receives joint angles and calculates transformations, so that
these do not need to be calculated on a microcontroller. Fur-
thermore, it also hosts an SDC provider, presenting data in
a format similar to that of the optical tracking system. The
MTATransformer, as well as the embedded code running on
the MTA are new developments and are further detailed in
Chapter 4.2.
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4.1 System Design

While different work�ows for optical tracking in surg- A work�ow describing

the optimal use of the

MTA needs to be

designed.

eries are already widely in use in hospitals all around the
world, the work�ow for the MTA still needs to be designed.
This includes the entire use, from the MTA arriving in the
surgery room, over optimally �xing it to the patient, all
the way to using it with a navigation software. In order
to �gure out a decent �rst iteration of such a work�ow, in
the speci�c use-case of pedicle screw placement, multiple
design phases commenced.

First, scienti�c literature about pedicle screw placement A �rst concept was

designed, based on

information gathered

about optical tracking.

This �rst iterations

work�ow however was

very strictly ordered.

and 3-D surgical navigation was investigated, in order to
evaluate the current work�ow using optical tracking. The
�ndings were compared with video footage of surgeries by
Michael [2020] and Sheeraz [2017], which gave further in-
sights into the handling of used tools and the situations
these surgeries take place in.
Based on the gathered information, a �rst walkthrough of
the entire use of the MTA and UI mockups for the nav-
igation software were designed. These �rst designs had
a focus on allowing different tools and methods for the
surgery; however, a strong focus on preventing usage mis-
takes, meant that most parts of the work�ow were very
strictly ordered.

With the �rst concepts in mind, an interview was con- To gain further insights

into the topic an

interview with a surgeon

was conducted.

ducted with a neurosurgeon of the RWTH Aachen Univer-
sity Hospital, to evaluate these concepts based on new in-
sights, with a special focus on challenges created by the
introduction of the MTA. While this surgeon usually per-
forms pedicle screw surgeries on the cervical spine, we
want to focus on the lumbar spine. We were of the opin-
ion, that their insights were relevant, despite the differ-
ences in techniques that come with the different surgery
locations. They are experienced in using optical 3-D nav-
igation, and though they mostly do pedicle screw surgeries
in an open fashion, they still had insights into minimally
invasive methods. The interview was semi-structured and
included a short presentation and demo of the MTA in
an early state, followed by an open discussion about the
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MTA's requirements. Some of their feedback was outside
the scope of this thesis and is therefore worked into the
evaluation in Chapter 5. Important feedback for the work-
�ow design during this thesis included:

1. They see a problem in potentially reaching a joint's
limit, while inside the relevant working area.

2. They want to be able to grab the tool's handle and a
part of the MTA with one hand.

3. They do not want to change the position of the MTA
for every screw.

4. They do not use additional reference screws in min-
imally invasive surgeries, which is something we as-
sumed before.

5. They do not need a numerical value representing the
accuracy of the system; visual con�rmation on land-
marks is more intuitive.

6. They see a signi�cant problem in the potential of ma-
nipulating the patient's spine or the accuracy of the
connection point due to forces applied through the
MTA.

7. They �rst drill all holes and introduce the screws af-
terward in order to reduce inaccuracies due to the
forces applied by the screw introduction.

8. They would like the system to have a small footprint,
so that it becomes possible to operate as close to the
reference point as possible.

9. They, as a surgeon, do not control software during
surgery; this is done by an assistant.

10. They do not preplan the positions of all screws. In-
stead, they use navigation to move a virtual screw to
the correct position without incising the skin. They
can then choose the dimensions of the screw on-the-
�y.

Based on this feedback and the previous designs, a new,
more �exible, work�ow was created. The work�ow goes
as follows:
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Work�ow: Preparations

The MTA needs to be �xed to the patient's spine in such Connecting the MTA to

the patients spine

requires a more stable

connection point than

most systems used for

optical tracking provide.

