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Summary

Novel mechatronic architectures for interventional X-ray systems

Interventional radiology refers to a large group of medical treatments (i.e. inter-
ventions), which are carried out with the help of radiological images. So-called
interventional X-ray systems are used to acquire 2D and 3D images of complex
anatomical structures, such as the cardiovascular system. These images provide
a clinician with intraprocedural feedback, and enable advanced treatments to be
carried out with minimally invasive techniques. Hereby, the interventional X-ray
system has become an indispensable tool in many clinical disciplines.

Most interventional X-ray systems have a C-arm-based architecture. In such sys-
tems, the X-ray source and detector are mounted to the opposite ends of a C-
shaped structure. This ’C-arm’ connects to a series of motion stages, which enable
the imaging equipment to be orientated spherically w.r.t. the patient. Over past
decades, the C-arm architecture has remained largely the same, while numerous
developments were made in imaging equipment and processing algorithms. As a
result, mechanical deflections and vibrations now contribute significantly to image
quality degradation and patient dose. Besides this, novel clinical environments
demand the system to be less obstructive, and more flexible in use. Combined,
this has resulted in both a need and opportunity for innovating on the mechatronic
architecture, which is the focus of this PhD project.

This thesis introduces three novel mechatronic architectures, which target to si-
multaneously improve on performance, clinical usability, and/or cost. The first
system improves both the image quality and clinical usability of 3D scans. A dual
stage design allows for significantly extended and faster scanning motions, with
a 55% smaller footprint in the operating room. Its semi-kinematic roll guide de-
sign results in less nonlinear behaviour, and improved alignment of the imaging
equipment. The second system decreases cost and installation requirements, while
maintaining and adding to the current imaging capabilities. By reconsidering the
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required Degrees of Freedom (DoFs), a lightweight design is created (>50% mass
reduction), with an improved stiffness-to-mass ratio. Both system 1 and 2 present
an evolutionary improvement on existing C-arm systems. As a revolutionary al-
ternative, the third system pursues high-end performance and optimised workflow,
at reduced overall cost. It features a compact and lightweight mechatronic design
that significantly reduces obstruction. Herein, the fixed C-arm is replaced by two
separate positioning systems. These enable excess radiation dose to be reduced,
as semi-static alignment errors of the imaging equipment can be compensated for.

The remainder of the thesis presents further development of system 3. Here, focus
is on the positioning system for the X-ray source. Its design comprises a 6 DoF
articulated arm, mounted to a linear translation stage (7th DoF). This redun-
dant kinematic layout gives the system a compact neutral posture, while enabling
large-range scan motions to be performed. The arm includes a passive weight com-
pensation system, which reduces gravity-dominated moment loads. This allows for
compact rotary motion stages, with integrated, high-ratio drive trains. These are
combined with thin-walled, closed-box structures, to achieve a high stiffness in the
limited design space. Throughout the design, principles for accurate and repeat-
able positioning are applied to ensure predictable mechatronic behaviour.

Based on the proposed design, a feasibility setup is realised. This setup includes
the most critical motion stages and the weight compensation system. It enables
experimental validation of the mechanical properties, dynamics, and the achiev-
able motion performance. The setup can later be extended with prototypes of
the remaining motion stages. Hereby, it forms the basis for a research platform
on which principles for advanced control, measurement, and calibration can be
implemented. As such, the setup is a first, but crucial step towards a future inter-
ventional X-ray system, with mechatronic alignment of the imaging equipment.

The performance of the proposed design is evaluated by means of modelling and
experiments. Stiffness and hysteresis properties are determined by static load-
deflection testing. A multi-body modelling approach is used for prediction of pose-
dependent variations in the system dynamics. The modelling outcome is compared
to frequency-domain identifications of the feasibility setup, and confirms that a 4
Hz feedback control bandwidth can be achieved. Further experiments focus on
identification and modelling of the drive train friction and the behaviour of the
weight compensation system. These exhibit dependencies on both velocity and
temperature, which are shown to be predictable to within 10%. Based on these
results, the proposed architecture is expected to achieve accurate alignment of
the imaging equipment, to within ±2 mm. Compared to state-of-the-art C-arm
systems, this decreases the excess radiation dose due to alignment errors by 50%
to 70%, leading to an absolute reduction in patient dose of up to 8%. Besides this,
a tracking reproducibility in the range of ±30 to ±100 µm is pursued for scan
trajectories with a 20% increased velocity (210° in 4 s). Servo error measurements
substantiate that these targets can be achieved, and enable specific improvements
for the control architecture to be defined and implemented.



Nomenclature

Abbreviation Description

2DIQ Two Dimensional Image Quality
3DIQ Three Dimensional Image Quality
ALARA As Low As Reasonably Achievable
BE Border Error
BLDC BrushLess Direct Current
BoM Bill of Materials
BP Bearing Pole
CA Cone Angle
CAD Computer Aided Design
CoM Centre of Mass
CS Contact Surface
CT Computed Tomography
DAP Dose Area Product
DoF Degree of Freedom
DPS Detector Positioning System
DQE Detective Quantum Efficiency
DT Drive Train
EO Extra Open
FB FeedBack
FEA Finite Element Analysis
FF FeedForward
FPD Flat Panel Detector
FRF Frequency Response Function
FS Focal Spot
GM Gain Margin
GS Gas Spring
IID Image-Intensifier Detector
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Abbreviation Description

LAO Left Anterior Oblique
MM Modulus Margin
MRI Magnetic Resonance Imaging
MTF Modulation Transfer Function
OID Object Image Distance
OTF Optical Transfer Function
PID Proportional-Integral-Derivative controller
PM Phase Margin
RCM Remote Centre of Motion
RGA Relative Gain Array
RMS Root Mean Square
RoI Region of Interest
SD Standard Deviation
SID Source Image Distance
SOD Source Object Distance
SPS Source Positioning System
SWG Strain Wave Gear
UDF UniDirectional Flow
XRA X-Ray Alignment

Symbol Description Unit

∼ Order of magnitude [−]
± Symmetrical range, ±90° = -90° to 90° [−]
a Generic coefficient n.a.
b Generic coefficient n.a.
c Linear stiffness coefficient [N/m]
cv Specific heat capacity [J/(kg K)]
d Linear damping coefficient [N s/m] or

[Nm s/rad]
d Diameter [m]
f Frequency [Hz]
g Gravitational acceleration [m/s2]
h Specific enthalpy [J/kg]
h Height [m]
i Ratio [−]
j Imaginary unit [−]
k Rotational stiffness coefficient [Nm/rad]
l Length [m]
m Mass [kg]
~p Position vector [m]
p Pressure [Pa]
~q Vector of generalised coordinates [m] or [rad]
r Radius [m]
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Symbol Description Unit

s Distance [m]
s Complex frequency variable [s−1]
t Thickness [m]
t Time [s]
u Specific internal energy [J/kg]
w Width [m]
A Area [m2]
A Transformation matrix [−]
B Magnetic flux density [T]
C Feedback controller [−]
C Heat capacity [J/K]
Cd Discharge coefficient [−]
E (Photon) energy [J] or [keV]
E Young’s modulus [Pa]
F Force [N]
G Shear modulus [Pa]
G Transfer function [−]
I Current [A]
I Moment of inertia [kg m2]
I Intensity of X-ray radiation [W/m2]
J Current density [A/m2]
K Heat transfer coefficient [W/(m2 K)]
KT Torque constant [Nm/Arms]
Kp Proportional gain [−]
L Open-loop transfer function [−]
M Moment [Nm]
Q Heat flow [W]
R Specific gas constant [J/(kg K)]
S Sensitivity [−]
T Temperature [K]
U Internal energy [J]
U Voltage [V]
V Volume [m3]
W Work [J]
Λ Relative Gain Array [−]
Φ Absolute rotational velocity [rad/s]
α Anode angle [◦]
α Thermal expansion coefficient [m/(m K)]
δ Position or orientation error [m] or [rad]
ε Relative error [−]
ε Strain [−]
η (Volumetric) efficiency [−]
γ Heat capacity ratio [−]
µ Friction coefficient [−]
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Symbol Description Unit

ν Poisson’s ratio [−]
ω Frequency [rad/s]
ϕ Angle of rotation around x-axis [rad]
ψ Angle of rotation around y-axis [rad]
ρ Density [kg/m3]
σ Stress [Pa]
τ Shear stress [Pa]
θ Angle of rotation around z-axis [rad]
µ Linear absorption coefficient [m−1]
ζ Damping ratio [−]

Expression Definition

Accuracy Closeness of the agreement between an actual value resulting
from an operation, and a target value for that quantity [1]

Reproducibility Closeness of the agreement between the results of operations
of the same quantity carried out under changed conditions [1]

Structural loop /
path

An assembly of mechanical components, which maintain rel-
ative position between specified objects [1]

Medical term Definition

Anaesthesiology Medicine related to vital functions and pain relief
Cardiology Medicine related to the heart and blood vessels
Cerebral arteries Arteries for blood supply to the brain
Coronary arteries Arteries for blood supply to the heart
Frontal plane Divides body into front and back portions
Longitudinal plane Divides body into left and right portions
Neurology Medicine related to the nervous system
Oncology Medicine related to cancerous diseases
Orthopaedics Medicine related to the musculoskeletal system
Peripheral arteries Arteries in the extremities, e.g. the legs
Transverse plane Divides body in cranial and caudal portions (head/feat)
Vascular surgery Surgery to blood and lymph vessels
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Chapter 1

Introduction

Interventional X-ray systems are used to acquire 2D and 3D images of complex
anatomical structures (e.g. the cardiovascular system). These images provide
a clinician with feedback during a medical procedure, which enables advanced
minimally invasive treatments (Section 1.1/1.2). Hereby, the interventional X-ray
system has become an indispensable tool in many clinical disciplines. Its classic C-
arm architecture has remained largely the same over past decades, while numerous
developments were made in imaging equipment and processing algorithms (Section
1.3). As such, imaging performance degradation due to structural deflections and
vibrations has now become significant. Furthermore, novel and more complex
medical environments demand the system layout to be more flexible, and less
obstructive. This has created a desire for an innovated mechatronic architecture,
which is the focus of this PhD project. Performance and usability requirements
are given in Section 1.4, followed by the outline of this thesis in Section 1.5.

1.1 Medical X-ray imaging

X-ray radiation, or X-ray, is a spectrum of electromagnetic radiation with a wave-
length in the order of 10 pm to 1 nm [2]. In 1895, Wilhelm Röntgen noticed
that radiation emitted from cathode tubes, could pass through certain materials,
before interacting with fluorescent screens. Röntgen acknowledged the medical
significance of this mysterious (X) radiation. Since then, X-ray based imaging sys-
tems have become essential in many clinical disciplines (e.g. cardiology, neurology,
and emergency medicine).

Medical X-ray imaging is based on the absorption of photons due to interaction
with matter (see Figure 1.1). Hereby, an X-ray source (1) generates a beam
(2), that is passed through a non-homogeneous object (3). This causes varying
reduction of the radiation intensity (Iin). The radiation that is not absorbed by the
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object is used to generate the image. Here, spatial differences in the intensity of
the outgoing beam (4, Iout) enable high and low density anatomies to be visualised
(e.g. bone structures, contrast-enhanced blood vessels, organs).

Photon
Electron

2 4

1

3

5

6
7

Figure 1.1: X-ray source (1), generating radiation of intensity Iin (2), which passes through an
object (3). The attenuated beam (4) is used to generate an image. 5 to 7 show various interactions
with matter: Rayleigh scattering, photoelectric absorption, and Compton scattering.

For a homogenous material, and a single-energy photon beam, the degree of at-
tenuation (Iin to Iout) is given by equation (1.1). Here, µ is the linear attenuation
coefficient, and s the distance travelled through the material. The attenuation co-
efficient µ depends on both the material, and the photon energy Eph. In practice,
object inhomogeneity, and the energy spectrum of the beam should therefore be
taken into account.

Iout = Iin · e−µ·s (1.1)
The radiation spectrum used in medical imaging, has a typical wavelength between
0.01 and 0.5 nm, and corresponding photon energy (Eph) of 2.5 to 125 keV [2]. Ra-
diation of this spectrum typically interacts with matter in three manners: Rayleigh
scattering, photoelectric absorption, and Compton scattering. In Rayleigh scat-
tering (Figure 1.1, 5), the energy of an incoming photon is absorbed by an atom,
after which it is immediately released as a photon with similar energy. The out-
going photon travels in a direction different from the ingoing atom. In photonic
absorption (Figure 1.1, 6), the energy of the ingoing photon is absorbed by an
atom. This releases an electron from the atom, which continues in the same di-
rection as the incoming photon. In Compton scattering (Figure 1.1, 7), a photon
transfers only part of its energy into the release of an electron. As a result, both an
electron, and a lower energy photon are emitted from the atom, each travelling in
a different direction than the incoming photon. Rayleigh scattering occurs mainly
for low energy radiation, as used in mammography (Eph<30 keV). For higher
energy radiation, as used in general X-ray imaging, photoelectric absorption and
Compton scattering are dominant. Both interactions ionise atoms by releasing an
electron. Dedicated research has extensively proven the adverse health effects of
such ionising radiation [3]. Radiation dose is therefore strictly regulated (Section
1.3.3), and always kept ‘As Low As Reasonably Achievable’ (ALARA principle).
Despite the health risks, the diagnostic advantage of X-ray imaging currently out-
weighs its negative effects. Since it is also expected to do so in future applications,
development of X-ray imaging systems should focus on i.a. further lowering the
limit of the ALARA principle.
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Figure 1.2 depicts the imaging chain, as used in modern day medical X-ray imaging
systems. X-ray radiation is generated by the X-ray source (1). It contains a
cathode (2), and a tungsten coated anode disc (3), both placed in an evacuated
glass tube. Electrons are released by heating the cathode. Subsequently, they are
accelerated towards the anode by a voltage across the two (U, typically 50 to 125
kV). Upon hitting the anode, their energy is converted into heat (∼99%), and
photons (∼1%). The anode disc is rotated at typically ∼100 Hz. This distributes
the thermal energy over its circumference, instead of applying it to the focal spot
only (∼0.3 to 1 mm). For high power / long exposure applications, a liquid metal
bearing, and a fluid cooling system are used for increased conduction of the heat
away from the anode disk.

SID

SOD OID

1

3

2

5
4 6

7

9
12
8

13

11
10

α

Figure 1.2: Schematic representation of imaging chain for modern medical X-ray imaging
systems.

The emitted radiation is limited to a cone or pyramid shaped beam (4), by a beam
limiting device. The industry refers to this device as a collimator, so this term
will be used from now on. It contains movable lead shutters (5) that determine
the cone angle of the beam. In one direction, the maximum cone angle is limited
to the bevel angle of the anode disc (α). This angle is preferably kept as small as
possible. If increased, the focal spot is elongated, which decreases image sharpness
(geometrical blurring, [2, 4]). A value between 8° to 12° is typically used to enable
full coverage of the detector (Figure 1.2, 8, typically up to 300×400 mm).

The X-ray beam is passed through the object of interest (6), which is located in
the isocentre (Section 1.2.1). An image is then generated from the attenuated
X-ray beam (7) by the detector (8). For this, a scintillator layer (9) converts
the X-ray radiation to visible light (10). This light is then converted to a digital
image, by a matrix of photodiodes (11, typical pixel pitch ∼150 µm). The image
can be used to generate the density distribution of an object, by assuming that
all unabsorbed photons originate directly from the focal spot of the X-ray source.
Hereby, one should correct for the magnification, given by Equation 1.2 (SOD =
Source Object Distance, SID = Source Image Distance). Scattered photons, as
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generated by Rayleigh and Compton scattering, do not originate directly from the
focal spot. Since they travel in arbitrary directions, they add noise to the image.
For this reason, an anti-scatter grid is used in the detector (12). It contains a grid
of lead baffles, which enable only photons that originate directly from the focal spot
to pass. Furthermore, low energy radiation (which causes Rayleigh scattering) is
partly absorbed by spectral filters (13), placed in the collimator (beam hardening).

lobj = limg ·
SOD
SID

(1.2)

1.2 Interventional radiology

Interventional radiology refers to a large group of medical treatments (interven-
tions), which are carried out with the help of radiological images. In such treat-
ments, an imaging technique such as X-ray, ultrasound, or Magnetic Resonance
Imaging (MRI) is used for:

• diagnosis, and determining the severity of a disease or injury,
• guidance and visual feedback of (minimally invasive) treatments,
• verification of treatment results.

Hereby, X-ray imaging is the most common imaging technique used, i.a. because
of high image resolution. An impressive example of a minimally invasive, image-
guided intervention is the treatment of diseases to the carotid or intracranial ar-
teries (blood supply to brain). Here, a catheter is inserted through a large artery
in the groin or lower arm. Using X-ray imaging, the catheter, and clinical ’tools’,
are navigated along the arterial system, to the location of the disease (blockage or
aneurysm). The tools include inflatable devices for blockage removal, and expand-
able metallic mesh structures (stents) to stabilise the arterial wall. As application
of such tools is guided by (real time) imaging, the clinician makes frequent use
of, and is in close proximity to the imaging system during most of the procedure.
Besides vascular surgery, interventional X-ray imaging is integrated in many other
clinical disciplines, such as orthopaedics, cardiology, oncology, and neurology.

1.2.1 Interventional X-ray systems

Interventional X-ray systems have many (manufacturer-specific) imaging function-
alities. These can all be allocated to three general imaging methods.

• 2D imaging: static projection imaging at various angles. For bone structures,
(contrast-enhanced) blood vessels, and soft tissue (organs).

• Fluoroscopy: dynamic (real time) projection imaging. Often applied to guide
orthopaedic or cardiologic procedures, and to visualise (blood) flow.

• Computed Tomography (CT): 3D reconstruction imaging of an anatomical
volume (e.g. coronary or cerebral arteries, liver). Cone beam CT is based
on ∼200 to 600 2D projection images, taken over an angular range ≥180°.
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More generally, these three imaging methods all rely on single or multiple 2D
projection images, acquired during a medical treatment, at varying orientation
w.r.t. the patient. One could therefore define the most basic functionality of an
interventional X-ray system as:

’The ability to create (a high-speed series of) 2D projection images, at varying
orientations w.r.t. a patient, while causing minimal obstruction to the medical
procedure, staff, and equipment.’

Figure 1.3 depicts the X-ray imaging equipment of a typical interventional room.
It comprises an interventional X-ray system, a dedicated patient table, and one or
more display systems. The interventional X-ray systems has an imaging chain as
shown in Figure 1.2. The majority of interventional X-ray systems are so-called
C-arm systems. In such systems, the X-ray source, and detector are mounted to
opposite ends of a C-shaped structural beam. This C-arm, is part of a roll guid-
ance, which enables the imaging equipment to be rotated in a ‘roll movement’ (1,
±90°). A second rotational motion stage allows for the C-arm and its roll guid-
ance to be rotated around a horizontal axis, perpendicular to the roll movement (2,
±180°). This motion is typically denoted as a ‘propeller rotation’. Together, these
rotational movements enable the imaging equipment to be positioned spherically
around an isocentre.

3

2

1 4

Display system(s)

Detector

Source
Patient table

Isocentre

X-ray system
Interventional

5

Figure 1.3: X-ray imaging equipment of an interventional room [5].

A third rotational motion stage enables the interventional X-ray system to rotate
around a vertical axis (3, ±135°). This axis is used to position the C-arm structure
at the head end, or at one of the sides of the patient table. Hereby, the system
can be placed at a base position that fits a specific medical treatment (Figure
1.4). This base position varies, as multiple treatments require medical staff and
equipment at different locations around the patient table. From this base posi-
tion, the propeller and roll motion are used to orient the imaging equipment w.r.t.
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the patient. Often, rotational motion stages are included in the collimator and
detector mounting. These enable rotation of the (rectangular) X-ray beam and
detector around their centre line (Figure 1.3, 4). Hereby, the imaging chain can
be set, and held to portrait or landscape orientation w.r.t. the patient, regardless
of the rotation around axis 3 (see also Figure 1.4). Furthermore, a translational
motion stage is included to vary the distance between detector and isocentre (Fig-
ure 1.3, 5). In general, the detector is placed as close to the patient as possible.
This decreases size distortion between parts of the anatomy that lie at different
distances from the isocentre [6]. It also reduces geometrical blurring caused by the
finite focal spot dimensions, and maximises the field of view.