For this reason the

Dynamic Reference

Base (DRB) of the

Surgivisio Platform was

chosen, which connects

multiple vertebrae

together.

a way, that the spatial relation between patient and con-
nection point is known. For optical tracking, multiple dif-
ferent systems exist, that only need small incisions and are
�xed to just one vertebra. However, they are sensitive to
manipulation, as the interviewed surgeon con�rmed. If
they are touched during the surgery, their position has to be
remapped with a new CT-scan. As we expect some forces
to be applied to the connection point by the MTA, we de-
cided to go with the DRB of the Surgivisio Platform 1. It is
a system designed for optical tracking and CT registration,
that comes with multiple advantages for the MTA, which
are utilized in this thesis. First of all, it connects three verte-
brae together in order to form one connection point, which
could propagate the applied forces more evenly and reduce
the relative movement of the relevant vertebrae. Whether
this is an actual solution to the interviewee's feedback-6 re-
mains to be tested.

As the DRB has not been designed with the MTA in mind, The MTA requires

multiple connection

points to offer good

freedom of movement

on all relevant positions.

Therefore, a connector

was designed that can

be rotated by 180°to

offer more connection

points without additional

space usage.

an additional connector is needed that can be attached to
the MTA and the connection point made for the optical
reference marker. Initial testing with the MTA revealed,
that just one way of connecting the MTA will not yield
the freedom to reach all points needed for a pedicle screw
surgery. It was discovered, that it is advantageous, when
the MTA's connection point is on the opposite body site of
the intended working area. However, adding connection
points that point to the side takes up a signi�cant amount of
space. Therefore, keeping the surgeons feedback-8 in mind,
the number of connection points was kept to a minimum,
while still offering a few options in order to further evalu-
ate which connection points offer advantages. To increase
the number of possible connection points without increas-
ing the footprint, the connector was designed in such a way,
that it can be �ipped 180° to double the number of connec-
tion points. The �nal design can be seen in the lower left

1 https://www.ecential-robotics.com/media/images/Brochure-
Commerciale_AA-0601-EN-F.pdf
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corner of Figure 3.1. The CAD-design and printing of the
connector were done by an employee of the mediTec.

Once the DRB of the Surgivisio Platform is attached to theThe position of the

connector can be

located in the CT

image, because the

DRB of the Surgivisio

Platform comes with a

CT phantom.

patient's spine, an intraoperative CT scan is performed.
The second advantage of using the DRB of the Surgivisio
Platform is its CT-phantom which is a construction with
metal balls at prede�ned positions that are easily visible on
a CT scan and can be used for registration of its position. To
achieve this, a transformation matrix between the CT image
origin and the patient can be calculated, which provides us
the information about the MTA's position in the CT image.
However, this is done automatically by the navigation soft-
ware and is of no concern to the user.

Next up, the MTA needs to be calibrated. This requires allThe MTA is delivered

into the operating room

in a special calibration

rig, which holds all

joints in prede�ned

orientations.

joints to be in a prede�ned position, which can be achieved
by using a special rig in which the MTA is delivered into the
surgery room. This means in order to calibrate the MTA, it
only needs to be turned on, and then a button inside of the
navigation software gives the command for calibration. Af-
terward, the MTA can be taken out of the rig, and two cali-
bration volumes connected to each end of the MTA, which
are needed to keep the MTA correctly positioned in the rig,
can be removed. The calibration rig can be seen in Figure
3.1. In the same �gure you can see the calibration volumes,
which are the metal parts at both ends of the MTA.

The last step before the MTA is ready to use, is the attach-An additional connector

was designed, that is

attached to the MTA's

end and can hold tools.

ment of the tool connector. To keep the system as open
as possible for different tools, it consists of a small tube,
through which any tool of a proper size can be slid. For
tools that do not �t this format, a custom connector can be
created. The method of tool attachment means that we lose
all information about the tool's roll angle; however, this
information is not required, because the used tool has ro-
tational symmetry around the roll axis. Furthermore, to
respect the surgeons feedback-2, the tool connector has a
small handle that allows holding the tool and the tool con-
nector with just one hand. The tool connector can be seen
in Figure 3.1. The CAD-design and printing of the tool con-
nector were done by an employee of the mediTec.
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Work�ow: Planning

While, according to the interviewee's feedback-10, preplan- We deemed some

degree of planning

necessary for the MTA,

so that an optimal

connection point can be

chosen. This makes

reaching the desired

pose doable and

reduces forces applied

through the MTA.

ning of all screws is not necessary with the optical system,
we came to the conclusion, that because of the MTA's joint
limits and the resulting restrictions in movements, a rough
planning of the screws and the optimal connection point
used for them is required. This may reduce the chance of
running into a joint limit while in a critical phase of the op-
eration, which addresses the interviewee's feedback-1. Fur-
thermore, this reduces the applied forces to the MTA's con-
nection point, which could be especially high when a limit
is reached, therefore at least partially addressing feedback-
6.

However, with the intent to keep this system �exible and The work�ow allows for

two degrees of

planning: 1. Checking if

a connection point is

suitable to reach a

position. 2. Preplanning

all screws and receiving

automatic suggestions.

open to different approaches, this planning can happen in
two different ways.
Option one is to just preplan what connection point is used
for the MTA and not plan the �nal screw positions. With
some experience in the use of the MTA this may be possi-
ble without any aid from software, but to gain this experi-
ence, the navigation software is extended to show areas in
which the MTA can easily reach all poses. These areas are
highlighted in the CT image and can be shown for all con-
nection point and tool combinations.
Option two is to preplan all screws as exactly as possible.
For this, the surgeon can add a screw, of the required di-
mensions, to the CT image and move it to its intended po-
sition. The software then suggests an optimal connection
point for all screws and an optimal screw order that reduces
the number of times the MTA has to be attached to a differ-
ent connection point. The suggested screw order addresses
the interviewee's feedback-3, while still maintaining a good
reachability for all screws.
More on how these suggestions and the areas that the MTA
can easily reach are determined can be found in Section
4.3.2.
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Work�ow: Navigation

Before a screw can be placed using navigation, the MTAFor navigation the

software needs to be

told, which tool and

connection point are

being used. Navigation

is then only used for

pre-drilling the holes for

all screws, the screws

are then introduced

unnavigated with the

help of Kirschner wires.

needs to be attached to the correct connection point. Fur-
thermore, the selected tool and connection point need to be
set in the software, so that it knows which combination is
used. If the screw was preplanned, it can be immediately
placed; otherwise, the surgeon needs to �rst choose the cor-
rect screw dimensions using the navigation. However, the
placement of the screw itself is not navigated. Instead, the
pre-drilling of the screws path is. During this, the nav-
igation software visualizes the end position of the screw,
which is assumed to be at the tip of the tool. Afterward, a
Kirschner wire is threaded into the hole, over which a can-
nulated pedicle screw is inserted in an unnavigated fash-
ion. While this is the approach taken by the interviewed
surgeon, there are other approaches that are possible using
the designed work�ow, for example, the method used by
O'Donohoe et al. [2020], which skips the Kirschner wire.

4.2 MTA Software Implementation

The code required to run the MTA is split into two parts.
The �rst part is the code running on the microcontroller,
embedded in the MTA, that reads out sensor values and
transmits them. The second part is the MTATransformer,
which receives the sensor-values and calculates the result-
ing transformation based on the known proportions of the
MTA.

4.2.1 Embedded Code

The embedded code for the MTA has to ful�ll three goals:

1. Listen for a command to calibrate the MTA

2. Read out sensor data using I2C.
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3. Send sensor data to a given receiver.