Figure 1.4: Typical interventional operating room with clinical personnel. From left to right:
radiologist, clinician, anesthesiologist and sterile nurse [5].

1.2.2 Fixed versus mobile systems

Interventional X-ray systems can be divided into fixed and mobile systems. Fixed
systems, as shown in Figure 1.3, are placed permanently in a dedicated interven-
tional room. These systems feature a high power (∼100 kW), fluid cooled X-ray
source, with multiple focal spot sizes. A separate cabinet houses the high voltage
transformer and heat exchanger. This cabinet is often placed in a different room,
due to its size and sound. Almost all motion stages are fitted with drive and mea-
surement systems, allowing for fully automated scan movements.
Mobile systems (Figure 1.5) can be moved (manually) between operating rooms.
They comprise a carriage, to which a significantly smaller C-arm is mounted.
All electronics required for the imaging equipment are integrated in the carriage.
Therefore, the interventional, or general operating room requires a power outlet
only. Mobile systems are mostly applied in orthopaedic and relatively simple car-
diovascular treatments. Compared to fixed systems, mobile systems feature less
high-end (and less costly) imaging equipment. A lower power (∼15 kW) X-ray
source, with passive cooling, and ball bearing anode disc is typically used. Ad-
ditionally, the propeller and roll angle are usually set and locked manually. The
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2

1

Figure 1.5: Mobile interventional X-ray system [5].

absence of closed-loop controlled drive systems on these DoFs excludes the possi-
bility of 3D imaging (exceptions of mobile systems with motorised movements are
found [7]). In the remaining part of this thesis, focus will lie on fixed interventional
X-ray systems.

1.2.3 Fixed system product line

Fixed interventional X-ray systems are available with either a ceiling suspension
(Figure 1.3) or floor support (Figure 1.6, left). Both varieties are typically part of
a ’modular’ product line. Herein, a single C-arm and roll guide design forms the
basis for both floor and ceiling mounted systems. Depending on the application,
the C-arm and roll guide are connected to optional motion stages for longitudinal
and lateral motion. This enables a system to be configured for basic or high-end
applications, while using common submodules for cost-effective production. This
section explains the benefits of floor versus ceiling mounted systems, and depicts
the most common actuated floor and ceiling supports. Novel C-arm type systems
should preferably be compatible with, or include the functionality of these actuated
supports, such that they can be integrated in a modular product line.

3

2

1

y
z

x

Figure 1.6: Floor mounted fixed system (left), and biplane system (right) [5].
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Floor versus ceiling supported systems
A ceiling suspended system (Figure 1.3) enables easy cleaning of the floor surface
[8]. The space at the ceiling also provides room for additional actuated motion
stages (Figure 1.7, 1.8, 1.9). A floor supported system (Figure 1.6, left) is typically
without such motion stages. This makes the system more compact, suited for low-
ceiling rooms, and less costly. In addition, floor supported systems feature no fixed
structures above the patient table. This limits disruption of sterile down flow fields
during use of the imaging system (Section 1.2.4, [9]). Floor supported systems
are compatible with a biplane configuration (Figure 1.6, right). Biplane systems
include a secondary ‘lateral’ C-arm, that enables simultaneous imaging along two,
near-orthogonal projection angles. This reduces the duration and contrast dose in
treatments that require imaging under multiple orientations (neurology, paediatric
cardiology). This thesis will focus on single-plane systems only.

Actuated floor and ceiling supports
Figure 1.7 shows a top view of a ceiling suspended system, similar to Figure
1.3. The ceiling support includes a translational motion stage directly above the
patient table (see [10, 11] for industrial examples). The third rotational axis (3)
is connected to a carriage. This carriage is guided on a set of longitudinal rails.
Here, ‘longitudinal’ indicates a translation along the length of the patient (6). A
longitudinal translation stage is used to enable imaging over the full length of the
patient (full body coverage). Imaging of the upper body is done with the C-arm at
the side, or at the head end of the table (dotted lines). Imaging of the lower body
takes place from the sides of the table, due to the limited ‘depth’ of the C-arm.
In addition to full body coverage, the longitudinal translation stage allows for the
C-arm to be moved away from the table when not needed (parking).

6

3

Carriage
Longitudinal raily

x

z

Figure 1.7: Ceiling suspension with longitudinal translation stage.

Figure 1.8 depicts a ceiling suspended system, with both a longitudinal and lateral
translation stage (see [12, 13] for industrial examples). Rotational axis 3 is now
connected to a carriage which can move in ‘lateral’ direction (7, to the sides of
the patient). The lateral carriage is guided along a set of lateral rails. These are
part of the longitudinal carriage, which enables a longitudinal motion (6), along a
set of ceiling-mounted rails. The lateral motion (7) enables imaging of off-centre
anatomies (e.g. the liver, arms), without moving the patient. The longitudinal
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motion (6) is used for full body coverage and parking. The longitudinal rails
are usually placed further apart than strictly necessary for the lateral movement
[12]. This ensures compatibility with sterile air flow systems (section 1.2.4), as all
components of the X-ray system can be moved outside of the sterile field around
the operating area (Figure 1.8, red dashed lines).

3

Longitudinal rail

Longitudinal carriage with

Lateral Carriage

6

7 lateral rails

y

x

z Sterile field

Figure 1.8: Ceiling suspension with longitudinal and lateral translation stage.

Figure 1.9 shows a different ceiling suspension, which allows for both longitudi-
nal and lateral movement of the C-arm [14]. Here, the C-arm is connected to a
horizontal beam by rotational joint 8. The horizontal beam is connected to a lon-
gitudinal carriage (6), by rotational joint 9. By combining the translation (6) with
rotations 8 and 9, the C-arm can be moved in longitudinal (full body coverage)
and lateral direction (parking / imaging off-centre anatomies, dotted lines). The
C-arm can also be rotated w.r.t. the table around the z-axis.

6

Carriage

Longitudinal rail y

x

4
9

8
z

Horizontal beam

Figure 1.9: Ceiling suspension with longitudinal translation stage + extra pivot for lateral
movements.
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Figure 1.10 depicts a floor support [15, 16, 17], which shows similarities to the
ceiling suspension of Figure 1.9. Here, the C-arm is connected to a horizontal beam
by rotational joint 8. The horizontal beam is connected to the floor, by rotational
joint 9. No longitudinal rail is included. In most floor mounted interventional X-
ray systems, floor rails are not included due to constraints on the isocentre height
(see section 1.4.2). Simultaneous rotation around axis 8 and 9 enables the imaging
chain to be moved in longitudinal and lateral direction w.r.t. the patient. Note
that in the kinematic layouts of Figure 1.9 and 1.10, the rotational DoF of the
imaging chain (4) is used to keep the imaging equipment in portrait or landscape
orientation w.r.t. the patient.

y

x

4
9

z

8

Horizontal beam

Figure 1.10: Floor support with extra pivot for longitudinal and lateral movements.

1.2.4 Peripheral equipment

Besides the X-ray system, other equipment and systems are present in the inter-
ventional room. Most of the equipment is treatment-specific, and can be placed
near the patient table on separate carriages (e.g. equipment for surgery, anaesthe-
sia, or contrast injection). However, some systems are required for the majority
of treatments performed in specific interventional rooms. The X-ray system and
peripheral equipment should therefore be compatible, and preferably complemen-
tary.

Patient table
A dedicated patient table is required for use with an interventional X-ray system.
Such tables (Figure 1.11) have a tabletop that is highly translucent for X-ray
radiation (carbon fibre reinforced laminate). The table consists of a base, and a
cantilevered tabletop. The single sided support of the tabletop enables the C-arm
to move underneath. The table top can feature mounting interfaces for the control
panel of the X-ray system, and other accessory equipment (e.g. lead shields for
radiation protection). The base typically includes multiple motion stages for the
tabletop. Three translational DoFs enable the Region of Interest (RoI) of the
patient to be positioned in the isocentre. This prevents the image of the RoI from
moving around, or out of the field of view, when imaging at different projection
angles. The longitudinal and lateral movements enable translation in y- and x-
direction (±600 mm, ±180 mm respectively). These DoFs are used during catheter
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insertion and imaging of off-centre anatomies (e.g. the liver), with X-ray systems
that do not include longitudinal / lateral motion stages. The height adjustment
(z-direction, ±125 mm) is used to compensate for the chest or abdominal depth of
patients. Additionally, it enables the surgeon to operate at a comfortable working
height. Most patient tables also include three rotational DoFs. Rotations in the
longitudinal and transverse planes of the patient (Figure 1.11, y-z and x-z planes
respectively, ±15°) are included for clinical reasons. These enable the patient to
be angled for better access (e.g. to blood vessels), or to ensure blood flow towards
the head or legs. A rotation in the frontal plane (Figure 1.11, x-y plane, ±135°)
is used to move the patient laterally, i.a. for imaging of the lower arms.

y

z
x

Lead shields

Controls

Figure 1.11: Philips 6 DoF patient table.

To reduce clinical risk, it is desired to move the patient as little as possible [9].
To this end, most modern X-ray systems are equipped with additional lateral and
longitudinal motion stages (as shown in Section 1.2.3). Future developments could
be aimed at standard integration of these DoFs in the interventional X-ray system.
This leads to clinically safer procedures, and enables simplification of the patient
table design. The latter is of interest from a financial perspective.

Sterile Air Flow systems
Invasive surgical procedures (e.g. orthopaedic and trauma surgery) come with an
increased risk of bacterial infection. Bacteria, carried by airborne particles, can
end up in the operating area and on the surgical tools. To prevent this, many
surgical rooms are equipped with a sterile air flow system [18, 19]. This system is
integrated in the ceiling, and features a UniDirectional Flow (UDF) installation. It
creates a near-laminar down flow of sterile air, which descends onto the operating
area. Typically, the sterile area is 3.0×3.0 m. In lateral direction, it is centred
above the operating area, and in longitudinal direction, it extends 100 mm past
the table head end ([20, 21], see also Figure 1.8). Some installations are fitted
with a flow stabiliser, or skirt. This physical barrier guides the air flow, and is
suspended from the ceiling to 2 metres above floor level. Objects that are placed
in the UDF field (surgical lights, X-ray system) can cause turbulence, and create
an inflow of particles. This occurs especially if objects protrude from outside the
UDF field [22]. This should be taken into account, especially in the design of
ceiling mounted X-ray systems.
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1.3 Current state of technology

Section 1.2.1 qualitatively described the basic functionality of an interventional
X-ray system. From this description, quantitative measures can be defined which
indicate how well a system fulfils the basic functionality. To this end, two require-
ment categories are introduced.

• Imaging performance: the quality of 2D and 3D images, and the X-ray dose
needed to acquire them.

• Usability: the ease by which an imaging system can be applied in various
clinical applications.

This section describes the current state of technology. Over past decades, innova-
tions in X-ray equipment and processing algorithms have led to a vast improve-
ment in image quality and patient dose (Section 1.3.1). Despite this, the C-arm
architecture has remained largely the same for nearly two decades (Section 1.3.2).
For long, its positioning performance sufficed application requirements. However,
imaging performance degradation due to structural deflections and vibrations has
now become significant compared to what is achievable with modern X-ray equip-
ment (Section 1.3.3). Section 1.4 puts the current performance into perspective
and explains the desire for innovation in particular areas. Here, performance and
usability requirements are given for next generation systems.

1.3.1 Past decades’ developments

X-ray source
In 1989, Philips successfully combined the rotating anode of the X-ray source with
a liquid metal, spiral groove bearing [23, 24, 25]. This provided the anode rotation
system with virtually infinite lifetime, noiseless operation, and a factor three im-
provement in heat dissipation compared to traditional ball bearings alternatives.
This X-ray source (MRC200, still used by Philips) has a ∅200 mm anode disc,
and mass of 75 kg [26, 27]. Over the years, X-ray sources with a smaller anode
disc (∅140 mm) have been developed [26, 28, 29]. To maintain sufficient heat
dissipation, the smaller anode is rotated at a higher speed (150 Hz, vs. 80 Hz).
The reduced anode diameter allows for the overall dimensions of the X-ray source
to be reduced. This has resulted in a significantly lighter X-ray source (36 kg [28]),
with equal (or better) specifications than the MRC200.

Detector
Early interventional X-ray systems used an Image-Intensifier Detector (IID) sys-
tem. IID systems use a curved phosphor screen and photocathode to convert X-ray
radiation into visible light and electrons respectively. The electrons are then fo-
cussed, and accelerated (intensifying step) towards a smaller, flat phosphor screen.
More modern interventional X-ray systems use Flat Panel Detectors (FPDs), as
described in Section 1.1. Compared to IID systems, an FPD has a higher spa-
tial resolution (154 µm vs. 300 µm pixel size, [30, 31, 32]). Also, the mapping
from a curved, to a flat screen, and external magnetic fields, cause geometrical
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distortion (pin cushion effect), and non-uniformities of the image for IID systems
[30, 31, 33]. Apart from the image quality improvements, FPDs provide better
patient accessibility, due to the smaller size (Figure 1.7 left vs. right, ∅400×500
mm vs. 400×300×80 mm, [33, 32]). Furthermore, FPDs generate rectangular im-
ages, which make more optimal use of common rectangular display systems [33].

Figure 1.12: Current day interventional X-ray system (right, Philips AzurionTM 7 C20, 2020,
[5]), and its predecessor (left, Philips Integris AlluraTM, 2001, [34]), with identical mechanical
architecture.

Image processing algorithms
The introduction and improvement of image processing algorithms have caused a
great decrease in patient and operator radiation dose. Among other techniques,
these algorithms apply real time noise reduction, automated pixel shift (for sub-
traction angiography), and motion compensation. In recent studies, the Dose Area
Product (DAP, measure for patient dose) and the dose received by the operator,
are measured before and after introduction of such algorithms. Both phantom
studies [35, 36], and clinical monitoring [37, 38] report an average reduction of
the patient dose by 30% to 58% in (pediatric) cardiology. The average operator
radiation dose is shown to be reduced by 30% to 71% [35, 39].

1.3.2 Past decades’ C-arm structure

Figure 1.12 depicts a current day interventional X-ray system (right), and one
of its predecessors from 2001. Apart from the imaging equipment (2001: IID,
2020: FPD), both systems are very similar. The mechatronic architecture of
both systems is nearly identical. Structural parts, bearings, and drive systems are
largely the same, and based on the larger, and heavier imaging equipment from
the past. All this seems to indicate that the 20-year-old architecture and design
still suffice current day needs. The positioning performance is, however, limited
by structural deflections, vibrations, and backlash. This causes a significant level
of imaging performance degradation that is not acceptable for future applications.
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Figure 1.13 depicts a side view of today’s interventional X-ray system. The C-arm
is placed at a roll angle (1) of -90° (left) and +90° (right). The structural path
between the imaging equipment, and to the fixed world is indicated by bold lines
(red and blue respectively). It comprises the three rotational motion stages (1, 2,
and 3). These are connected to the C-arm (4), its roll guide (5), and a structural
arm towards the ceiling (6). The total structural path determines the position and
orientation of the X-ray source and detector w.r.t. the patient. Additionally, the
red section (C-arm) ensures alignment of the imaging equipment itself (alignment
structure). In both, accuracy and reproducibility (see Nomenclature) are deter-
mined by the static and dynamic stiffness properties, and the presence of friction
and (virtual) backlash in the structural path.

Figure 1.13: C-arm type interventional X-ray system at -90° (left) and +90° (right) roll angle,
with structural path between imaging equipment (red), and to fixed world (blue).

The structural elements in both force paths (4, 5, and 6) are made relatively long
and slender. This enables the C-arm to be rotated around axis 1, 2, and 3, while
somewhat limiting the obstruction to clinicians and medical equipment. From a
mechanical point of view, this type of structure is not ideal. The slender structural
elements are loaded primarily in bending and torsion by the mainly gravitational
load (g). This gives the design a relatively low stiffness, at large structural mass
(∼1200 kg). Consequently, the first eigenmodes have a low frequency of ∼4 Hz.
Additionally, in all motion stages (1, 2, 3), the Centre of Mass (CoM) of moving
components is offset w.r.t. the motion axis. This results in fluctuations of both
gravitational and inertial loads, with varying orientations of the C-arm. Com-
bined with the low stiffness, this leads to significant semi-static deflections in the
structural path, and excitation of dynamics.

Figure 1.14 depicts the result of dynamic deflection measurements, taken dur-
ing a roll scan. The measurements are performed on a ceiling mounted Philips
AzurionTM 7 C20 system, used for R&D testing at Philips Healthcare [40]. An
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NDI PRO CCM optical tracker is used to measure the position of markers, placed
on the C-arm and imaging equipment. The 3D position of all markers is measured
during forward and backward roll motions (-90° to +90°). The measurements are
done at low and high roll velocities (5°/s and 40°/s respectively). The theoretical
motion profile is computed from encoder data, and subtracted from the measured
positions. This results in the position error (δ) for the Focal Spot (FS) and Flat
Panel Detector (FPD). The position errors shown in Figure 1.14 result from a 5°/s
roll scan (semi-static). The x- and z-direction are defined according to the coordi-
nate system shown in Figure 1.13. The FPD and FS position show a roll-dependent
variation in a range of ∼3.5 mm and ∼6 mm respectively. Such position errors are
significant, especially when compared to the resolution of modern-day detectors
(pixel size: 154 µm). Furthermore, the deflection graphs show discontinuities at
roll angles below -50°. This behaviour can be explained from the design of the
roll guidance. [41] and [42] show that measurements performed on comparable
systems result in similar deflection diagrams.
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Figure 1.14: Deflection measurements of a Philips AzurionTM 7 C20 interventional X-ray
system, taken during roll scan (5°/s) at FPD (top) and FS (bottom) position [40].

Figure 1.15 shows a cross section of the roll guide design for a Philips AzurionTM
7 C20 interventional X-ray system. The roll guide enables the C-arm to rotate
around the y-axis w.r.t. the sleeve. To this end, the sleeve contains 7 radial roller
pairs, and 3 axial roller pairs. The axes of rotation of the radial and axial rollers
are parallel to, and oriented towards the centreline of the C-arm respectively. This
roll guidance is a form-closed system, in which the rollers run in a guideway on
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the C-arm. A small amount of backlash is present between the rollers, and the C-
arm guideways. This accommodates dimensional variation due to manufacturing
tolerances. Additionally, it prevents the radial rollers from contacting both running
surfaces of the guideway simultaneously, which would lead to a sliding contact and
friction. However, the backlash also decreases the accuracy with which the C-arm
is constrained.

Figure 1.15: Mechanical layout of a typical C-arm and roll guide.

Over its roll range (±90°), the C-arm loses contact with several roller sets [43].
For this reason, the guideways of the C-arm are provided with entry zones (Figure
1.15). The angle at which the rollers sets are fixed to the sleeve is defined w.r.t.
a fixed coordinate system by ψr. Figure 1.14 depicts the angles at which a radial
roller set runs out of the guideways of the C-arm, indicated by vertical dotted lines.
When contact is lost, the support stiffness of the C-arm changes significantly. This
results in a rather abrupt change in the C-arm deflection. This is clearly visible for
negative roll angles, when the C-arm CoM is located at a large distance from the
roll guidance. Rotational stages 2 and 3 (Figure 1.13) are based on commercially
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available crossed roller bearings. There, support of the moving components is
constant over the rotational range, and without backlash. However, these motion
stages have a similar offset between the CoM of moving components and the motion
axes. Furthermore, rotational stage 2 rotates the C-arm and roll guide w.r.t.
the gravitational vector (g). This causes the C-arm to transverse the backlash
determined by the axial rollers. Combined, these effects cause similar, angle-
dependent deflection of the imaging equipment, including discontinuities.
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1.3.3 Influence of mechatronics on imaging performance

The imaging performance of an interventional X-ray system (image quality vs.
patient dose) is determined by many factors. Figure 1.16 depicts a summarising
diagram of the most dominant influences. The imaging performance is obviously
affected by the X-ray equipment and the imaging process itself. The majority
of influences can, however, also be related to limitations of the mechatronic ar-
chitecture, and the positioning performance that it achieves (depicted in blue).
This section elaborates on these relations, as they are relevant for improving the
imaging performance by a better mechatronic design. Here, a distinction is made
between 2D Image Quality (2DIQ), 3D Image Quality (3DIQ), and the patient
dose needed to achieve it.

imaging performance

patient dose 2DIQ 3DIQ

XRA error image blur reconstruction artifacts

position dependent deflections mech. vibrations scan range

patient move.calibr.err.

reproducibility scan speed

scatter focal size

noise

beam hard.detector DQE

grid absorp.

data compl.