As none of these tasks are computationally complex, they
are completed by an in�nite loop without the use of inter-
rupts. This allows for a simple code setup and a reliable
execution order, while still having a fast enough reaction
time for our use-case. The code is implemented using the
Arduino programming language.

Sensor data is always read one sensor at a time, by send- Sensor data is read

using I2C commands.

All angle values are

collected and then send

in one UDP packet to a

prede�ned IP address.

ing a command to the sensor, which triggers the sensor
to respond with its current angle value. This is facilitated
through the use of a library 2 written for communicating
with the AMS_AS5048B3 sensor. For this, it is required to
know the I2C-addresses of all sensors, which have to be
burned in prior. While the sequential reading order of
the sensor data means that we never get a snapshot of all
joint angles at once, the time difference between these data
points is small enough not to be noticeable. All of these
data points are then packed together into one UDP packet,
which is sent to a prede�ned IP address.
Because this use-case does not require a reliable transmis-
sion protocol, UDP is used for all data communication. If a
package gets lost in transmission, a repeated transmission,
as would be the case with TCP, is redundant by the time it
is received and unnecessarily slows down the communica-
tion. Furthermore, as UDP is not connection-oriented and
sends data whether a receive is there or not, it is more reli-
able in the case of a short connection loss than TCP, because
no new connection has to be established. The communica-
tion is handled using the Arduino WiFi Libraries 4.

Lastly, the MTA needs to be calibrated after every start-up, The MTA calibration is

triggered by an

incoming UDP packet.

The calibration is done

using I2C commands,

which tell all sensors to

consider their current

angle as zero.

as the exact orientation in which the magnets are embed-
ded in the MTA is not known. This means, that each sensor
needs to be told which magnet orientation it has to con-
sider as an angle of zero. During this calibration, the MTA
needs to be �xed in a speci�c prede�ned pose, in which all
the joint angles are considered zero per de�nition. While

2 https://github.com/sosandroid/AMS_AS5048B
3 https://ams-osram.com/products/sensor-solutions/position-

sensors/ams-as5048b-high-resolution-position-sensor
4 https://github.com/arduino-libraries/WiFi
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the sensors used in the MTA do support hard-burning this
con�guration once, we chose not to do this, as we consid-
ered the possibility that the relative orientation of magnet
and sensor might drift over time. Though this step might
be skipped in future iterations, if it can be shown that this
effect does not take place. Calibration is triggered by send-
ing the keyword "SETZEROPOS" to an open UDP socket of
the MTA, which is polled during each loop iteration. Once
triggered, commands are sent to all sensors via I2C, reading
out their current angles and then setting these as their new
zero angle.

4.2.2 MTATransformer

The MTATransformer executes the main processing re-The MTATransformer is

responsible for

receiving the angle

values, combining them

with a virtual model of

the MTA to get a

transformation

describing the tool's

pose and then

transmitting this

information to the

navigation software

using SDC.

quired for the use of the MTA. It takes in all angles mea-
sured by the sensors, combines these with a digital model
of the MTA to calculate a �nal transformation matrix, and
sends the data to the navigation software.
Data communication from and to the MTA is handled us-
ing an UDP socket, which is constantly checked for new
data and sends a calibration command to the MTA on de-
mand. Communication with the navigation software is
handled using an SDC provider, which uses numeric states
to transmit the currently selected tool ID, the current times-
tamp, and an ascending frame number. These data points
can be used to verify the timeliness of the received data on
the receiving end. The most important transmitted part is
the transformation matrix, which is transmitted as a string
state, because SDC currently does not speci�cally support
matrices as data points. All of these outgoing states are up-
dated every time new data is received from the MTA. Ad-
ditionally, the SDC provider also offers operations that can
be triggered by an SDC consumer; there is one for trigger-
ing the calibration and one for setting the currently selected
tool. These two operations are vital for con�guring the sys-
tem to be in the correct state.