Figure 1.16: Imaging performance diagram, factors related to mechatronic architecture in blue.

2D image quality
The quality of 2D X-ray images is characterised by three factors: resolution, con-
trast, and noise [2]. Resolution indicates the smallest spatial frequency that can
be detected. It is physically limited by the pixel size of the detector. Contrast is a
measure for the intensity difference between adjacent sections of an image. Resolu-
tion and contrast are typically assessed together, by an Optical Transfer Function
(OTF). The magnitude of the OTF (Modulation Transfer Function, MTF) de-
scribes the level of contrast [%], with which patterns of a certain spatial frequency
[LinePairs/mm] are displayed. The left image of Figure 1.17 depicts a conceptual
visualisation of this principle. Typical imaging systems have an MTF as shown
by the green curve. Images with low spatial resolution are depicted without con-
trast loss. At increasing spatial resolutions, the contrast is decreased. The decay
in MTF (‘image blurring’) at higher spatial resolutions is partly caused by the
imaging equipment itself (Figure 1.17, right, orange and purple). It is integral to
the scintillator layer used in the detector, and the focal spot of the X-ray source
[44]. Considering the latter, an infinitesimally small focal spot would cause all
X-ray photons to originate from a single point. However, the focal spot has fi-
nite dimensions (0.3 to 1.0 mm), and a non-spherical shape. As a result, photons
stochastically originate from anywhere in the ‘focal region’, which reduces sharp-
ness.

Additional blurring is caused by relative motion of the X-ray source, detector,
and/or the patient, during image acquisition (mechanical vibrations). This is de-
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Figure 1.17: Left: conceptual visualisation of the Modulation Transfer Function (MTF), right:
MTF contribution of focal spot, detector, and mechanical vibrations [45].

picted by the red line in the right image of Figure 1.17. The total level of image
blurring (green line) is found by multiplying the MTF of all contributing factors.
As a scalar performance indicator, the total MTF can be multiplied by the spatial
resolution (black line), and then integrated [45]. Here, vibration levels are consid-
ered acceptable if they result in less than 20% loss of area under the MTF×spatial
resolution curve of the X-ray source and detector only [4]. Furthermore, a contrast
level of ∼10% is the lower limit at which line pairs can still be distinguished [2, 4].

In [4], the decay in MTF, due to sinusoidal vibrations of an object w.r.t. stationary
imaging equipment is modelled and measured. Based on the first eigenmodes of a
relevant interventional X-ray system, object vibrations up to 40 Hz are considered.
It is observed that a vibrational amplitude of 80 µm is the limit for achieving less
than 20% loss of area under the MTF graph of the X-ray source and detector. Ad-
ditionally, at this vibration amplitude, the distinguishable resolution (MTF<10%)
is ∼3 lp/mm. This lies near the detector limit (pixel size 154 µm, 2 pixels = lp =
308 µm, minimal spatial frequency = 1/308 µm = 3.25 lp/mm). Relevant existing
systems adhere a vibrational amplitude limit of 100 µm (Figure 1.17, [45]). This
causes blurring to reduce the distinguishable resolution to 2.3 lp/mm. A vibra-
tion amplitude of 80 µm is therefore deemed acceptable, but further reduction
is preferred. Appendix A shows that this object vibration limit can be directly
translated to a limit for focal spot and detector vibrations, assuming a similar 3D
vibration amplitude.

Besides image blur, stochastic variations (noise) can be added to an image due
to scattered ratiation and the detector itself. Image noise is mainly determined
by the degree of scattering, the signal-to-noise contribution of the detector (De-
tective Quantum Efficiency (DQE), [2]), and image processing software. Since it
is not related to mechatronic effects such as vibrations and deflections, it is not
considered further in this thesis.
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3D image quality
A volumetric 3D image can be reconstructed from a set of 2D projection images,
taken over an angular range. This imaging technique is called Computed Tomog-
raphy (CT). Such 3D reconstructions are typically viewed by cross sections, as
shown in Figure 1.18. They can be made using a CT scanner, or an interven-
tional X-ray system. An interventional X-ray system irradiates the object with
a cone beam, whereby images are acquired over a near-circular trajectory (typi-
cally ∼180°, preferably more). In CT scanners, a narrower, fan beam is used, in
combination with a multi-turn, spiralled trajectory.

The quality of 3D images is influenced by the image blur and noise of the 2D
images used for reconstruction. Additionally, 3D reconstructions can be degraded
by artifacts. These are artificial features which appear on the image, but are not
present in reality. Figure 1.18 shows an example, in which streak artifacts (left
image, white streaks) degrade the quality of the top and bottom of the image.
Such artifacts can occur due the following factors. The latter three can be related
to the mechatronic architecture.

• Beam hardening in the presence of dense structures (e.g. metal implants).
• Reconstruction with incorrect information on image beam position/orientation

(e.g. due to calibration errors).
• The use of incomplete or under sampled image data.
• Patient movement during a scan.

Figure 1.18: Cross section of 3D image, generated from incomplete (left, contains streak ar-
tifacts) and complete data (right). Dark areas are inherent to the skull phantom used [46].

The reconstruction algorithms used for CT imaging, typically apply an inverse
Radon transformation to a set of 2D projection images [2]. As this requires knowl-
edge on the photon path, the position of the focal spot, and position and orien-
tation of the detector should be known, for each 2D image used. These deviate
significantly from an ideal circular trajectory, due to deflections, mechanical vibra-
tions, and backlash in the mechatronic architecture (Section 1.3.2). A geometric
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calibration is therefore applied periodically, typically every six months. Here, the
actual FS and FPD trajectories are derived by scanning an object with known
geometry [47, 48]. During subsequent scan motions, the position or orientation of
the imaging chain can still deviate from the calibrated scan motion due to repro-
ducibility errors (backlash, hysteresis) and vibrations. These deviations result in
incorrect information on the position of the FS and FPD. This will cause streak
artifacts when used in a reconstruction. For such a calibration-based approach to
work, scan motions must therefore be highly reproducible. Based on specifications
adhered in industry [49], and discussion with image quality experts [50, 51] the
following reproducibility errors w.r.t. a calibrated scan motion are considered ac-
ceptable. This concerns positioning errors perpendicular to the X-ray beam. The
sensitivity for position errors along the X-ray beam is approximately 10× lower.

• FS and FPD position error: ±100 µm / ±30 µm (high / low contrast)

• FPD angular error: ±0.05°

A second source of reconstruction artifacts is the use of ‘incomplete’ image data.
Several researchers have specified sufficiency conditions for the data captured in
the set of 2D projection images. An overview of these conditions can be found
in [52]. If the conditions are met, ’exact’ reconstruction algorithms can be used
to reconstruct a region of interest with minimal artifacts (Figure 1.18, right). If
not, approximate algorithms (e.g. [53]) are applied, which leads to 3D images that
include streak artifacts (Figure 1.18, left). Most of the mathematical conditions
in [52] state that the focal spot trajectory must intersect all mathematical planes
that can be drawn through the region of interest. This can be interpreted freely
as ’every point in the region of interest should be irradiated over 180°’.
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Figure 1.19: Left: sufficiency condition for near-circular trajectory. Right: dual axis scan
trajectory for complete data in larger volumes (red).

When applied to planar, near-circular trajectories (e.g. a roll or propeller move-
ment), this condition is satisfied when the imaging equipment is rotated over 180°
+ the Cone Angle (CA, Figure 1.19, left). Such trajectories are complete in the
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plane of rotation only. Other, dual-axis trajectories (as found in [34, 54]) are used
to expand the region of minimal artifacts in axial direction (Figure 1.19, right).

A last, and trivial source of imaging artifacts is movement of the patient. Patients
are prepared for 3D imaging, by being asked to hold their breath. Despite this,
some patient movement will occur during the acquisition time (currently 5 to 20
seconds, depending on scan type). It is therefore desired to minimise the duration
of a 3D scan.

Patient dose
Because of the harmful properties of X-ray radiation, it is considered key to take
patient dose [J/kg] into account when rating system performance. For example,
the performance of an X-ray detector is expressed by a signal-to-noise contribu-
tion (DQE), at a certain spatial resolution and absorbed X-ray dose [32]. A higher
signal-to-noise ratio could be acquired at the cost of higher patient dose, by in-
creasing the X-ray intensity [W/m2]. In interventional X-ray systems, patient dose
is affected by deflections in the structural path between the source and detector
(Figure 1.13, shown by red line). Varying gravitational and inertial loads cause
position-dependent deflections of the C-arm and other structural components in
the imaging chain. This can cause the X-ray beam to be misaligned w.r.t. the
detector. Figure 1.20 gives a schematic visualisation of such X-Ray Alignment
(XRA) errors. Deflections can cause the X-ray beam (light blue) and detector
(gray) to be shifted, rotated, and scaled w.r.t. each other. Hereby, the maximum
alignment error on each side of the detector is denoted as a Border Error (BE).
In clinical practice, the edge of the X-ray beam should not become visible on the
detector (indicated in red). This causes part of the view to be blocked. Further-
more, such varying irradiation of edge pixels can lead to reconstruction artifacts.
To prevent this, the XRA is measured over the full range of motion, after which
the worst-case situation is compensated for. To this end, the collimator is used to
create a (permanently) more divergent X-ray beam (dotted lines). This increases
the size of the irradiated area at the detector by the distance EO (Extra Open)
and prevents the edges of the beam from becoming visible.

This approach comes at the cost of patient dose, as it causes extra radiation to
be used that is not captured in the image. XRA errors are therefore bound by
regulations, such as [55, 56, 57]. These prescribe limits to single border errors
(BE ≤ 20 mm), combined border errors (various restrictions), and the increase
in irradiated area (max. 20%). Although these regulations are met, typical sys-
tems (Philips AzurionTM 7 C20) still counteract worst-case border errors by an
EO distance of 6.5 mm and 4.0 mm, for the largest (380×294 mm) and smallest
(110×110 mm) image format respectively [58, 59]. By doing so, the patient is
subjected to a significant excess radiation dose (8% to 15% respectively), at each
imaging step. It is therefore relevant to reduce the worst-case border errors, as
these directly influence the EO distance used, and thus the excess patient dose.
Here, approximately 40% and 20% of the maximum error can be attributed to
deflections of the C-arm and inaccuracies in the collimator respectively [58].
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Figure 1.20: Schematic visualisation of X-Ray Alignment (XRA) errors.

As a secondary effect, misalignment of the X-ray beam w.r.t. the detector causes
additional radiation absorption in the anti-scatter grid [60]. This effect is domi-
nated by translational displacements between the FS and detector. These cause
a misalignment between the radiation direction, and the lead baffles of the grid
(which are oriented towards the focal spot). As the absorbed radiation has passed
through the patient first, grid absorption causes excessive patient dose. In [61],
the amount of additional grid absorption is said to be approximately 1%/mm of
translational misalignment. It is therefore estimated that this effect adds up to
∼5% of excessive patient dose.

1.4 Next generation system requirements

The classic C-arm architecture of interventional X-ray systems sufficed for achiev-
ing imaging performance for the last 20 years. However, its contribution to image
quality degradation and patient dose has become significant in current day applica-
tions. The architecture consists of a long, varying, and rather compliant structural
path, combined with a form-closed roller guidance system (Section 1.3.2). This
leads to a low stiffness-to-mass ratio and backlash, resulting in non-reproducibility,
and motion-induced oscillations of ∼100 µm [50, 51]. As a result, image resolution
is limited due to blurring, instead of by the detector pixel size (Section 1.3.3). It
also leads to visible artifacts in soft-tissue 3D imaging. Besides this, the added
patient dose due to semi-static deflections (∼8% to 15%) is now considerable, in
view of the dose reduction that has, and is being achieved by the development of
processing algorithms (section 1.3.1).
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High-end, future applications require imaging performance at (or beyond) the
limit of what today’s interventional X-ray systems can achieve. For example,
in the treatment of stroke patients, preoperative CT is being replaced by 3D
imaging with the interventional X-ray system directly. This shortens the arrival-
to-treatment time by approximately one third, which positively benefits patient
outcome [62, 63]. The latter method is currently denoted as unreliable [64], partly
because long acquisition times (10 to 20 seconds) cause image quality degradation
by patient motion artifacts. Currently, the acquisition time is determined by the
detector frame rate (30 f ps), and the number of images required (∼500). Higher
frame rate detectors (60 vs. 30 f ps [32]) are becoming more widely available, en-
abling acquisition times to be shortened. This requires faster, and more aggressive
scan trajectories. For existing systems, these trajectories are expected to result
in insufficient image quality, due to mechanical vibrations, and non-reproducible
position errors. As such, a more stable mechatronic architecture is desired.

Developments in interventional treatments have also led to additional usability
requirements. Interventional rooms for high-end, complex procedures have become
more crowded. [65] indicates that clinical teams can consist of 20 persons, whereof
up to 9 are involved in a treatment at the same time. Modern day interventional
rooms also include a wide variety of equipment (lights, monitors, lead shields),
medical devices (for surgery, anaesthesia), and other imaging techniques (such as
ultrasound) [9]. Furthermore, new clinical methods are becoming the standard,
e.g. transradial arterial access [66, 67] (versus transfemoral arterial access), and
imaging of off-centre anatomies [68]. Here, it is preferred to shift the requisite
lateral and longitudinal movements from the patient table to the X-ray system [9].
These circumstances require an interventional X-ray system that provides for less
obstruction, and which can be freely positioned around the treatment area.

Besides this, there is a growing trend towards smaller medical facilities, that are
separated from the larger hospitals. These so-called outpatient centres, or office-
based labs [69] perform relatively simple (entry level) cardiovascular treatments,
on minimal-risk patients. Originally, they used mobile interventional X-ray sys-
tems. However, many centres are now performing a broader range of treatments,
which requires a fixed system instead. These centres typically require less imaging
performance than a high-end hospital. Rather, their limited number of patients,
small room size, and low ceiling height necessitate a system with less stringent
installation requirements, and lower cost [70].

Based on the above, it is concluded that there exists both a need and opportunity to
innovate on the C-arm type mechatronic architecture of interventional X-ray sys-
tems. Below, a set of requirements is given for imaging performance, and usability
respectively. The performance requirements are based on the specifications from
section 1.3.3, whereby potential developments in imaging equipment are taken into
account. The usability requirements result from continuous discussion and veri-
fication with multiple stakeholders at Philips Healthcare [71, 72, 73, 74]. As an
overlying requirement, the obstructiveness of the system should be minimised.
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1.4.1 Imaging performance requirements

P.1 2D projection range

• Cranial/caudal/oblique projection angles up to ±60°.
• Around longitudinal axis of patient: ±90°.
• Rationale: based on list of clinically relevant projection angles for treat-

ments in cardiology, neurology, and vascular, spinal, and abdominal
surgery [75, 76, 77].

P.2 3D scan range

• 180° + cone angle = ∼200°.
• Simultaneous rotation around axis perpendicular to main 3D scan move-

ment, e.g. 45°, or ±20° [34, 54].
• Rationale: generates complete image data, in approximately spherical

region of interest [52].

P.3 3D scan duration

• 4 seconds for 3D scan motion as described in P.2.
• Rationale: current systems perform fastest 3D scans in 5 seconds (frame

rate of 60 f ps, [78]). Accommodate for future increase of detector frame
rate by 20%. Requires increase in maximum rotational velocity and
acceleration from ∼45°/s to ∼65°/s, and ∼30°/s2 to ∼90°/s2 respectively.

P.4 Semi-static deflections

• Resulting border errors should not exceed ±2 mm.
• Rationale: enables EO parameter to be reduced to 2 mm. Permanent

increase in unnecessary radiation dose due to XRA errors is hereby
reduced with 70% and 50% for the largest and smallest image format
respectively. Decreased deflections will also reduce grid absorption.

P.5 Mechanical vibrations

• 3D amplitude of FS and FPD vibrations ≤50 µm.
• Rationale: estimated that this reduces image blur to a level where

MTF<10% occurs for spatial frequencies below detector pixel pitch
(based on [4]).

P.6 Reproducibility

• FS and FPD position error ≤ ±100 µm / ±30 µm for high and low
contrast scans.

• FPD angular error ≤ ±0.05°.
• Rationale: at this level, influence of reconstruction artifacts due to

calibration errors is considered negligible.
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1.4.2 Clinical usability requirements

U.1 Full body coverage

• 2D and 3D imaging available for the full body.
• 2D imaging of upper body from head end of table (reach to iliac veins).
• Preferably without movement of patient.

U.2 Imaging off-centre anatomies

• 2D imaging of off-centre anatomies (e.g. radial access, liver imaging).
• 3D imaging, e.g. by dedicated (open) trajectories, [68].
• Preferably without movement of the patient.

U.3 High quality 3D scans with minimal obstruction to medical treatment

• For upper body, preferably over full body range.
• Flexible positioning of imaging system. High quality 3D scan from

neutral position at left, right, or head side of patient table.

U.4 Flexible system parking, away from patient table

• Enable access to patient and operating area for patient exchange, CPR,
sterilisation, surgery.

• Move from and to parking position without obstructing treatment.

U.5 Patient access

• Flexible system placement for round-table patient access.
• Space at head-end of table for anesthesiologist and equipment.

U.6 Ergonomic working height

• Isocentre height must not exceed 1065 mm (current value).
• Preferably: asjustable isocentre height, enables clinician to operate at

personalised working height. From market analysis [75], mainly a lower
isocentre height (up to 75 mm), is desired.

U.7 Compatibility with third party equipment

• UDF equipment
– Class 1a room approval: all objects of X-ray system above patient

should be parked or in standby outside UDF field.
– Protection by UDF field during use of X-ray system: design struc-

tural parts without openings or gaps. Helps prevent air flow ‘jets’
and enables easier cleaning [8]. Aerodynamic shapes help limit dis-
ruption of UDF field [22].

• Surgical tables [79, 80].
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1.5 Outline

The aim of this PhD project is to develop novel mechatronic architectures, which
can simultaneously improve on the performance, clinical usability, and/or cost
of interventional X-ray systems. The remainder of this thesis is subdivided in
four chapters. These describe subsequent phases of the project, each with an
increasingly specific scope.

Chapter 2 introduces three novel mechatronic architectures. All architectures are
design for improved motion performance, and each has a number of application-
specific usability advantages. The most revolutionary architecture replaces the
structural C-arm by two separate mechatronic positioning systems, one for the
X-ray source and detector respectively. These minimise obstruction, and have the
potential to exceed motion performance limitations of traditional C-arm systems.
This architecture is therefore chosen to be most promising for future applications.

Chapter 3 presents further development of the chosen architecture. Here, a detailed
design is proposed for the positioning system of the X-ray source. This system
is identified to be technically most challenging, due to the high load, large range
of motion, and small design space. From a kinematic and dynamic analysis, two
rotational axes are shown to be critical for the motion performance. These are
most heavily loaded, and entail a large error transmission towards the imaging
equipment. A passive weight compensation system is introduced to reduce the
gravity-dominated moment loads on these rotational motion stages. A compact,
modular drive train design is then presented, of which scaled-down versions are
applied in subsequent rotational axes. From the proposed system design, a 2 DoF
feasibility setup is realised. This setup includes the most critical motion stages,
and the weight compensation system.

Chapter 4 evaluates the motion performance of the proposed system design. The
achievable control bandwidth is predicted by multi-body analysis. The feasibility
setup and its submodules are used to validate and investigate stiffness and hys-
teresis properties, system dynamics, and the predictability of drive train loads.
Furthermore, servo errors are measured over repetitive, high-speed trajectories.
Based on preliminary accuracy and reproducibility results, specific improvements
for the control architecture are defined and implemented.

Chapter 5 summarises the main conclusions of this thesis. Several recommen-
dations are given for further development of the proposed designs and feasibility
setup. Furthermore, topics for future research are suggested.





Chapter 2

Novel system architectures

Most interventional X-ray systems have a C-arm type mechatronic architecture
(Figure 1.3, DoFs 1, 2, and 3). Their design typically comprises slender structures
and a form-closed roller guidance system, which entail a low stiffness-to-mass ra-
tio and backlash. The resulting low frequency dynamics, semi-static deflections,
and limited reproducibility, contribute significantly to image quality degradation
and unnecessary radiation dose. Besides this, novel clinical methods require the
system to be more flexible in use, and less obstructive. Both a need and opportu-
nity are therefore concluded to exist, for improving or innovating the mechatronic
architecture on application-specific levels.

Section 2.1 presents systems with an alternative mechatronic architecture that are
found in industry. The kinematic layout of these systems satisfies new usability
requirements. However, their design either causes increased obstruction, or limited
motion performance due to a large structural path length. In the remainder of
this chapter1, three novel kinematic layouts are therefore introduced, which target
to simultaneously improve on performance, clinical usability, and/or cost. Each
system architecture (system for brevity) has a specific focus. The first system
(Section 2.2) is intended for high-end applications. It improves both the image
quality and clinical usability of 3D scans. The second system (Section 2.3) de-
creases cost and installation requirements, while maintaining and even adding to
the current imaging capabilities (entry level applications). Both system 1 and 2
present a rather evolutionary improvement on the existing C-arm architecture. As
a revolutionary alternative, system 3 (Section 2.4) pursues high-end performance
and optimised workflow, at reduced overall cost. In Section 2.5, a comparative
overview of all three systems is given in terms of usability improvements, and
future product line integration.

1 The content of Section 2.2, 2.3, and 2.4 is partly published in [81] and [82]. Additionally,
system 2 and 3 are patent pending [83, 84].
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2.1 Existing alternative system architectures

This section presents existing interventional X-ray systems which have a kinematic
layout that differs from the typical C-arm architecture (Figure 1.3). The systems
are divided in two main categories. The first describes systems with a second C-
arm roll guide for additional 3D scan range. The second category describes the use
of one or more multi-DoF manipulators for positioning of the imaging equipment.

2nd roller guidance system
Figure 2.1 shows two interventional X-ray systems, which include an additional roll
guide (Siemens Healthineers, [11] and Canon Medical Systems, [85]). The second
roll guide provides for an extended 3D scanning range, that can be used along the
entire length of the patient (full body coverage). In the system on the left, the
propeller axis (2) is placed before the two roll stages (1a and 1b). This preserves
the original stacking of DoFs, as shown in Figure 1.3, and simply divides the roll
range over two motion stages. In the system depicted on the right, the propeller
axis (2) is in between the two roll stages (1a and 1b). No significant imaging-
related advantages are found between the two alternatives. Both architectures
enable dual-axis 3D scans, such as shown in Figure 1.19, right.

The addition of a second roll guide also poses a number of disadvantages.

• Space claim: the second roll guide increase in-plane dimensions of the system.
For the system on the right, it also increases the required ceiling height.

• Load: the second roll guide increases the distance between the C-arm and
the structure towards the ceiling. This causes greater bending and torsional
loads due to gravitational and inertial forces.

• Cost: roller guidance systems require precise manufacturing (∼10 µm) of
large structural parts (∼2 m diameter). This makes these systems expensive
to manufacture.

2

1a

1b

2 1a

1b

Figure 2.1: Interventional X-ray systems with an additional roll guide (1b) [11, 85].
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Multi-DoF manipulators
Industrial and clinical examples are found, in which the conventional C-arm archi-
tecture is replaced by one or more multi-DoF manipulators. These manipulators
require synchronised motion of multiple axes to position X-ray equipment over
circular and spherical trajectories. Herein, they differ from conventional C-arm
systems, which have one principle motion axis for each projection angle (although
2 DoF motions are not uncommon).

In [86], four industrial robots are used to position X-ray equipment around a ve-
hicle. Hereby, 3D images can be generated for inspection of prototype vehicles
without disassembly. In [87], a similar system is shown for creating 3D scans of
large, standing animals (e.g. horses). Both concepts use separate 6 DoF posi-
tioning systems for the X-ray source and detector. This enables more elaborate
scan trajectories to be defined. Principally, it also allows for correction of align-
ment errors between the X-ray equipment. As a disadvantage, the use of multiple,
unmodified industrial robots takes up a large amount of space. This makes the
approach unsuited for use in an interventional environment, where multiple staff
members operate in close range to the imaging region of interest (the patient).

xy

z

Figure 2.2: Commercially available system, with an industrial robot for positioning of the
C-arm and imaging equipment [88].

Figure 2.2 shows a manipulator-based system that is commercially available for
clinical use (Siemens Healthineers, [88]). This system has a C-arm structure that
connects and aligns the X-ray source and detector. A single industrial robot (6
DoFs) is used to position the C-arm and imaging equipment w.r.t. the patient.
The 6 DoF motion capability provides for additional freedom in positioning the
C-arm around the patient table. It also enables the isocentre to be displaced in
height, for better ergonomics, and to adjust for clinical positioning of the patient
(e.g. rotation around the x- or y-axis). However, the use of a single robot elimi-
nates the advantages of having independent positioning of the imaging equipment.
Furthermore, this kinematic layout is still significantly more obstructive than con-
ventional C-arm systems [71, 72]. The standard industrial robot requires a large
volume (Figure 2.2, red cylinder) between its base (placed at the table head end)
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and the C-arm, to reach clinically relevant projection angles and perform 3D scans.
This volume must remain free, even when the C-arm is positioned at the side of
the table (least obstructive position for conventional C-arm systems).

In [89] and [90], a custom 4 DoF manipulator is used to position a detector.
The compact mechanism is built beneath the patient table, which reduces its
obstructiveness. However, its 4 DoF kinematics do not enable the detector to be
kept perpendicular w.r.t. the X-ray beam, for cranial/caudal projection angles
(towards the head/feet). This would lead to additional radiation absorption in
the anti-scatter grid (Section 1.3.3), which causes increased patient dose. As an
additional disadvantage, this system uses an obstructive, commercially available
robot to position the X-ray source in the space above the patient table.
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Figure 2.3: Commercially available system with custom manipulators for separate positioning
of the imaging equipment [91].

Figure 2.3 shows a commercially available system that uses two custom, 5 DoF
manipulators to separately move the X-ray source and detector (Siemens Health-
ineers, [91]). Each positioning system has two horizontal translation stages at the
ceiling. A vertical, telescopic translation stage provides for a third DoF. The X-ray
source and detector are mounted to the end of these telescopic stages by two ro-
tational joints (DoF 4 and 5). The kinematic layout takes up little space, and fits
well in a clinical environment, alongside personnel. However, the imaging perfor-
mance of this system is shown to be limited [92]. The 3D scan range is restricted
to 183° and 163° for head and torso imaging respectively (patient lying on table,
as common for interventional procedures). Additionally, the scan duration is 20 to
24 seconds, which increases the probability of artifacts due to patient movements
significantly. [92] also describes image blurring due to nonreproducible system vi-
brations. This limited stability is likely inherent to the slender design of structural
parts, especially in the telescopic stages. A decrease in scan duration (increase in
scan speed) is therefore not considered probable with this system design.
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The use of multi-DoF manipulators enables flexible, less obstructive, and possibly
more accurate positioning of the imaging equipment. However, in the author’s
opinion, this requires a manipulator with a dedicated mechatronic architecture
and design, tailored to the application. The architecture should be made to fit
the space available in the interventional environment, while adhering to design
principles for accurate and repeatable positioning, e.g. stiff and lightweight design.
In the following sections, novel system architectures are therefore presented.

2.2 System 1: high-quality 3D imaging with less obstruction

3D imaging by interventional X-ray systems is used for diagnostics, guidance,
and verification, in more and increasingly complex interventional treatments (e.g.
stroke treatment, Section 1.4). For C-arm systems, two principal 3D scanning mo-
tions can be distinguished. A propeller scan (Figure 2.4, left) is carried out with
the C-arm at the head end of the table. The large scan range (>200°) allows for
the use of exact reconstruction algorithms (Section 1.3.3), and application-specific
scan trajectories, e.g. for off-centre anatomies [68]. Both factors contribute to high
quality 3D images with minimal artifacts. A roll scan (Figure 2.4, right) is per-
formed with the C-arm at the side of the table. This enables 3D imaging over the
full length of the patient (full body coverage). Additionally, a roll scan causes less
obstruction in the operating room, and leaves valuable space at the table head end
(e.g. for anaesthesia). This is visualised in Figure 2.4, which indicates the space
obstructed by a propeller and roll scan in red. As a disadvantage, the C-arm roll
guide has a smaller (180°) range of motion, which dictates the use of approximate
reconstruction algorithms. The resulting 3D images are deteriorated by artifacts
and less suited for procedures involving soft tissue imaging. Additionally, backlash
in the roll guide causes excitation of oscillations, and limits motion reproducibility
in both scan motions (Section 1.3.2, Figure 1.14).

Figure 2.4: Propeller (left) versus roll scan (right), with obstructed space indicated in red.
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An improved C-arm system should therefore combine the imaging performance of
the propeller scan, with the clinical usability of the roll scan. More specifically, it
should enable:

• 3D scanning in range >200°, preferably larger for dedicated trajectories,
• 3D scanning from side of table, for full body coverage,
• 3D scanning with less obstruction: main rotation in plane of C-arm (roll

scan),
• motion stages (roll guide) to be designed without backlash or discontinuities

in bearing contacts.

To this end, the architecture of system 1 is proposed (Figure 2.5). System 1 has
three rotational DoFs similar to a conventional C-arm system (1, 2, and 3). Its
kinematic layout features an additional rotary joint in the arm that connects the
C-arm to the ceiling (Figure 2.5, 8). The axis of this joint coincides with the
isocentre. Therefore, it can be used together with the original rotational joints (2,
3), and structural arms (6, 7) to form a Remote Centre of Motion (RCM) stage.
The RCM stage enables the C-arm (4) and roll guide (5) to be rotated around
the isocentre, in a semi-spherical range above the x-y plane. This scan range is
added to the motion of the conventional roll guide (1, ±60°). Combined, the dual
stage design allows for an extended ’roll’ scan of up to 300° (Figure 2.6), with a
significantly smaller footprint than the propeller scan.
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Figure 2.5: System 1: additional rotary joint (8) creates Remote Centre of Motion stage.
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In the 300° scan (Figure 2.6, -60° to 240°), DoFs 2, 3, and 8 rotate over 180°, 180°,
and 360° respectively. The C-arm (4) travels from -60° to 60° in its roll guide (5).
The combined scan range of 300° is larger than strictly necessary for high quality
3D imaging (Section 1.3.3, ∼200°). This allows for the use of dedicated (open)
scan trajectories [68], or less aggressive scan trajectories (more angular range for
acceleration). In practice, a shorter (more practical) scan motion of 210° (-60° to
150°) will probably be used more often. In this scan motion (Figure 2.6, top row
and bottom left), DoFs 2, 3, and 8 rotate over 90°, 90°, and 180° respectively,
while the roll guide moves from -60° to 60°.

-60° 

  

0° 

150° 240° 

Figure 2.6: Roll guide and additional Remote Centre of Motion stage allow for a 300° extended
‘roll’ scan (−60° to +240°).

Figure 2.7 depicts the footprint for the propeller scan of the original system (left),
and the extended roll scans of 210° and 300° (middle, right). The footprint in-
dicates the outer most position (x, y) for all structural parts that move below a
height (h, see Figure 2.8) of 1.95 m, during the scan movement. This height is
larger than the length of >95% mixed Dutch adults, age 20-30 years [93]. The
extended roll scans of 300° and 210° require 80% and 55% of the footprint of a con-
ventional propeller scan respectively. Space at the head end of the table is left free
for a clinical staff member (anesthesiologist, Figure 2.6). Moreover, both extended
roll scans leave the same amount of space for peripheral equipment beneath 1.40
m as a conventional roll scan.
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Figure 2.7: Footprint of conventional propeller scan (left) versus 210° and 300° extended roll
scan (middle, right).

Figure 2.8 depicts a side view of system 1, at the first and final position of a 210°
scan motion. In the right image, arm 6 and 7 are rotated over an additional 90° (to
the x-z plane), for improved visualisation. In reality, they would be oriented along
the y-z plane. The RCM stage covers a large part of the scan range needed for
3D scans. The range of motion of the C-arm roll guide (1) is therefore limited to
clinically relevant 2D projection angles (±60°, sec. 1.4.1). This has the following
advantages for the system design, and motion and imaging performance.

• It enables for a semi-kinematic design of the roll guide (shown later in this
section), in which the ends of the C-arm (4) do not surpass the ends of the roll
guide (5, Figure 2.8). The continuous contact with rolling elements allows
for elimination of backlash. Hence, it leads to significantly less nonlinear
behaviour and improved reproducibility.

• The alignment structure between the imaging equipment (Figure 2.8, red)
is shorter, and less variable. Besides the smaller roll angle (1), the C-arm
is continuously supported by the roll guide over ψRG = 60°. This improves
stiffness, and decreases deflection. In conventional C-arm systems (Figure
1.3), the support angle reduces to ∼30° for large roll angles.

• During the 210° and 300° scan, the alignment structure between the imaging
equipment (Figure 2.8, red) is subjected to bending loads only. In a con-
ventional propeller scan, the C-arm is subjected to a combined bending and
torsional load, which leads to additional deflection.

• The above three points significantly decrease alignment errors between the
imaging equipment. This enables radiation dose to be reduced for both the
patient and clinical staff (Section 1.3.3).

• External cabling (9) between the C-arm (4) and roll guide (5) can be designed
to stay within the contours of the structural parts (Figure 2.5, 2.8). This
places the (non-sterile) cabling further away from the operating area.
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Figure 2.8: System 1 at projection angle of −60° and +150°.

System 1 can be seen as a direct alternative for existing C-arm systems with an
additional roll guide (Figure 2.1). In comparison, the proposed architecture can
be considered more favourable, because of the following properties.

• Accuracy: the RCM stage adds more range of motion than the additional roll
guides of Figure 2.1 (180° vs. ∼60°). The primary roll guide can therefore
be given a greater supporting length (ψRG = 60°, vs. ∼30° in Figure 2.1).

• Sterility: roller guidance systems are not completely sealed, and difficult to
clean or sterilise compared to rotary joints. Additionally, the added rotary
joint remains above ∼2 m, making it less likely to be contaminated by fluids.

• Cost of manufacturing: high-precision parts for the added rotary joint have
smaller dimensions than those for a roll guidance. The rotary joint is there-
fore easier and less expensive to manufacture than a large diameter roll
guide.

Appendix B shows a number of alternative embodiments of system 1.

• Figure B.1 shows a system with uneven lengths of structural arms 6 and
7. This allows for the height (h) at which the RCM stages moves to be
increased, further reducing its footprint.

• Figure B.2 shows a system in which structural arms 6 and 7 are given a
conforming shape. This enables the required ceiling height to be reduced.

• Up to now, system 1 is shown with a longitudinal ceiling rail. Naturally, it
is also compatible with a 2 DoF ceiling rail (as in Figure 1.8). Figure B.3
depicts that system 1 can also be used with the ceiling support of Figure 1.9.



38 Chapter 2. Novel system architectures

Kinematic roll guide design
In [94], a C-arm and roll guide is designed for system 1. The roll guide design
(Figure 2.9) features a near-kinematic roller setup. A 3 DoF roller assembly (de-
tailed view) is mounted at both ends of a curved tubular aluminium profile. The
C-arm itself is also constructed from a torsionally stiff aluminium profile. Each
roller assembly contains 2 radial rollers sets, and 1 axial roller set. Herein, preload
mechanisms eliminate backlash, and ensure continuous contact with all rolling el-
ements. [94] investigated the effect of adding multiple roller sets along the length
of the roll guide, on roller forces and positioning accuracy. Placing all roller sets
at the ends of the roll guide proved most beneficial for reducing XRA errors. All
radial rollers are duplicated. This accommodates for the higher loads that act in
this direction, while using a single roller size. The radial rollers are connected to
the sleeve via a so-called whiffle tree, to preserve the semi-kinematic design.

The proposed design reduces XRA errors due to deflection of the C-arm and roll
guide by 30% (see [94] for comparative analysis). Besides this, initial design iter-
ations show that a 40% mass reduction of the C-arm and roll guide is achievable.
This decreases the gravitational and inertial loads that act on the remaining struc-
tural parts. A similar reduction in both mass and deflection is therefore expected
for system 1 as a whole.

C-arm

Roll guide

Axial roller
set

Radial roller
set

Figure 2.9: C-arm and roll guide design for system 1, with detailed view of 3 DoF roller
assembly [94].
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2.3 System 2: reduced cost and installation requirements

Most interventional X-ray systems can rotate the C-arm around three axes (Figure
2.10, DoF 1, 2, 3). The structural elements between these axes are relatively
slender (cross sectional height h≤125 mm, 35 mm minimum). This allows for the
required range of motion, reduces obstruction, and limits the isocentre height.
However, it also reduces the stiffness-to-mass ratio, and leads to low frequency
dynamics. Furthermore, out-of-plane movements of the C-arm (propeller rotation)
cause an unfavourable and variable gravitational loading of the structural parts
in both bending and torsion. This causes the worst case XRA error for combined
propeller and roll angles to be 65% larger than for roll angles only ([59], Philips
AlluraTM FD20, 2004 - 2017).

In practice, just two of the rotary DoFs (roll and propeller, 1 and 2) are used for
imaging movements w.r.t. the patient. The third DoF (3) is used only to place the
C-arm at the left, right, or head side of the table. Various two DoF systems are
disclosed in literature [95, 96, 97, 98]. However, all of these include an out-of-plane
rotation of the C-arm w.r.t. the base. This leads to the unfavourable structural
path and loading situation described above. It can therefore be concluded that
existing two and three DoF architectures make rather inefficient use of structural
material. This deteriorates motion performance, and leads to a high system mass
of ∼1000 to ∼1200 kg, for floor or ceiling mounted systems respectively.

3

2

1

h ≤ 125 mm

Figure 2.10: Floor-mounted interventional X-ray system, with structural path.

In this section, a second novel architecture is proposed. This architecture aims
to significantly decrease the system mass, while maintaining and adding to the
current imaging performance. The lower system mass reduces the cost of manu-
facturing, transport, and installation. Furthermore, it leads to relaxed installation
requirements. With this, the architecture could be suited for ’entry level’ clini-
cal environments, such as outpatient centres and office based labs (Section 1.4).
These clinics have less financial means than hospitals, and often feature smaller
sized rooms with lower ceiling heights.



40 Chapter 2. Novel system architectures

The novel architecture (system 2) is depicted in Figure 2.11. It uses only two
rotational motion stages (DoFs 1 and 2). The system comprises a C-arm (3),
which is supported by a base (4). The base contains a roll guide, that enables the
C-arm to move along DoF 1. The base itself is supported on the floor, and can
rotate around axis 2. Later in this section, an extension of the base is described
that allows for translational movements in x- and y-direction. The cabling between
the C-arm and base is indicated by 5.

Figure 2.11: System 2: novel floor-mounted base with two rotational degrees of freedom (1, 2).