The entire MTATransformer was designed as a C++ library
with minimal dependencies, which allows for �exible us-
age. While it is currently used inside of a GUI applica-
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tion written with the QT Creator 5 it is designed in such The MTATransformer

was designed as a C++

library, for ease of use

in different scenarios. It

is however currently

used inside of a small

GUI application for

testing purposes.

a way, that it could be run on a small edge server with-
out any graphical output. However, for purposes of testing
and further development of the MTA the current GUI has
some useful functionality. The user can easily upload an ar-
bitrary URDF �le, which de�nes the MTA's dimensions as
explained in Chapter 4.2.2 and all IP-addresses and ports
are easily con�gurable. Furthermore, the GUI can simulate
the data sent by the MTA, for which it replaces every joint
with a slider.

Model Con�guration

In order to calculate the transformation of the tool relative The exact dimensions

of the MTA are given to

the MTATransformer as

URDF �les. The format

was restricted with

additional rules to only

allow the shape of an

arm to be read.

to the MTA's base, a digital model of the MTA is required.
This needs to represent every segment's length and every
joint's orientation and rotation limits. One goal of mak-
ing the model con�gurable is that it makes it easy to ad-
just, as the prototype's dimensions may change. For this
reason, the Uni�ed Robot Description Format (URDF) has
been chosen. It is a format mainly used in the Robot Op-
erating System (ROS) developed by Quigley et al. [2009],
which allows for a standardized representation that can be
easily adapted for various applications in future research
work.
However, the URDF is capable of describing signi�cantly
more complex systems than the MTA. For this reason a few
restrictions were added to enforce the shape of an arm, con-
sisting of an arbitrary amount of joints and segments with-
out any branching segments. Furthermore, an arbitrary
amount of tools can be de�ned, which can be swapped
in and out. These are de�ned as �xed joints connected to
the last segment. Speci�c naming restrictions for all joints
and segments are applied, that simplify the evaluation of
an URDF �le when read in by the MTATransformer. These
enforce segments to be called "segment_=" and joints to be
called "joint_=" with = counting up. Furthermore, tools are
to be called "tools_83", where 83is a number that is unique
for that tool.
This system restricts anyone who intends to change the

5 https://www.qt.io/product/development-tools
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<robot name="MTA">
<link name="base_link"> </link>
<link name="segment_0"> </link>
<link name="tool_207"> </link>
<joint name="joint_0" type="revolute">

<parent link="base_link"/>
<child link="segment_0"/>
<origin xyz="0 0.0 0.040" rpy="0 0 0"/>
<limit lower="-2.39" upper="2.39"/>
<axis xyz="0 0 -1"/>

</joint>
<joint name="tools_207" type="revolute">

<parent link="segment_0"/>
<child link="tool_207"/>
<origin xyz="0.110 0.0 0.020" rpy="0 1.571 0"/>

</joint>
</robot>

Figure 4.2: This �gure is a minimal working example of a
URDF to con�gure the MTA. This MTA would consist of
only one joint and one possible tool.

URDF of the MTA to adhere to this format, which re-
duces the number of possible undetected errors caused by a
wrong con�guration. However, even without these restric-
tions, errors in the MTA con�guration would most likely
be detected during testing and are not of relevance for the
end-user.
A minimum working example of an URDF �le describing a
version of the MTA with just one joint and one tool can be
seen in Figure 4.2.

As can be seen in the example URDF in Figure 4.2, eachEach joint consists of a

�xed relative position

and orientation,as well

as a rotation axis with

limits to its angle for the

�exible movement.

joint has a preceding and succeeding segment, as well as an
origin. The origin describes the position and rotation of the
joint in reference to the pose of the last preceding segment.
This position and rotation stay �xed during the use of the
MTA. The movable part of the joint is described by the axis,
around which the joint rotates in between de�ned limits.
While tools are also de�ned as joints, they are �xed and do
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not allow adjustable rotation. Their origin should describe
the working point of the tool and its forward direction.