In system 2, the propeller DoF is omitted. By doing so, there is no more out-of-
plane rotation of the C-arm (3) with respect to the base (4), and the gravitational
vector g. This eliminates torsional deformation of the C-arm due to gravitational
and inertial loads. Additionally, it enables space at the sides of the C-arm to be
used for stiffening of the base. Comparison of Figure 2.11 and Figure 2.10 shows
that the cross sectional height (h) of the base is significantly increased (h > 275
mm). The structural material of the base is therefore more efficiently used to
resist the, now mainly in-plane, static and dynamic loads. This contributes to a
lightweight and stiff design, and improved dynamic motion performance. Initial
design iterations indicate that this architecture can result in a <500 kg system,
with improved X-ray alignment and image quality.
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Figure 2.12: System 2 in neutral position (top), and at combined projection angle
(LAO40°CRAN20°). C-arm at nurse side (left) and doctor side (right) of patient table.

The two rotational DoFs of system 2 allow for a similar spherical positioning of the
C-arm as in the original system. Hereby, all clinically relevant projection angles
[75] can be achieved with multiple C-arm postures. This is visualised in the lower
images of Figure 2.12, for an exemplary projection angle (Left Anterior Oblique
40°, cranial 20°). This property enables a clinician to choose a neutral position for
the system at the left or right side, or at the head end of the table (Figure 2.12,
upper image, and Figure 2.13). From this neutral position, all clinically relevant
projection angles can be achieved by rotating the base (DoF 2) within a 135° area.
Figure 2.12 and 2.13 depict this range of motion, projected on the floor in blue.
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135°Motion range 
DoF 2

Figure 2.13: Motion range of DoF 2, for neutral position at left, head, and right side of table
(left / middle / right).

Figure 2.14 depicts system 2 at the outer positions of the roll range. The C-arm
roll guide has a range of 180°. This allows for basic 3D reconstructions (of high
contrast anatomies) to be made with the C-arm at the side of the table. Here,
the existing longitudinal DoF in the patient table enables 3D scans to be made at
different longitudinal positions (e.g. for treatment of peripheral artery disease).
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Figure 2.14: System 2 at +60° and −120° roll angle. 180° scan range enables high contrast 3D
imaging from the side of table.

The roll guide comprises a set of moving rollers, located in a area schematically
indicated in green. These rollers (needle roller or track roller bearings) support
the C-arm over an angle ψRG = 25°. The set of rollers travels within the base
over half of the roll stroke. The roll range is distributed from -120° to +60° w.r.t.
the vertical axis. This roll guide design, with moving rollers and asymmetric roll
range, provides for the following advantages.

• It results in a short structural path from the C-arm to the fixed world (Figure
2.14 vs. 2.10, blue). This benefits the stiffness-to-mass ratio of the system.
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• It enables a 180° roll stroke to be made without rollers running in and out
of the guide way. This allows for a roll guide design without backlash or
discontinuous contacts, which improves reproducibility.

• With the absence of a propeller axis, a compact cable chain design can be
made. The cable chain (5) is guided along the back of the C-arm (3) (Figure
2.14, left), and between the base (4) and C-arm (3) (Figure 2.14, right). This
decreases the width of the system in y-direction, and reduces the chance of
the (non-sterile) cable contacting clinical personnel.

Figure 2.15: Dual axis motion, for high quality 3D scans of upper body.

For high-quality 3D reconstructions of the upper body of the patient, both rota-
tional DoFs can be used simultaneously in a novel, dual-axis 3D scan (Figure 2.15).
This scan starts at a –105° roll angle (Figure 2.15, left). While rotating around
the vertical axis over 180°, the C-arm is moved to a near neutral roll angle, and
back to –105° (Figure 2.15, middle and right). Combined, this results in a close-
to-circular scan path of 210° (–105° to +105°), allowing for exact reconstruction
algorithms to be used (Section 1.3.3).
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Figure 2.16: Source trajectory for novel dual-axis 3D scan (black), with X-ray beam (blue) and
volume in which complete image data is acquired (red).

This dual-axis 3D scan requires a footprint that is similar to that of a conventional
propeller scan. As an added advantage, the scan trajectory is slightly non-planar.
Hereby, it provides for complete image data in a 3D volume instead of a 2D plane
(Figure 2.16, red). This reduces reconstruction artifacts in a part of the region of
interest. The volume in which complete image data is acquired is small compared
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to the scan trajectories found in [34, 54] (∼30%, see also Figure 1.19). However,
it can potentially be increased by further optimisation of the rotational range and
velocities.

Up to now, system 2 is shown to be mounted at a fixed position on the floor. This
enables for a conventional and cost-effective design of motion stage 2 (e.g. with
a crossed roller bearing, electric motor, and timing belt reduction). Horizontal
translations between the patient and X-ray system can be performed with the
longitudinal and lateral motion stages integrated in most patient tables. However,
in modern day treatments, it is preferred to limit patient movements to a minimum.
It would therefore be beneficial if a longitudinal and lateral motion stage could be
added to system 2. To this end, a stable and cost-effective movable floor support
is proposed in Appendix C. In this embodiment (also shown in Figure 2.17) the
base of system 2 features three supporting modules (10), preferably based on
air film technology. These support the base in vertical (z) direction, and allow for
manual movement of the base across the floor surface (x-,y-, and θ-direction). This
enables parking and positioning in between imaging activities. During imaging, a
repeatable and motorised drive system (11) can be activated to move the system
in θ-direction (DoF 2).
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Figure 2.17: Alternative embodiment of system 2: base (4) is movably supported on the floor
by three supporting modules (10). This enables translation in x- and y-direction, and rotation
around axis 2.
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2.4 System 3: design for optimised workflow and high-end
performance

In C-arm type systems, the X-ray source and detector are physically connected
by a ’passive’ structural loop (i.e. without active elements for alignment). This
alignment structure comprises the C-arm, the roll guide, and other intermediate
structural parts. It determines both the achievable performance (XRA error, dy-
namics), and the obstruction to the clinical procedure. Therefore, the (re)design
of C-arm systems generally involves a trade-off between improved motion perfor-
mance (voluminous structures, material at outer fibre) and reduced obstruction
(slender structures). System 1 and 2 implement architectural changes beyond the
alignment structure, to achieve an evolutionary improvement in both obstructive-
ness and performance. However, for a more revolutionary optimisation of both the
clinical workflow, and the imaging performance, one could move away from the
passive alignment structure entirely. To this end, system 3 is proposed (Figure
2.18). In this system, the obstructive C-arm is replaced by two separate posi-
tioning systems. These move the X-ray source and detector respectively, in three
dimensional space. The Source- and Detector Positioning Systems (SPS / DPS)
are designed to make optimal use of the space available in the operating room,
and to limit obstruction to the clinical procedure and staff. Additionally, their six
DoF motion capability enables motion performance to be improved w.r.t. a C-arm
system, as deflections in the mechanical structures can be compensated for.

Figure 2.18: System 3: two separate positioning systems for mechatronic alignment of the
X-ray source and detector.
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2.4.1 Kinematic layout and imaging capability

Figure 2.19 shows a side view of system 3 in a neutral orientation. The kinematic
layout of system 3 contains 13 motion axes, which are numbered A1 to A13. All
rotational axes are depicted by blue centre lines and crosses. The structural links
of the Source Positioning System and Detector Positioning System are indicated
by L0 to L7 and L10 to L16 respectively. The Source Positioning System (SPS)
has 7 motion axes. It comprises a six DoF articulated arm (L2 to L7), which is
mounted to a linear translation module (L0/L1). The translation module contains
a floor-mounted rail (L0), which is parallel to the longitudinal axis of the table. A
carriage (L1) enables the articulated arm to translate along axis A1. Link L2 can
rotate w.r.t. the carriage (L1) around a vertical axis (A2). Link L3 and L4 rotate
relative to link L2, and each other, around horizontal axis A3 and A4. Link L5
can rotate around an axis (A5) which is parallel to link L4. Link L6 can rotate
w.r.t. link L5, around an axis (A6) which is perpendicular to axis A5. Link L6
supports the X-ray source (link L7), and allows for it to rotate around axis A7.
This axis is collinear with the centreline of the X-ray beam.
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Figure 2.19: Source- and detector positioning systems with their motion axes (A1 to A13), and
structural links (L0 to L7 / L10 to L16).

The Detector Positioning System (DPS) has 6 motion axes. It contains a base
link (L10), which is rigidly mounted to the ceiling of the operating room. Two
horizontal links (L11 and L12) can rotate w.r.t. the base link (L10) and each other,
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around vertical axis A8 and A9. Link L13 can rotate w.r.t. link L12 around a
vertical axis A10. Together, link L13 and L14 form a telescopic translation stage,
which enables links L14 to L16 to be moved along vertical axis A11. Link L15 is
connected to the moving end of the telescopic translation stage. It can rotate w.r.t.
link L14 around an inclined axis A12. The detector (link L16) can be rotated w.r.t.
link L15 around axis A13. This axis is perpendicular to the detector surface, and
collinear to the centreline of the X-ray beam.

Below, explanation will refer to Figure 2.19, 2.20 and 2.21. Figure 2.20 depicts
system 3 at a cranial and caudal projection angle of 60° (detector towards the
head/feet, [99]). In Figure 2.21, system 3 is oriented in a Left Anterior Oblique
(LAO, [99]) projection angle of 45° and 105°.

The specific kinematic layouts of the SPS and DPS limit obstruction: both posi-
tioning systems are made to fit in unused space of the operating room. In the DPS,
all structural components that enable movement in the x-y plane (axes A8/A9 and
links L10/L11/L12) are constructed above 2.10 m (head height, Figure 2.19). The
structural parts which protrude into the working space of the surgeon (L13 to L15)
are located directly above the detector (Figure 2.19/2.20). This ensures a minimal
space claim, and makes their position intuitively predictable for the user.

Figure 2.20: System 3 at cranial and caudal projection angle of 60° (left / right).

The redundant kinematic layout of the SPS (seven DoFs in total) enables the
articulated arm to operate in the unused space beneath the patient table. For
cranial/caudal projection angles (Figure 2.20), the SPS operates completely within
the footprint of the patient table. For oblique or combined projection angles
(Figure 2.21), only the links close to the X-ray source (L5, L6, and the distal end
of L4) protrude from under the patient table.
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Figure 2.21: System 3 at oblique projection angle of 45° and 105° (left / right).

The kinematic layout of system 3 allows for the imaging equipment to be oriented
at a maximal oblique projection angle of ±105° (Figure 2.21, right). This enables
a 210° scan range, which is sufficient for high-quality 3D imaging with the use of
exact reconstruction algorithms (Section 1.3.3). The six DoF motion capability
in both positioning systems enables trajectories to be defined freely. By deviat-
ing from standard near-circular scans, trajectories can be optimised for collecting
complete image data in larger volumes of interest (similar to [34, 54]).

During 3D imaging, system 3 requires a footprint that is smaller than a conven-
tional roll scan. The size of the footprint is determined by the trajectory of the
imaging equipment only. It is therefore minimal. Rotary axis A7 is used to keep
the centreline of the X-ray source in (or near) the x-z plane over the entire trajec-
tory (Figure 2.21). This significantly contributes in minimising the obstruction of
the SPS. Additionally, it has two benefits related to 3D imaging.

• The imaging chain is held in portrait or landscape orientation w.r.t. the pa-
tient. This reduces image truncation, i.e. ensures that most images contain
information on the same region of interest [100].

• It limits visibility of the anode heel effect (inherent to X-ray source). This
effect [101], causes a gradient in the X-ray intensity, and limits the cone
angle (Figure 1.2) at the anode side of the X-ray beam. Rotating the source
w.r.t. the detector around the centreline of the X-ray beam would lead to
incomplete coverage of 300×400 mm detectors [100, 102].



2.4. System 3: design for optimised workflow and high-end performance 49

2.4.2 Workflow advantages

In C-arm systems, the isocentre is often defined as the intersection point of the roll
and propeller axis. More generally, the isocentre can be defined as the centre of
rotation around which spherical projection angles, and scan trajectories are made.
In system 3, the location of the (virtual) isocentre is no longer fixed by mechanical
bearing systems only. The six DoF motion capability enables its location to be
chosen freely. This poses a number of workflow advantages.

Contrary to almost all C-arm systems currently available, system 3 is able to vary
the height of the virtual isocentre (Figure 2.22). This enables a clinician to set
the patient table to a personal, ergonomically comfortable working height, and
adjust the isocentre accordingly. In practice, clinicians mainly desire the isocentre
height to be lowered (75 mm, Section 1.4). Therefore, the SPS features a 100+
mm clearance (Figure 2.22, TC) between link L3 and the bottom of the patient
table. This enables the isocentre height to be lowered by 100 mm, for spherical
projection angles up to 50°.

Figure 2.22: System 3 at oblique projection angle for normal isocentre height (left, 1065 mm,
equal to C-arm systems) and 100 mm lower isocentre height (right).

The isocentre can also be displaced in longitudinal and lateral direction. This en-
ables for full body coverage and imaging of off-centre anatomies, without moving
the patient. As patients are often connected to catheters, intravenous drip lines,
and sterile draping, limiting patient movements improves safety, and clinical us-
ability. The right image of Figure 2.23 depicts system 3 for imaging of off-centre
anatomies. For example, during the insertion of a catheter via the radial artery
(transradial arterial access, [66, 67]), the imaging equipment can be moved lat-
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erally, and rotated to the orientation of the lower arm. The left image of Figure
2.23 depicts system 3, for use in lower body imaging. The lengths of link L11 and
L12 are chosen such that the DPS can reach up to the feet. The articulated arm
of the SPS is rotated over 180° around axis A2, such that it remains within the
limited space beneath the patient table. Alternatively, the patient could be placed
on the table the other way around for lower body procedures. This is, however,
less desirable from a clinical point of view [71].

Figure 2.23: System 3 for lower body imaging (left), and during transradial arterial catheter
insertion (radial arterial access, right).

Besides the usability aspects, integrating longitudinal and lateral movements in
the X-ray system, enables the patient table to be simplified. The use of ’duplicate’
DoFs (e.g. a longitudinal rail in both the X-ray system and patient table) would
hereby be eliminated. Additionally, system 3 will be significantly more compact
and lightweight (∼500 kg) than conventional C-arm X-ray systems, making it
easier to transport and install. Both aspects contribute to a decrease in cost for
the interventional room as a whole. For reference, Appendix D gives an impression
of how the cost of production, transport, installation, and room preparation relate
to each other, for a high-end interventional X-ray system. It also specifies which
costs can be lowered by a lightweight design.

If system 3 is (temporarily) not used, its kinematic layout enables it to be parked
easily (Figure 2.24). To this end, the SPS folds to its neutral posture beneath
the patient table. For the DPS, rotary axes A8/A9 and links L11/L12 can be
used to move the detector and remaining links (L13 to L16) away from the patient
table. Link L12 is given a larger length than link L11. This enables the telescopic
translation stage (which protrudes from the top of L12) to be moved past fixed
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link L10. In the current embodiment, link L10 is mounted outside of a 3.0×3.0
m area (Figure 2.24, red), in which UDF equipment is often placed. This enables
the DPS to be moved completely outside of the sterile field, for improved sterility
and class 1a room approval. If a room features no UDF equipment, an alternative
embodiment of the DPS can be used. In this embodiment, link L10 could be placed
above the centre of the patient. This enables link L11 and L12 to be made 2×
shorter, which contributes to a higher structural stiffness, and lower system mass.

Figure 2.24: System 3, parked away from operating area. DPS is outside UDF field (red).

2.4.3 Improved motion performance

The six DoF motion capability in both the SPS and DPS enables semi-static
deflections in the mechanical structures to be compensated for. Misalignment
of the X-ray beam w.r.t. the detector can hereby be minimised. This directly
decreases the amount of unnecessary radiation dose which is needed to ensure
complete detector coverage, and which is absorbed in the grid. As such, it offers
the potential to save 8% to 15% of patient dose (Section 1.3.3, radiation dose due
to Extra Open parameter, additional grid absorption not included).

In order to quantify the amount of misalignment due to structural deflections, one
could apply (periodic) calibration. Hereby, the X-ray beam could be set slightly
smaller than the detector area. The shift of the X-ray beam can then be visualised
with the detector, for the entire range of motion (statically), and over dynamic
scan trajectories. A model- or observer-based approach (as in [103]) can be used
to carry out this process more efficiently. All three approaches require system
properties (e.g. friction, behaviour of weight compensation) to remain constant
over time. In a future approach, a measurement principle can be added to quantify
the actual misalignment in real-time, during, or prior to use of the system. This
would allow for direct minimisation of the X-ray alignment error, by means of a



52 Chapter 2. Novel system architectures

feedback control loop that includes both the SPS and DPS. To this end, an external
measurement principle, such as optical position tracking [104, 105] can be applied.
This, however, requires a direct line of sight towards the system, or between the
source and detector. Both are difficult to achieve in a crowded operating room.
Such measurement principles are therefore more suited to check and update the
calibrated behaviour daily. Alternatively, the image chain itself can be used for
actual real-time alignment measurements. To this end, a marker-based approach
is proposed in [106]. This promising approach requires minimal modification of,
or addition to the imaging system itself.

Figure 2.25: System 3 with motion axes A1-A13, links L0-L16, and kinematic offsets S1/S2.

In this thesis, focus will lie on the design of the source- and detector positioning
systems itself. These systems will be designed to achieve high stiffness, low mass,
low friction, and no backlash. The resulting positioning systems will allow for
substantially improved motion performance, and offer an ideal testing platform
for future, multidisciplinary research into advanced calibration, measurement, and
control strategies. Below, a number of aspects of the kinematic layout of system
3 are highlighted. These aspects are relevant from a mechatronic point-of-view,
and contribute to achieving a compact design with a high stiffness-to-mass ratio.
They are explained with reference to Figure 2.25.

• The X-ray source (L7) is mounted to link L6 with an offset S1 = 170 mm.
This offset contributes in limiting the combined length of L3 and L4 (10%
shorter, compact neutral posture), while achieving the ±105° scan range.

• Axis A12 is inclined w.r.t. axis A10 at an angle ϕA12 = 52.5°. This angle
determines the maximum projection angle of the detector (105°=2 · ϕA12).

• The detector (L16) is mounted to link L15 with an offset S2=115 mm. This
offset is favourable for limiting the stroke of the telescopic translation stage
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(A11), required for the ±105° scan range. Part of the vertical travel (z, 15%)
comes from offset S2, and the rotation around axes A12/A13.

• The lengths of links L3 to L6 are chosen such that a 105° oblique projection
angle can be achieved without fully stretching the articulated arm (angle
between L3 and L4 <180°). This prevents a kinematically singular posture.

• Rotational axis A10, A12 and A13 intersect in a common point (P1). As
such, the DPS has a so-called spherical wrist [107]. This simplifies the kine-
matics, as the detector position and orientation are decoupled.

• The spherical wrist principle is not applied to the SPS. Omitting the spherical
wrist is balanced against a more compact system design, which fits in the
volume beneath the table. This is partly related to offset S1. Analysis of the
SPS is also inherently more complex due to the redundant kinematic layout.

2.4.4 Full scale demonstrator model

Halfway into the project, a full scale demonstrator model was designed for further
internal review of the kinematics of system 3 at Philips Healthcare. This setup
(Figure 2.26) is constructed from aluminium plate and tubular parts. The laser-
cut parts are welded together via castellated connections. All DoFs are passively
movable by means of polymer plain bearings. A clamping system ensures that
the setup can be fixed in arbitrary postures. All components of this setup are
fabricated and assembled at the TU/e Equipment and Prototype Center.

Figure 2.26: Completion of full scale demonstrator of system 3, at presentation for stakeholders
of TU/e and Philips Healthcare, December 21st, 2018.
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2.5 Comparative overview

In Section 2.2, 2.3, and 2.4, three novel system architectures are introduced. All
three architectures are designed to increase positioning performance, to a level
required by modern and future applications (Section 1.4.1). System 3 has most
potential to raise the standard in image quality versus X-ray dose, due to its
ability to exceed beyond the limitations of mechanical alignment structures. It is
therefore most promising in terms of imaging performance, followed by system 1,
and system 2.

In addition, each system has a number of application-specific advantages over
the classic C-arm architecture in terms of clinical usability. Table 2.1 aims to
quantify these (dis)advantages. To this end, the table summarises all aspects of
usability requirements U.1 to U.7, as given in Section 1.4.2. For every aspect, the
symbol +, 0, or − indicates whether the novel system has improved, equal, or
inferior usability, compared to the current state of the art. Hereby, a reduction in
obstructiveness is also considered an improvement. System 1 and 3 are compared
to a high-end, ceiling mounted C-arm system, with a longitudinal translation stage.
This type is system (see Figure 1.12, right) is considered the most all-round system
for high-end applications. System 2 is compared to a floor-mounted system without
any additional motion stages. This type of system (as depicted in Figure 1.6, left)
is common in entry level applications.

Table 2.1: Quantification of usability (dis)advantages for the three novel systems. +, 0, or −
indicate improved, equal, or inferior usability respectively.

Usability requirement system 1 system 2 system 3
2D/3D imaging for the full body 0 0 0

U.1 2D upper body imaging from head end 0 0 ++
Full body imaging w/o patient movem. 0 0(+) +

2D imaging of off-centre anatomies 0 0(+) +
U.2 3D off-centre imaging by dedicated traj. + − +

Off-centre imaging w/o patient movem. 0 0(+) +

High-quality 3D imaging of upper body + 0 +
U.3 High-quality 3D imaging over full body + 0 +

3D imaging from round table position + 0 ++

U.4 Parking position for patient access 0 0(+) +
Ease of moving to/from parked position 0 0(+) +

Round table base pos. for patient acc. 0 0 ++
U.5 Space head-end for anesthesiologist + 0 ++

Overall footprint in operating room + + +

U.6 Lower or variable isocentre height 0 0 +

U.7 Compatibility with UDF equipment 0 0(+) +
Compatibility with surgical tables 0 0(+) 0
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The usability advantages of system 1 are related to 3D imaging in particular. The
added rotary joint provides for an extended scan range that can be used with the
C-arm at the side of the table. Hereby, dedicated trajectories for high-quality 3D
imaging, can be applied over the full length of the patient, with a reduced overall
footprint, and clearance at the head end of the table.

In Table 2.1, the usability of system 2 is expressed by two values. The first symbol
indicates the usability of the original embodiment (Section 2.3). The symbol be-
tween parentheses indicates the usability for the embodiment with movable floor
support (Appendix C). The original embodiment equals most usability aspects of
existing floor systems. The main advantage is its reduced footprint. In combina-
tion with the movable floor support, however, system 2 could bring high-end 3D
imaging, and easy parking to entry level applications. Additionally, the longitudi-
nal and lateral movability enable system 2 to be applied in combination with third
party (non-actuated) patient tables, and UDF equipment.

System 3 improves upon modern-day systems in almost all usability aspects. The
6 DoF motion capability enables dedicated and extended scanning motions, for
high-quality 3D imaging with full body coverage. Hereby, system 3 takes up a
minimal footprint in the operating room. Even more so, the absence of a structural
C-arm causes a number of usability aspects to become obsolete. These aspects
(indicated by ++) are related to the ability of a C-arm system to perform certain
imaging tasks, with the C-arm at a specific side of the table. System 3 has no
C-arm, which makes the ability to freely choose the C-arm position irrelevant.
The vast improvement in usability, and the potential for significantly increased
motion performance, make system 3 the most promising for future applications.
This conclusion was supported in several review meetings with stakeholders [71,
72, 73, 74]. In the remainder of this PhD project, focus has therefore been on the
design, feasibility, and realisation of system 3.

Product line integration
Section 1.2.3 explains how manufacturers strive towards a modular product line.
Herein, a single C-arm and roll guide design forms the basis for both floor- and
ceiling-mounted systems. System 1 and 2 have roll guides with a non-identical roll
range. These enable an improved overall design, with a shorter structural path.
However, they also require system-specific variations of the roll guide design. A roll
range of ±60°, -120° to +60°, and ±90° is needed for system 1, system 2, and the
conventional architecture respectively. It is therefore proposed to develop a C-arm
and roll guide platform, which fits both the novel, and the conventional architec-
tures. This platform can comprise a new, communal C-arm design. The different
roll ranges can be accommodated for by roll guides with similar or identical bear-
ing modules, and system-specific structural parts. This platform can be designed
according to the principles used in this thesis (semi-kinematic roller setup, closed
boxed structures). To exemplify this, [43] and [94] show two different roll guide
designs, with a ±90° and ±60° roll range respectively. Both semi-kinematic roll
guides feature near-identical C-arm profiles, and similar bearing elements.
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The extra rotary joint of system 1 could be added to the assortment of optional
motion stages (Section 1.2.3), as an extension for increased 3D scan range. The
structural parts and drive of this joint are subjected to similar load cases as the
existing propeller stage. A modular rotational motion stage can therefore be de-
veloped to fit both axes.

System 3 is a completely novel architecture. As such, the development effort will
be higher than for system 1 and 2. However, system 3 is not a direct replacement
of (part of) an existing system. It could therefore be added as a new product to a
product line. This ’revolutionary’ approach enables a big step in performance and
usability, while avoiding the need for backward-compatibility that comes with the
evolutionary integration of system 1 and 2. As an additional advantage, the use of
two separate positioning systems enables independent design changes of the SPS
and DPS, with future developments of the X-ray source or detector.



Chapter 3

Design of the Source Positioning System

In the chosen architecture (system 3 of Chapter 2), two separate positioning sys-
tems are used to move the X-ray source and detector. Besides improved usability,
this offers potential for better alignment, and more accurate positioning of the
imaging equipment, compared to passive C-arm structures. Existing systems that
use separate positioning stages for the imaging equipment (as shown in Section
2.1) have a relatively small scan range and velocity. They are also subject to
mechanical vibrations, and limitations in positional accuracy and reproducibility.
These systems are therefore ill-suited for (future) high-end clinical procedures (see
requirements in Section 1.4). The remainder of this thesis elaborates on the tech-
nical feasibility of applying the architecture of system 3 is such procedures. Both
the available time and financial funds were insufficient for completion of a detailed
design, prototype realisation, and experimental validation of all 13 motion axes.
It is therefore decided to focus on a detailed design for the Source Positioning
System (SPS) only (Figure 3.1, left). This system is considered to be technically
most challenging, as will be explained in Section 3.1.

Figure 3.1: Detailed design of SPS (left), and feasibilitity setup (right).
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A kinematic and dynamic analysis of the SPS is used to determine the load, and
the magnitude of error transmission for all axes (Section 3.2). The loads on axis 3
and 4 are found to be largest by far, and dominated by gravity. A passive weight
compensation system is therefore introduced in Section 3.3. This system reduces
the worst-case load by a factor 2 to 3. Besides the high load, axis 3 and 4 have
a significant influence on the alignment of the imaging equipment. The design of
these axes, the weight compensation system, and the structural parts in between,
are therefore considered key for the motion performance of the SPS. As such, a
prototype setup is realised that includes these components (Figure 3.1, right).
This setup enables experimental validation of the structural stiffness, hysteresis,
dynamics, and positional accuracy and reproducibility. The setup is made such
that it can later be extended with the remaining motion axes. It hereby forms the
basis for an experimental platform, on which advanced control, measurement, and
calibration principles can be implemented and tested. It is a first step towards an
interventional X-ray system with mechatronic alignment of the imaging equipment.

Section 3.4 and 3.5 present a detailed design for axis 3 and 4, and the struc-
tural parts of the prototype setup respectively. The compact design achieves high
stiffness, and minimises friction. The axes feature a modular drive train with a
high-ratio reduction. Modified versions of this drive train are applied in the de-
tailed design of axes 5 to 7 (Section 3.6). Section 3.7 presents a conceptual design
for the translational module of the SPS. This design resulted from an MSc grad-
uation project [108]. Further work by students has led to conceptual designs for
three motion stages of the Detector Positioning System (DPS) [109, 110]. These
are elaborated on in appendix E.

3.1 Technical complexity: source vs. detector positioning

Figure 3.2 depicts the Source- and Detector Positioning Systems (SPS and DPS).
During imaging, both systems position an object with mass m, over a near-circular
trajectory of radius r (black arrows). Both the mass and radius differ for the SPS
and DPS. The SPS has to position the X-ray source, and the functional parts
of the collimator. In near-future applications, these components are assumed to
have a mass of about 36 and 5 kg respectively [28, 111]. The radius of the X-
ray source trajectory is approximately 840 mm. The objects to be positioned by
the DPS include the Flat Panel Detector (FPD) and the anti-scatter grid. These
components have a combined mass of approximately 16 kg. The radius of the
detector trajectory is variable, with a maximum of 385 mm.

Table 3.1 expresses the forces (F) and moments (M) required to move the objects
over a 3D scan trajectory. This type of trajectory is most demanding in terms
of angular range (ψ= 210°), velocity ψ̇= 65°/s, acceleration (ψ̈= 90°/s2), and the
motion reproducibility that is to be achieved (±30 to ±100 µm). In Table 3.1, Fg
indicates the gravitational force. Ftan and Frad are inertial forces related to the
tangential and later accelerations that occur during the trajectory. Mψ indicates
the moment required for the rotational acceleration of the objects (moment of
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inertia: Iload,yy = 1.3 and 0.2 kg m2, for SPS and DPS respectively). Mgyro ex-
presses the gyroscopic reaction moment of the rotating anode of the X-ray source
(I = 5.0 · 10−3 kg m2, ω = 940 rad/s (150 Hz), [26]). The load mass (m) and
trajectory radius (r) are >2× larger for the SPS than for the DPS. This results
in larger gravitational (Fg) and inertial forces (Ftan, Frad) for the SPS (>2× and
>4× respectively). In both systems, the gravitational force is dominant over the
inertial forces. Furthermore, Fg acts over structural lengths of 0.5 to 1.5 m. This
results in moment loads that are large compared to Mψ and Mgyro, and which
vary significantly with the pose of the systems (see also Section 3.2). The load-
ing situation is therefore concluded to be largest for the SPS, and dominated by
gravity.

Table 3.1: Estimation of forces and moments required to move the X-ray source and detector
over the specified 3D scan trajectory.

SPS DPS
Fg = m · g ∼ 4.0 · 102 N ∼ 1.6 · 102 N
Ftan = m · ψ̈ · r ∼ 5.4 · 101 N ∼ 1.0 · 101 N
Frad = m · ψ̇2 · r ∼ 4.4 · 101 N ∼ 0.8 · 101 N
Mψ = Iload,yy · ψ̈ ∼ 2.0 Nm ∼ 0.3 Nm
Mgyro = Ianode ·ωanode · ψ̇ ∼ 5.3 Nm -

FPD trajectory
r = 385 mm

FS trajectory
r = 840 mm

SID

m = 41 kg

m = 16 kg

F
rad

F t
an

Mgyro

Mψ

Figure 3.2: SPS and DPS, with structural path (red), load mass (m) and 3D scan trajectory
(black).
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In the DPS, the gravity-induced moments act mainly in the passive direction of the
rotational motion stages. Only the telescopic translation stage (Figure 2.19, A11)
is loaded in the active direction. Here, the rather constant gravitational load could
be compensated relatively easily. In the SPS, however, large varying moments
act in the driven direction of axes A3 to A6 (Figure 3.1, left). It is therefore
expected that a weight compensation system with varying force/moment is critical
for achieving a compact design of the SPS. The validity of this expectation is
fortified when the proposed design of the SPS is compared to a commercially
available articulated arm (Figure 3.3). This example (Stäubli RX160) is one of
the most compact systems with comparable load capacity (34 kg) found in [112,
113, 114, 115, 116]. The increase in drive train dimensions towards the base of the
robot is caused by, among others, large gravity-induced moments. These could be
significantly reduced by a weight compensation system.

Figure 3.3: Comparison of the SPS design with a commercially-available 6 DoF manipulator.

Besides the higher loads, and larger load variations, the SPS is expected to have a
larger influence on X-Ray Alignment (XRA) errors. The DPS mainly contributes
to the magnitude of XRA errors by the positional accuracy (x, y, z) of the detector.
For the SPS, however, both positional and angular deviations of the X-ray source
and collimator (mainly ϕ and ψ) cause a shift of the X-ray beam relative to the
detector. Here, angular errors from the SPS are magnified by the Source Image
Distance (SID, Figure 3.2). The SID varies between 895 and 1195 mm, which
leads to an additional XRA sensitivity in the SPS of about 1 mm/mrad of angular
misalignment. Based on the above, the design of the SPS is considered to be
technically more challenging than that of the DPS.

It is considered to use a (modified) commercially-available articulated arm as a
starting point for the SPS prototype. This approach would enable one to benefit
from the expertise of developers in the field of industrial robots. Here, a main
difficulty is that many available arms feature a kinematic layout with a high base
(Figure 3.3, hbase), and in which l1 > l2. This unfortunately makes these arms
unable to move in the space beneath the patient table. A custom design for the
complete SPS is therefore created.
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3.2 Load and sensitivity analysis

This section presents a multi-body analysis of the SPS. Given a relevant trajectory,
the load on each axis is approximated for the active and passive directions (Section
3.2.1). Section 3.2.2 describes the influence of servo errors on the X-ray source
position and XRA errors. The results of these analyses indicate which axes are
most critical for the motion performance of the SPS. Additionally, the results
enable performance targets and components specifications to be defined for all
axes.

The multi-body analysis is based on a kinematic description of the SPS (Figure
3.4). Herein, the fixed world is represented by coordinate system 0. Coordinate
systems 1 to 7 are attached to link 1 to 7 respectively. Each coordinate system
is displaced w.r.t. the preceding coordinate system, by the motion of the SPS
(generalised coordinates ~q, Equation 3.1), and by offsets s1 to s8 (Table 3.3). For
~q = [0 · · · 0], all coordinate systems have an identical definition. When the SPS is
in its neutral posture (Figure 3.4), [q3 q4]

T = [−20° 20°]T.

~q =
[
q1 q2 q3 q4 q5 q6 q7

]T
=
[
y1 θ2 ϕ3 ϕ4 ψ5 ϕ6 θ7

]T (3.1)

z 0

2

1

4
5 6

7

s1

s2

s3

s4 s6
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s7

s83

x 0 y0

CoM

Figure 3.4: Kinematic representation of the SPS, with coordinate systems 0 to 7, and offset
parameters s1 to s8.

In Appendix F, the origin positions of coordinate systems 1 to 7 are expressed in
the frame of coordinate system 0 by vectors ~p 0

1 to ~p 0
7 . Here, the orientation of

coordinate systems 1 to 7 is specified w.r.t. coordinate system 0 by transformation
matrices (A01 to A07).

Table 3.3: Kinematic parameters of the SPS

s1 s2 s3 s4 s5 s6 s7 s8

Length [mm] 110 135 385 671 40 79 172.5 82.5
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3.2.1 Axis loads

The kinematic description of Figure 3.4 can be used to compute static and dynamic
axis loads. This requires a set of inertial parameters for each link, and a relevant
trajectory or operating point, expressed in the generalised coordinates ~q. Table
3.4 specifies initial estimates for the inertial parameters of links 1 to 7. These
consist of a mass m, a Centre of Mass (CoM) position, and the moments of inertia
(w.r.t. the CoM). The CoM positions are defined relative to the coordinate system
attached to each link, and are indicated in Figure 3.4. The mass estimates are
based on initial design iterations. The CoM position and moments of inertia are
retrieved from early CAD models. The products of inertia are neglected, since
they are small compared to the moments of inertia.

Table 3.4: Initial estimate of inertial parameters for the links of the SPS

Mass [kg] CoMx,y,z [mm] [Ixx,Iyy,Izz] [kg m2]

Link 1 45 0.0, 0.0, 53 [0.5, 0.5, 0.9]
Link 2 50 40, 17, 72 [0.5, 0.3, 0.6]
Link 3 50 -80, -193, 0.0 [1.4, 0.2, 1.3]
Link 4 50 62, 281, 8.5 [2.3, 0.3, 2.3]
Link 5 30 0.0, 47, 0.0 [0.1, 0.1, 0.1]
Link 6 15 0.0, 119, -3.5 [0.1, 0.1, 0.2]
Link 7 46 -4.5, -1.0, -60 [0.4, 1.3, 1.1]

Figure 3.5 depicts the 2nd order trajectory that is used in the load computation.
It is defined in terms of angulation of the X-ray source around the x- and y-axis
of the patient. The first part of the trajectory features a rotation of ±50° around
the x-axis (blue). Hereby, the X-ray source is moved towards the feet and head,
similar as depicted in Figure 2.20. The second part (red) represents a 3D scan
trajectory, and involves rotation around the y-axis (see Figure 2.21). First, the
source rotates to a +105° projection angle. Next, the source moves from +105°
to −105° (actual scan). Here, the maximum angular velocity and acceleration are
65°/s and 90°/s2 respectively. This enables the 210° scan to be executed in 4 s,
with a large part of the trajectory being at constant velocity. The acceleration
and deceleration are each completed in an angular range of 25°. These sections of
the trajectory are also used to gather images. At the end of the trajectory, the
source moves back to the neutral orientation.

The target trajectory of the X-ray source is translated to separate trajectories
for all motion axes. Here, an additional constraint should be introduced since
the architecture of the SPS has kinematic redundancy. To this end, the robot
posture is manually configured using a CAD model, for a number of points along
the source trajectory. The postures are chosen such that link 3 and 4 of the SPS
remain underneath the patient table. For each posture, the generalised coordinates
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~q are listed, and an interpolation step is applied after. The range of motion,
maximum velocity, and maximum acceleration of the resulting axis trajectories
are given in Table 3.5. Further research could focus on an inverse kinematic solver
that optimises the axis trajectories for e.g. limited acceleration, jerk, and overall
obstruction of the SPS [117].
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Figure 3.5: Trajectory of X-ray source, for computation of joint loads. Maximum velocity and
acceleration: 65°/s and 90°/s2.

Table 3.5: Axis motion range, velocity, and acceleration for the trajectory of Figure 3.5.

Axis 1 2 3 4 5 6 7
qmin −0.6 m −90° −125° +20° −45° −80° −90°
qmax +1.6 m +90° −10° 170° +45° +65° +90°
|q̇|max 1.0 m/s 75°/s 90°/s 90°/s 90°/s 105°/s 90°/s

|q̈|max 2.5 m/s2 150°/s2 300°/s2 300°/s2 260°/s2 150°/s2 230°/s2

The kinematic description and inertial parameters of the SPS are implemented in
a Simulink model, using the MathWorks© Simscape Multibody toolbox. Given the
axis trajectories, this model computes the reaction forces and moments on each
motion stage. The Simscape Multibody toolbox enables the model to be easily
extended with stiffness and damping elements, for further analysis (Chapter 4).
Besides this, is provides for CAD model based visualisations, which are insightful
when setting up the model.
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Figure 3.6 depicts the load in the driven direction of each axis (blue), as required for
the trajectory of Figure 3.5. The drive force and moments due to the gravitational
load only, are depicted in black. The difference between the static and dynamic
load (black vs. blue lines) results from acceleration, and is <10% for axes 3 to
6. For these axes, the gravitational load is therefore considered dominant. In this
model, the gyroscopic reaction moment of the rotating anode is not taken into
account. This moment acts in the driven direction of axis 7. Its magnitude is
largest during rotation of the source around the y-axis (3D scan), and dominates
(5 Nm) over the gravitational and inertial loads that act on this axis.
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Figure 3.6: Drive force and moments (blue) required for trajectory of Figure 3.5. Load on axes
3 to 6 is dominated by gravity (black).