Pose Calculation

The pose of the tool relative to the MTA's base can be found The MTA's

transformation is

calculated based on a

number of �xed

transformation matrices

that can be

precalculated and a

number of �exible

transformation matrices

that need to be

calculated every time a

new angle is received.

by combining the prede�ned virtual model of the MTA
with the angles sent by the MTA for each joint. This is
done using a series of homogeneous transformation matri-
ces. These can be used to represent translations and rota-
tions to a vector, as described by Briot and Khalil [2015].
The end result should be a 4 by 4 transformation matrix " C

with the following properties:

?C= " C�
©
­
­
­
«

0
0
0
1

ª
®
®
®
¬

– >C= " C�
©
­
­
­
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0
0
1
1
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®
®
®
¬

where ?C is the translation of the tool's working point rel-
ative to the MTA's base, and >C is a vector pointing in the
tool's forward direction relative to the MTA's base.
For each joint and all tools of the MTA a transformation
matrix is precalculated for its �xed rotation and translation.
For a joint 8with the following properties
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where ?8 is its position, and A8 is its �xed rotation, relative

to the preceding joint 8� 1, the transformation matrix ) 5 8G43
8

can be calculated as follows:
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8 =

©
­
­
­
«

G

' 5 8G43
8 H

I
0 0 0 1

ª
®
®
®
¬

with ' 5 8G43
8 = ' I � ' H � ' G � �3 and

' G =
©
­
«

1 0 0
0 2>B¹Aº � B8=¹Aº
0 B8=¹Aº 2>B¹Aº

ª
®
¬
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' H =
©
­
«

2>B¹?º 0 � B8=¹?º
0 1 0

B8=¹?º 0 2>B¹?º

ª
®
¬

' I =
©
­
«

2>B¹Cº � B8=¹Cº 0
B8=¹Cº 2>B¹Cº 0

0 0 1

ª
®
¬

Furthermore, the transformation matrices ) 5 ;4G
8 for the �ex-

ible rotation of the 8th-joint is calculated as follows every
time new angles are received:

) 5 ;4G
8 =

©
­
­
­
«

0

' 5 ;4G
8 0

0
0 0 0 1

ª
®
®
®
¬

with

' 5 ;4G
8 =

©
­
«

02
G¹1 � 2>B¹� 8ºº Ï 2>B¹� 8º 0G0H¹1 � 2>B¹� 8º � 0I B8=¹� 8ºº 0G0I ¹1 � 2>B¹� 8ºº Ï 0HB8=¹� 8º

0G0H¹1 � 2>B¹� 8º Ï 0I B8=¹� 8ºº 02
H¹1 � 2>B¹� 8ºº Ï 2>B¹� 8º 0H0I ¹1 � 2>B¹� 8ºº � 0GB8=¹� 8º

0G0I ¹1 � 2>B¹� 8ºº � 0HB8=¹� 8º 0H0I ¹1 � 2>B¹� 8ºº Ï 0GB8=¹� 8º 02
I ¹1 � 2>B¹� 8ºº Ï 2>B¹� 8º

ª
®
¬

where the rotation axis of the joint 8is given by

08 =
©
­
«

0G

0H

0I

ª
®
¬

and the current rotation angle is � 8.

With these transformations calculated, we can now calcu-
late the transformation of the entire MTA. This is done by
using these transformation matrices as basis transforma-
tions, changing the basis of the identity matrix joint after
joint from being in tool-space to being in MTA-base-space:

" C= ) 5 8G43
0 � ) 5 ;4G

0 � ) 5 8G43
1 � ) 5 ;4G

1 � •••� ) 5 8G43
=� 1 � ) 5 ;4G

=� 1 � ) 5 8G43
C � �4

where ) 5 8G43
C is the �xed transformation of the currently

used tool, and = is the number of joints of the MTA.

4.3 Navigation Software Extension

The navigation software used as a base structure in this the-
sis is an in-house production by the mediTec. It is capable
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