The maximum continuous moment of an electromagnetic rotary drive system is
typically proportional to its diameter squared [118]. Figure 3.6 indicates that
the moment load is largest for axis 3 and 4. Despite the larger design space
(∅200 mm), the load on these axes is significantly more demanding than on axis
5 and 6 (∅130 mm). The moment loads on axis 3 and 4 are also considered more
difficult to achieve than the drive force of axis 1, based on a comparison of linear
and rotational drive systems [119, 120]. A passive weight compensation system is
therefore designed, which partly counteracts the large and varying moment loads
on axis 3 and 4 (Section 3.3). The multi-body analysis is also used to compute
reaction forces and moments in the non-driven directions. The magnitude of these
loads is affected by the weight compensation system. An overview of these forces
is therefore given for the completed design, at the end of this chapter.
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3.2.2 Servo error sensitivity

The articulated arm of the SPS has a relatively large length. Angular and rota-
tional errors are therefore of particular importance for the positioning accuracy
and reproducibility of the X-ray source. The magnitude of these errors is related to
(among others) the stiffness of bearings, drive systems, and structural parts. Here,
structural parts are ideally designed such that their influence is small compared
to the first two. The angular stiffness of a (crossed roller) bearing setup [121] is
typically 10 to 20 times higher than the rotational stiffness of geared drive sys-
tems with similar diameter (e.g. strain wave gears [122]). Additionally, in driven
direction, motion stages are subject to drive train friction, and limitations of the
control systems. The positioning performance of the SPS is therefore expected
to be dominated by servo errors (deviations between desired and realised output
of motion stages). Below, their influence on X-ray alignment and the Focal Spot
position is investigated. This enables target specifications to be defined for the
required (rotational) accuracy and reproducibility.
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Figure 3.7: Kinematic representation of the SPS, at 105° projection angle. Illustration of
incorrect alignment, leading to Border Errors (BE).

Figure 3.7 depicts the SPS (without weight compensation) in an extended posture.
The distance between the focal spot of the X-ray source and the FPD is denoted
as the Source Image Distance (SID). Coordinate system 8 is on the centre line of
the X-ray beam, at a distance (SID) from the focal spot. For a nominal set of
generalised coordinates (~q0), its origin location is described by Equation 3.2. Here,
~p 0

7 and A07 are the position vector and transformation matrix that describe the
location and orientation of coordinate system 7 in coordinate system 0 (Appendix
F).

~p 0
8 = ~p 0

7 + A07 · ~p 7
8 → ~p 7

8 =
[
0 0 (SID− s9)

]T (3.2)
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The partial derivatives of ~p 0
8 w.r.t. ~q provide a first-order estimate for the position

deviation of point 8 due to servo errors (Equation 3.3). Here,
[

∂~p 0
8

∂~q

]
expresses the

sensitivity of ~p 0
8 , for small changes in the generalised coordinates (δ~q).

δ~p 0
8 =

[
∂~p 0

8
∂~q

]
· δ~q →

[
∂~p 0

8
∂~q

]
=


∂x 0

8
∂q1

· · ·
∂x 0

8
∂q7

... . . . ...
∂z 0

8
∂q1

· · ·
∂z 0

8
∂q7

 , δ~q =


δq1
δq2
...

δq7

 (3.3)

The position error of point 8 (δ~p 0
8 ) can be translated to a position error in a

coordinate system attached to an ideally positioned detector (FPD, Equation 3.4).
Here, transformation matrix A0FPD describes the orientation of coordinate system
FPD in the frame of coordinate system 0. This transformation matrix is identical
to A07, for the nominal generalised coordinates ~q0. The sensitivity of ~p FPD

8 for
small changes in the generalised coordinates is expressed by Equation 3.5.

δ~p FPD
8 = A−1

0FPD · δ~p
0
8 = A−1

07 (~q0) · δ~p 0
8 =

[
δx FPD

8 δy FPD
8 δz FPD

8
]T (3.4)

[
∂~p FPD

8
∂~q

]
= A−1

07 (~q0) ·
[

∂~p 0
8

∂~q

]
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∂x FPD

8
∂q1

· · ·
∂x FPD

8
∂q7

... . . . ...
∂z FPD

8
∂q1

· · ·
∂z FPD

8
∂q7

 (3.5)

The position error of point 8 (x, y, z) can be converted to Border Errors (BE) in x-
and y-direction (Equation 3.6). Here, lFPD and wFPD are the length and width of
the detector (x/y in FPD frame). Second-order contributions to the BE (e.g. due
to rotation of the X-ray beam around its centre line) are neglected. Combining
Equation 3.5 and 3.6 gives a linear approximation of the sensitivity of the border
errors for small changes in the generalised coordinates (Equation 3.7).

−→
BE =

[
BEx
BEy

]
=

δx FPD
8 + δz FPD

8 · lFPD
2 · SID

δy FPD
8 + δz FPD

8 · wFPD
2 · SID

 (3.6)

[
∂
−→
BE
∂~q

]
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1 0
lFPD

2 · SID

0 1
wFPD

2 · SID

 ·
[

∂~p FPD
8
∂~q

]
=


∂BEx

∂q1
· · · ∂BEx

∂q7

∂BEy

∂q1
· · ·

∂BEy

∂q7

 (3.7)
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Equation 3.7 is evaluated for the following two poses of the SPS (see Table 3.6):

• Neutral (Fig. 3.4): ~q0 =
[
0.0 m 0° −20° 20° 0° 0° 0°

]
• Extended (Fig. 3.7): ~q0 =

[
1.6 m 90° −121° 167° 0° 59° −90°

]
The sensitivity for servo errors in the rotational DoFs is given in [m/rad]. De-
viations in q1 directly affect BEy (∂BEy/∂q1 = 1 m/m). It is considered easier
to achieve a translational accuracy of ∼1 mm, than a rotational accuracy of ∼1
mrad. Focus is therefore on the sensitivity for q2 to q7. Overall, the combined
sensitivity for the rotational DoFs is higher in the neutral posture, than in the
extended posture. In neutral posture, the sensitivity for servo errors is largest in
q3 to q6.

Table 3.6: Sensitivity of Border Errors for small deviations of q1 to q7, in [m/m] for q1, and in
[m/rad] for q2 to q7, for the neutral and extended posture of Figure 3.4 and 3.7 respectively.

q1 [m] q2 [rad] q3 [rad] q4 [rad] q5 [rad] q6 [rad] q7 [rad]

N
eu

tr
al

[
∂BEx

∂~q

]
0.00 −0.56 0.09 0.15 1.08 0.03 0.00[

∂BEy
∂~q

]
1.00 0.00 −1.11 −0.93 0.00 −1.06 0.00

Ex
te
nd

ed

[
∂BEx

∂~q

]
0.00 0.00 0.27 0.50 0.00 1.11 0.00[

∂BEy
∂~q

]
1.00 0.34 0.10 0.06 0.70 0.02 0.00

The servo errors for all axes are assumed to be statistically uncorrelated. A com-
bined sensitivity for deviations in q2 to q7 can therefore be defined by applying the
root sum squared method (Equation 3.8). The sensitivity value is largest for the
y-direction (1.79 m/rad). This value is used to define a target accuracy value for
the rotational axes (±0.5 mrad, Equation 3.9). Here, BESPS,q2:7 is the maximum
allowed BE contribution by servo errors in q2 to q7 of the SPS. This limit is set to
0.9 mm, which is half the BE budget (Section 1.4) minus an error budget of ±0.1
mm for the translational stage.

SBEx/y
∣∣
q2:7

=

√√√√ 7

∑
i=2

(
∂BEx/y

∂qi

)2

(3.8)

δqrot ≤
BESPS,q2:7

max
(

SBEx/y
∣∣
q2:7

) ≈ ±0.5 mrad = ±0.03° (3.9)

A similar analysis is carried out to determine the sensitivity of the focal spot po-
sition (~p FPD

FS ) for servo errors (Equation 3.10). Table 3.7 specifies the numerical

values of
[

∂~p FPD
FS
∂~q

]
, for the neutral and extended postures. The FS position is influ-



68 Chapter 3. Design of the Source Positioning System

enced most by deviations in axes 2 to 4, since these axes have the largest working
distance. Equation 3.11 represents the sensitivity of the FS error amplitude in
x-, y-, and z-direction, for all rotational servo errors combined. The sensitivity of
the 3D FS error amplitude can be found by Equation 3.12. Here, the z-direction
sensitivity is scaled down by a factor 10, since FS position errors in the direction
of the X-ray beam have less influence on the reconstruction quality than position
errors perpendicular to the beam (Section 1.3.3, [49]).

~p 0
FS = ~p 0

7 +
[
0 0 −s9

]T ,

[
∂~p FPD

FS
∂~q

]
= A−1

07 (~q0) ·
[

∂~p 0
FS

∂~q

]
(3.10)

SFSx/y/z
∣∣
q2:7

=

√√√√ 7

∑
i=2

(
∂~p FPD

FSx/y/z

∂qi

)2

(3.11)

SFS
∣∣
q2:7

=
√
(SFSx)

2 +
(
SFSy

)2
+ (SFSz/10)2 (3.12)

SFS
∣∣
q2:7

is largest for the extended posture (1.53 m/rad). Based on this value,
a rotational reproducibility target of ±6.5 · 10−5 rad and ±2.0 · 10−5 rad is set
for axes 2 to 7, to achieve a focal spot reproducibility of ±100 µm and ±30 µm
respectively (Section 1.4).

Table 3.7: Sensitivity of FS position for small deviations of q1 to q7, given in [m/m] for q1, and
in [m/rad] for q2 to q7, for neutral and extended posture of Figure 3.4 and 3.7 respectively.

q1 [m] q2 [rad] q3 [rad] q4 [rad] q5 [rad] q6 [rad] q7 [rad]

N
eu

tr
al

[
∂~p FPD

FSx
∂~q

]
0.00 −0.56 0.00 0.00 −0.10 0.00 0.00[

∂~p FPD
FSy
∂~q

]
1.00 0.00 0.01 0.14 0.00 0.10 0.00[

∂~p FPD
FSz
∂~q

]
0.00 0.00 0.56 0.92 0.00 0.17 0.00

Ex
te
nd

ed

[
∂~p FPD

FSx
∂~q

]
0.00 0.00 −1.04 −0.77 0.00 −0.10 0.00[

∂~p FPD
FSy
∂~q

]
1.00 −0.80 0.00 0.00 0.10 0.00 0.00[

∂~p FPD
FSz
∂~q

]
0.00 0.00 0.79 0.52 0.00 0.17 0.00

To conclude: rotational deviations in axes 2 to 6 have a large influence on XRA
errors. The reproducibility of the X-ray source position is affected most by servo
errors in axis 3 and 4. In combination with the significantly larger load (Section
3.2.1), axis 3 and 4 are considered most critical for the motion performance of the
SPS.
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3.3 Weight compensation

This section presents a weight compensation system for axis 3 and 4 of the SPS.
The system reduces the gravity-dominated drive train loads, and thereby enables
a compact rotational joint design.

Figure 3.8 depicts the moment load on axis 3 and 4 (M3, M4, blue) as a function of
the angle (q3, q4), for the trajectory of Figure 3.5. M3 and M4 vary roughly linearly
with the angle of each axis. A weight compensation system with variable force
would therefore be advantageous over a traditional system with (nearly) constant
force. Such a system could be based on a preloaded, linear torsion spring (Equation
3.13). Here, Mspr is the reaction moment of the spring. k is the stiffness coefficient,
and ϕ0 is the angle at which Mspr = 0 Nm. These parameters can be tuned,
such that the spring characteristic globally matches the magnitude and slope of
M3 or M4 (Figure 3.8, green). The compensated moment loads ((M3 −Mspr,3),
(M4−Mspr,4), red) are then centred around 0, over the complete range of motion.
For minimising the maximum load on axis 3 and 4, the following spring properties
would be required: k3 = 400 Nm/rad, ϕ0,3 = 0.40 rad, k4 = 140 Nm/rad, and
ϕ0,4 = 7.15 rad.

Mspr = k · (ϕ− ϕ0) (3.13)
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Figure 3.8: Moment load on axes 3/4 as a function of rotation angle, for trajectory of Figure
3.5. Axis loads could be largely compensated (red) by linear stiffness spring (green).

The maximum elastic energy that has to be absorbed by each spring (Uspr), can
be computed from the selected stiffness, and the largest deflection (Equation 3.14).
The energy to be stored can be related to the volume of (loaded) spring material
(V) which is required to store it (Equation 3.14, right, [123, 124]). Here, G and
τmax indicate the shear modulus, and maximum shear stress of the material. The
volumetric efficiency with which the material is used (ηV) depends on the loading
situation. For torsion bar springs (pure shear load), ηV = 1

2 , while for spiral
torque springs, ηV ≈ 1

4 [123].

Uspr. =
1
2 · k · (ϕ− ϕ0)

2 → =
ηV ·V · τ2

max
2 · G (3.14)
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In typical spring steel, G=80 GPa and τmax∼600 MPa. Based on these properties,
approximately 1.2 · 10−3 and 2.9 · 10−3 m3 (9 and 23 kg) of steel would be required
to store the energy of the weight compensation springs of axis 3 and 4 respectively
(1.3 and 3.3 kJ). Besides adding significant mass, it is difficult to achieve a spring
geometry with the desired stiffness and allowable stroke, within the compact design
space of the axes. An alternative, external weight compensation system is therefore
proposed below.

The proposed weight compensation system comprises a gas spring, as it enables for
significantly more efficient energy storage in pressurised gas (100 to 200 bar). The
gas spring is mounted externally to the SPS (Figure 3.9). It exerts a compressive
force between link 2 and 4. This force (partly) counteracts the weight of link 3 to
7. As such, this single gas spring reduces the moment load on both axis 3 and 4.
The location of the mounting points on link 2 and 4 are given w.r.t. coordinate
systems 2 and 4 respectively (Equation. 3.15). Equation 3.16 defines a vector with
the orientation and length of the gas spring, as a function of ~q. Both the spring
characteristic (gas pressure), and the location of the mounting points can be tuned
to minimise the moment load on axis 3 and 4 over the motion range of the SPS.
The latter not only affects the change in spring length, but also its working arm
w.r.t. the axes.

~p 2
GS,1 =

[
0 280.0 97.0

]
mm, ~p 4

GS,2 =
[
0 279.7 58.6

]
mm (3.15)

−→
GS 0 = ~p 0

GS,2 − ~p 0
GS,1 → ~p 0

GS,1 = ~p 0
2 + A02(~q) · ~p 2

GS,1

~p 0
GS,2 = ~p 0

4 + A04(~q) · ~p 4
GS,2

(3.16)
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Figure 3.9: Passive weight compensation system. Gas spring mounted on link 2 and 4, at
points ~pGS,1 and ~pGS,2 respectively. Left: neutral pose, right: extended pose (-105°).
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The commercially available gas spring (ACE GS-28-250-2200-VA, [125]) comprises
a stainless steel cylinder and a piston rod assembly, filled with pressurised nitrogen.
When compressed, the piston rod reduces the inner volume of the cylinder. This
increases the gas pressure, and thus the force provided by the spring. For near-
static applications, the increase in force can be approximated (Equation 3.17) by
a linear stiffness coefficient cGS ≈ 5000 N/m, and a theoretical extended length
(l0,GS = 1.05 m). The allowable stroke is 250 mm, over which the spring exerts a
compressive force of 2200 to 3450 N (extended and compressed respectively). This
force can be easily adjusted with design iterations, by changing the gas pressure.

FGS = cGS · (l − l0,GS) (3.17)

The gas spring is included in the multi-body model of the conceptual SPS design.
To this end, the mounting points are defined, and a linear spring is placed between
them. Figure 3.10 depicts the drive train load of axis 3 and 4, with and without
application of the gas spring. The weight compensation system reduces the maxi-
mum load magnitude for axis 3 and 4 by a factor 3 and 2 respectively. The load on
axis 3 is centred around 0 Nm, while the load on axis 4 is positive for most of the
trajectory. These results were obtained by manually tuning the mounting point
locations, and spring force. Further optimisation is carried out for the prototype
design of the SPS. Herein, the spring force varies between 1700 and 2200 N.
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Figure 3.10: Drive train load of axis 3 and 4 over relevant trajectory, without (blue) and with
(red) proposed weight compensation system, from multi-body analysis of the SPS design concept.
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The main benefits of using a gas spring are the low mass (∼1 kg), compact size
(∅28 mm), and low cost (e200 for single-piece purchase). In comparison, a mass
of ∼8 kg would be required to store the absorbed energy (1.1 kJ) in a steel com-
pression spring (Equation 3.14, windings loaded in shear, ηV = 1

2 ). The difficulties
of using a gas spring are its seal friction (∼20 N, [125]), and the thermodynamic
behaviour at higher velocities. Section 4.3 elaborates on predictive modelling and
experimental identification of these effects. Besides this, gas springs are sensitive
to wear. In [125], the ’lifetime’ (defined in metres of stroke) is specified at approx-
imately 1 · 104 m. This equals 2 · 104 compression + extension cycles (stroke is
250 mm), enabling 1 · 104 large-range scan movements. Annual servicing of the gas
spring is likely needed, under the assumption of 250 operational days per year, with
6 clinical procedures per day and ∼ 6.5 large-range scan motions per procedure.
Here, the external mounting position of the spring allows for easy replacement.

The gas spring comes with mounting accessories, which contain spherical plain
bearings [125]. Such bearings are based on a sliding contact. This gives these
bearings a relatively high frictional moment of approximately 3 Nm (µ ∼ 0.15,
[126], dbearing = 19 mm, FGS∼ 2000 N). For comparison, the drive train moment
due to the inherent seal friction of the gas spring is approximately 4 Nm (F f ric,seal =
20 N, working distance w.r.t. axes 3/4 ∼ 200 mm). Both sources of friction will
act on the drive train stiffness of axis 3 and 4. This leads to angular hysteresis
(Section 3.4.4), which could deteriorate motion performance significantly. The
rotational friction in the gas spring mounting points is therefore minimised by
using an alternative bearing configuration (Figure 3.11).

Figure 3.11: Detailed design of bearing setup for gas spring attachment.

The proposed configuration contains a self-aligning needle roller bearing (Figure
3.11, 1, SKF PNA 12/28, [127]). It consists of a needle roller bearing, mounted in-
side a spherical plain bearing. The needle rollers enable rotation around the x-axis
with minimal friction (µ∼0.01, [128]). The spherical plain bearing accommodates
for small angular adjustments around the y- and z-axis. This prevents unwanted
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loading of the internal straight guide of the gas spring, in case of misalignment of
the mounting points. Bearing 1 is fitted in the bore of an aluminium end piece (2,
H7 tolerance for sliding fit). The end piece is mounted to each end of the gas spring
(3) by an M10 thread. An internal circlip (4) secures bearing 1 in end piece 2. A
shoulder bolt (5) and nut (6) connect the inner ring of bearing 1 to a hub (10) on
link 2 or 4. The needle roller bearing does not constrain the inner ring of bearing
1 w.r.t. its middle ring in axial (x-) direction. The middle ring of bearing 1 is
therefore locked between the hub (10) and the head of bolt 5. Here, two polymer
thrust washers (7, IGUS GTM 1522 008), and a spacer (8) create a form-closed
fit (0.5± 0.2 mm backlash). The force of the gas spring is oriented in the radial
direction of bearing 1. Both the force on, and the friction of the thrust washers
will therefore be negligible. In the prototype setup, a safety ring (9) prevents the
(preloaded) gas spring from coming undone, if the spherical plain bearing were to
fail axially due to wear.
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3.4 Modular rotational motion stage design

This section describes the modular design of axis 3 and 4 of the SPS. Section 3.4.1
contains an overview of the rotational motion stage design. Section 3.4.2 and 3.4.3
present technical details of the drive train and measurement systems respectively.
An initial analysis of the achievable motion performance is given in Section 3.4.4.

3.4.1 Design overview

Figure 3.12 shows the realised prototypes of axis 3 and 4. Their design is highly
similar, and differs only in the connection to preceding links. Axis 3 (Figure 3.12,
left) features a circular flange, which enables it to be mounted to link 2. Axis 4
(Figure 3.12, right) contains a second aluminium end piece, and a steel tubular
structure (white), which are part of link 3.

Figure 3.12: Realised prototypes of axis 3 (left/middle: front and rear view), and axis 4 (right).

The majority of design choices are made to achieve the following objectives.

• A compact and lightweight rotational motion stage, with high angular stiff-
ness. The proposed design (∅200 mm, mass <20 kg) achieves ktilt = 1.3 · 106

and kDT = 2.1 · 105 Nm/rad in tilt and drive direction respectively.

• Favourable and predictable mechanical behaviour. The proposed design
eliminates backlash, and has a minimal number of frictional contacts.

• A hollow drive train axis, for internal cable routing to motion stages 4 to 7.

• A design and material selection that enable cost-effective prototype realisa-
tion, with intermediate testing of submodules.

In view of the latter: series production would open up the possibility of using
different manufacturing processes (e.g. casting), and reduces the need for stand-
alone submodules. It would therefore entail design changes in the structural parts.

Figure 3.13 depicts a cross section of axis 4. The rotational motion stage com-
prises two aluminium structures (End piece 1 and 2), which are part of link 3 and
4 respectively. The end pieces are connected by a crossed roller bearing (dark
blue, THK RB-150-13-UU, [121]). This bearing contains a single row of cylindri-
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cal rollers, alternately oriented at ±45°. The lines of contact between the bearing
rings and rollers intersect in two virtual points, one at either side of the bearing
(Bearing Pole BP1/BP2). This enables the axially compact crossed roller bear-
ing to constrain the relative position of the end pieces in five DoFs (x, y, z, ψ, θ).
Besides the compact shape, (crossed) roller bearings are about 10× stiffer, and
have a larger load carrying capacity than ball bearings of similar size ([124], line
vs. point contacts). A disadvantage is the relatively high rotational friction (∼ 5
Nm, [129]). This friction results from micro slip, among others due to spin in the
contact between the cylindrical rollers and conical runways. An alternative mo-
tion stage design is explored (Appendix G). This design uses two ball bearings for
minimising bearing friction, but was eventually discarded for its higher complexity.

End piece 1 and 2 house the integrated drive train. It comprises a frameless,
BrushLess DC drive (BLDC, cyan/red for stator/rotor), a Strain Wave reduction
Gear (SWG, green), and a magnetically preloaded holding brake (purple). These
components are connected to a joint drive train axis, which rotates in two bearings.
This integrated approach eliminates the use of multiple bearing sets and structural
frames, which would result from application of self-contained electric motors and
gearboxes. Hereby, it contributes to the compact size and low mass of the motion
stage. A similar approach is found in [130, 131]. End piece 1 and 2 are closed by
two lids, to form a thin-walled, closed structural frame (Figure 3.13, red lines).
Most material is located at the outer fibre, and the path of force transmission
is kept as linear as possible. This ensures a high stiffness-to-mass ratio, as the
material is loaded in tension, compression, or shear (η = 1 [124]).

BP1

Brake

Cables

Lid 1

End piece 1Crossed roller bearingEnd piece 2 SWG

Lid 2

BLDC
drive

BP2

Encoder 1

Enc. 2

x

y

z

Link 4 Link 3

Figure 3.13: Rotational motion stage of axis 4, with crossed roller bearing (dark blue, bearing
poles BP1/BP2), strain wave reduction gear (SWG, green), frameless brushless DC drive (BLDC,
cyan/red), magnetic safety brake (purple), and dual encoder system (orange).
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The Strain Wave Gear (SWG) reduces the rotation of the drive train by a ratio i =
ϕA4/ϕDT = 1:161. The ∼500 Nm axis load is hereby converted to a ∼3 Nm drive
train load. This enables a relatively compact BLDC drive1 and holding brake2
to be used. Disadvantages of applying a reduction ratio are added rotational
inaccuracies (±1.5 · 10−4 rad, [122]), increased friction (Section 4.4), and limited
stiffness. The use of a direct drive actuator is therefore considered. Copper coils
could be placed on the circumference of one end piece, and an array of magnets
on the other. Given a drive moment M, one can approximate the required copper
volume (VCu) by Equation 3.18. Here, the magnetic flux density B and maximal
current density J are assumed to be 0.7 T, and 5 A/mm2 respectively [132], for an
actuator without water cooling. Within the given design space (∅200×125 mm),
a coil volume of 1.4 · 10−3 m3 (12 kg) would enable a drive moment of ∼500 Nm to
be generated. The required magnet mass is estimated to be similar (10 to 12 kg).
A direct drive actuator would therefore be significantly heavier than the currently
used BLDC drive, SWG, and bearings (∼5.0 kg), and is therefore disregarded.

M = B · J ·VCu · ddrive/2 (3.18)

Two absolute encoder systems are applied (Figure 3.13, orange). Encoder 2 mea-
sures the relative rotation of the end pieces. It is used for non-collocated feedback
control (Section 4.5). Encoder 1 measures the rotation of the drive train axis
relative to end piece 1, for commutation of the BLDC drive. As an additional
advantage, the dual encoder system enables for load estimation and accuracy im-
provement, by compensation of link and drive train compliances [133, 134]. En-
coder 1 is placed eccentrically to the drive train axis. This leaves a central cable
passage of ∅28 mm. Figure 3.13 depicts how cables from the drive train of axis 4
are routed through this passage, into link 3. Drive train cables for axes 5 to 7 can
be routed downwards in a similar way. The X-ray source is connected to an exter-
nal high-voltage transformer and heat exchanger. The requisite cables and coolant
hoses (two each) are 16 mm in diameter, and have an allowable bending radius of
70 mm. It is proposed to pass these to the X-ray source externally (Appendix H).
Internal routing of these cables/hoses would increases the diameter and width of
the motion stages significantly (estimation: ∅300×400 mm vs. ∅200×290 mm
in proposed design). This eliminates architectural benefits (minimal obstruction,
adjustable isocentre) as the SPS would barely fit beneath the patient table.

End piece link 3 DT axis assembly Stator assembly

Crossed roller
bearing

Strain wave gear
circular and flex spline

Link 2 mounting ring

Drive train
bearing 1

Encoder
systems

Clamp ring 1/2

Figure 3.14: Exploded view of axis 3, with indication of submodules.

1 Kollmorgen KBM 43H01A, [120]
2 Kendrion 8661107, [135]
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3.4.2 Drive train design details

This section explains the modular drive train in more detail, from the design of axis
3. Its submodules are indicated in Figure 3.14, and will be addressed in the order
of assembly. Figure 3.15 depicts a cross section of the design. Here, stationary,
slow, and fast rotating parts are shaded black, blue, and red respectively.

Axis 3 is connected to a (stationary) mounting ring on link 2. Clamping rings
1 and 2 are used to secure the crossed roller bearing to the end piece of link 3,
and the mounting ring respectively. The outer ring of the crossed roller bearing
consists of two halves. These are pressed together by clamping ring 1 (Figure
3.15). This preloads the roller contacts (10 µm [129]) and eliminates backlash.

Link 2

drive train

Circular spline Flex spline

Wave gen.

BP4 BP3

Link 3Clamp ring 1

Clamp ring 2

bearing 2
drive train
bearing 1

Figure 3.15: Cross section of axis 3 (left), with detail of drive train bearings.

The strain wave gear (Harmonic Drive CSD-50-160-2A-GR-BB, [122]) consists of
a circular spline, flex spline, and wave generator. The circular and flex spline have
gear teeth on their inner and outer circumference respectively. The flex spline
has fewer teeth than the circular spline. It is shaped like a thin-walled cup, and
is axially attached to clamping ring 2. The wave generator (connected to drive
train axis) deforms the flex spline elastically to an ellipse. This causes multiple
teeth of the flex spline to mesh with the circular spline, in two opposite contact
zones. Rotation of the wave generator moves the areas of engagement round the
circumference of the circular spline (attached to the end piece). The circular spline
is hereby rotated w.r.t. the flex spline (unequal number of teeth), at 1/161th of
the wave generator velocity. A strain wave gear shows similarities to a planetary
gear set. However, the elastic working principle and multi-tooth contact enables
larger reduction ratios, and transmission of high loads without backlash.
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The drive train axis is supported by two ball bearings. Drive train bearing 1
(FAG 61814-2RZ-Y, [136]) is mounted in the bearing ring of the drive train axis
assembly (Figure 3.16). It constrains the axis in x/y/z-direction w.r.t. Bearing
Pole 3 (BP3, Figure 3.15). Drive train bearing 2 (15° contact angle, FAG B71907-
C-2RSD, [136]) is inserted in the centre bore of clamping ring 2 (Figure 3.15, BP4).
It prevents ψ- and θ-rotation of the drive train axis, and is secured by the flex
spline. BP3 and BP4 are in-line with the centre planes of the bearing ring and
clamping ring 2 respectively, for a high supporting stiffness in radial direction.

The drive train bearing setup is force-closed. Preload is applied by four disc springs
(∅51.5×∅35.5×0.6 mm), and spacers 1, 2, and 3 (Figure 3.16). The disc springs
exert a combined force of 416 N between the inner rings of the bearings. These
have a sliding fit on the drive train axis (Figure 3.15, green). The preload force
is larger than the axial force of the wave generator (240 N at 500 Nm output
moment, [122]), ensuring backlash-free operation. The disc springs are deflected
over 0.7 mm. Manufacturing tolerances (±0.05 mm per spacer) and drive train
warm-up (thermal expansion) therefore cause only little variation of the preload
in comparison to a form-closed bearing setup. The constant bearing load improves
lifetime, and leads to a more constant magnitude of the rotational friction.

The seals of the crossed roller bearing and drive train bearings close off a lubri-
cant reservoir for the SWG (Figure 3.15, yellow). By doing so, no additional rotary
seals are required. This minimises the number of sliding contacts, and thus limits
the drive train friction. The frictional moment of a ∅60 mm radial shaft seal is
estimated to be 0.3 Nm (80 W at 2400 RPM, [137]). For reference: the frictional
torque of the SWG varies between 0.4 and 2.0 Nm, depending on the input velocity
and the temperature [122]. Adding one or multiple sliding seals would therefore
significantly increase the drive train friction. Besides this, it would require addi-
tional space in the axial direction of the drive train, which is not available.
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DT bearing 1
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Figure 3.16: Exploded view of drive train axis assembly.

The rotors of the BLDC drive and the holding brake are mounted axially to the
drive train axis (Figure 3.16). The brake rotor consists of a ferromagnetic ar-
mature (purple), and a spring steel ring (grey). The latter acts as a rotational
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coupling between the armature and the axis, which is tangentially stiff, and axially
compliant. When no current is supplied to the holding brake, permanent magnets
attract the armature to its stator. This locks the drive train axis and relieves the
BLDC drive in static situations. The holding brake also acts as a passive safety
brake in case of control system failure.

Figure 3.17 depicts the stator assembly. It contains the stators of the BLDC drive
and the holding brake. The BLDC stator is bonded to an aluminium cup. The
adhesive used (Araldite 4859, [138]) is temperature resistant to 140°C. The radial
surface of the stator cup is recessed by 0.2 mm (Figure 3.17, green) to define
the adhesive layer thickness (t). This surface has a radius (r) of 80 mm, and
width of 7.4 mm respectively (A = 3.7 · 10−3 m2). The shear stress due to the
maximum drive moment (Equation 3.19, Mdrive = 18 Nm) is negligible compared
to the shear strength of the adhesive (>6 MPa). Expansion differences in the
iron stator and aluminium cup (thermal expansion coefficient α = 12 · 10−6 vs.
23 · 10−6 m

m·K , [139]) will lead to a radial strain (εrad) in the adhesive layer, upon
temperature increase. Its magnitude can be approximated by Equation 3.20. Here,
∆T represents the temperature difference. Assuming room-temperature curing,
∆T = 140°− 20° = 120°C at the maximum temperature of the drive. The adhesive
layer is likely able to cope with the large strain (ε ≈ 50%), due to the significant
decrease in the stiffness moduli at high temperatures (>100×, [138]). Despite
this, it is chosen to cure the adhesive at an elevated temperature (T = 80°C)
during manufacturing. This reduces the maximum radial strain by 2× (∆T =
60°C). It also results in a full cure of the adhesive, which cannot be achieved at
room temperature. After curing, one of the bonded stators was subjected to a
temperature of 140°C, at which the adhesive layer remained intact.

τ = Mdrive/(r · A) = 60.8 kPa (3.19)

εrad ≈ ∆r/t → ∆r = r · ∆T · (αAlu − αIron) (3.20)

Stator cup Brake mounting disc

Brake stator

Spacer 4

Cable
clamp

Adhesive bond

Cable
tube

BLDC
stator

Figure 3.17: Exploded view of stator assembly.
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The stator of the holding brake is connected to the aluminium cup by the brake
mounting disc. Spacer 4 is used to correct the distance between the stator and rotor
of the holding brake after assembly (0.3± 0.1 mm [135]). This reduces the need for
stringent tolerances on all intermediate parts. A central cable tube is bonded to
the brake stator using an adhesive (Loctite 638). This tube prevents cables from
contacting the high-velocity drive train axis. A cable clamp is connected to the
brake mounting disc to provide a strain relief.

3.4.3 Encoder systems

Figure 3.18 shows an exploded view (left) and front view (right) of the encoder
systems of axis 3. The encoders are depicted in orange. Encoder 2 is an absolute
inductive encoder system (AMO WMRA1010 / WMKA2010 00512, [140]), which
measures the relative rotation of link 2 and 3. It consists of a stainless steel grating
ring, and a separate scanning head. The ring is mounted to an accurate mating
surface on the mounting ring of link 2 (interference fit). This should be done
before installation of the crossed roller bearing. The scanning head is mounted
to clamping ring 1, by two inserts and two M3 screws. The grating ring consists
of three layers, of which the middle contains an absolute grating pattern. During
rotation, the scanning head measures the change in inductance of a coil array. The
ring has 28 increments, which are interpolated to a 23 bit resolution (7.5 · 10−7 rad).
The encoder-specific accuracy is ±3.9 · 10−5 rad [140]. An additional inaccuracy of
±1.2 · 10−4 rad results from eccentricity in the grating ring mounting [140]. The
magnitude of this inaccuracy is determined by manufacturing tolerances (5 µm
mating surface roundness) and radial runout of the crossed roller bearing (6 µm
[121]). Since it is of a geometric and thus reproducible nature, it can be calibrated
for. The remaining (encoder-specific) accuracy takes up <10% of the accuracy
target, specified in Section 3.2.2 (±5 · 10−4 rad).

Encoder 1

Enc. mount. disc

Clamp

Link 2 mounting ring

Scanning head

Grating ring

+ pulley
Timing belt

ring 1

Figure 3.18: Encoder systems of axis 3, left: exploded view, right: front view.
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Encoder 1 is an absolute optical encoder system (Heidenhain ROQ1035, [141]).
It has a 23 bit single turn resolution (7.5 · 10−7 rad), and can measure over 4096
revolutions. Encoder 1 is attached to a mounting disc. This disc is installed in a
bore of the link 2 mounting ring (Figure 3.18, red). A timing belt (GT2 profile,
192 teeth, w = 3 mm) and pulley form a 1:1 connection between the encoder shaft
and the drive train axis. To this end, the drive train axis is provided with the
same tooth profile as the pulley. The bore in the link 2 mounting ring has an
eccentricity of 1 mm w.r.t. the centre line of the motion stage (Figure 3.18, right).
This enables tensioning of the timing belt, by rotating the encoder disc in the
bore. The encoder disc is clamped in place by assembling axis 3 to link 2 (Section
3.5).

Encoder 2 will be used for non-collocated feedback control. By placing it directly
between the structural parts of link 2 and 3, deflection and reproducibility errors
of the drive train are included in the measurement. Encoder 1 measures the
rotation of the drive train axis, for commutation of the BLDC drive. Due to
volumetric constraints, this encoder is placed on link 2. It therefore measures the
relative rotation of the rotor and link 2, instead of the rotor w.r.t. the stator
(see schematic of Figure 3.19). This can be accommodated for by combining the
signals of Encoder 1 and 2 (Equation 3.21). Unfortunately, this method could
not be implemented on the available servo drives. The output angle (ϕout) is
therefore approximated by multiplying ϕDT with the reduction ratio i (Equation
3.22). Here, the drive train deflection is ignored. This results in an acceptable
commutation inaccuracy of ±0.07°, given that the output load (Mout) fluctuates
by approximately 250 Nm.

ϕrotor/stator = ϕDT − ϕout (3.21)

ϕrotor/stator = ϕDT · (1− i)−Mout/kSWG ≈ ϕDT · (1− i) (3.22)

It is considered to use Encoder 2 for both feedback control, and the commutation of
the BLDC drive. The value of ϕDT can then be approximated by ϕout/i. However,
in this approach, deflections of the drive train stiffness are magnified by the SWG
ratio (Equation 3.23). This results in a unacceptable commutation inaccuracy up
to ±11°, at output load fluctuations of 250 Nm.

ϕrotor/stator = (ϕout −Mout/kSWG) · (1/i− 1) 6≈ ϕout · (1/i− 1) (3.23)
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3.4.4 Performance estimation

Figure 3.19 depicts a fourth order representation of the drive train design. Here,
Link indicates link 3 or 4, for axis 3 and 4 respectively. ϕDT and ϕout represent
the rotation of the drive train and output axis, as measured by Encoder 1 and
2. The drive moment (MDT) acts between the stator and the rotor. For static
situations, MDT is magnified towards the output axis as given by Equation 3.24.
The stiffness felt at the output axis (kout) is dominated by compliance in the strain
wave gear. Here, most deformation takes place tangentially in the flex spline and
tooth contacts, and radially in the wave generator bearing [142]. The strain wave
gear is therefore represented by a stiffness element (kSWG) between the ratio (i)
and the fixed world. With the brake applied, kout corresponds directly to kSWG.

Mout = MDT · (1− i)/i (3.24)

i = 1 : 161

Link

Mout

Rotor

Stator

MDT

kSWG

ϕout

ϕDT

DT axis
+

Iout

IDT
Bearing
friction

Figure 3.19: Schematic representation of the proposed drive train.

The inertia of the drive train (IDT = 3.40 · 10−3 kg m2) includes all components ro-
tating at high velocity. The driven inertia of axis 3 and 4 (Iout) varies significantly
with the pose of the SPS. For this analysis, an average value of Iout = 55 kg m2 is
derived from the multi-body model. The performance for other poses is analysed
in Section 4.2.2. Equation 3.25 describes the linear, undamped transfer function
from the drive train moment (MDT) to the rotation of the output axis (ϕout). This
expression has two imaginary poles, which represent the first undamped resonance
frequency (ωn) of the drive train and load (Equation 3.26). The driven inertia
(Iout), and the reduced drive train inertia (IDT/i2 = 88 kg m2) are of the same
order of magnitude. This contributes to a minimal equivalent inertia (Ieq.), which
leads to a high resonance frequency, and hence a high related control bandwidth.

GDT =
ϕout

MDT
=

i · (1− i) · kSWG − (1− i)2 · IDT · s2

(1− i)2 · IDT · Iout · s4 + kSWG · (IDT + Iout · i2) · s2 (3.25)

ωn =
√

kSWG/Ieq. ≈ 79 rad/s = 13 Hz → Ieq. =
IDT/i2 · Iout · (1− i)2

IDT/i2 + Iout
(3.26)
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Accuracy
For non-collocated feedback control (use of output encoder signal), the achievable
control bandwidth is generally limited by negative phase shifts near resonant eigen-
modes. Based on the estimated (average) resonance frequency (13 Hz), a control
bandwidth of ωc ≈ ωn/3 = 4 Hz is therefore considered achievable. The closed-
loop sensitivity function (S) is given by Equation 3.27. It can be converted to
the frequency domain, by substitution of the complex frequency variable (s= jω).
Here, C(s) represents the feedback controller. L(jω) is the frequency response
function of the open loop. The magnitude of the sensitivity function is given
by (Equation 3.28). Here, |S(ω)| equals the steady-state servo error amplitude
|δϕout(ω)|, as a result of a sinusoidal reference trajectory ϕr(ω).

S(s) =
1

1 + GDT(s)C(s)
→ S(jω) =

1
1 + L(jω)

(3.27)

|S(ω)| = |δϕout(ω)| / |ϕr(ω)| (3.28)

During a 3D scan, axis 3 and 4 have to move over an approximately sinusoidal
reference trajectory, with a motion amplitude |ϕr| = ±70° (±1.2 rad), and fre-
quency ωr ∼ 2π/4 rad/s (4 s scan duration, 1/4 Hz). For frequencies near ωr,
the behaviour of GDT is mass-dominated (-2 slope, -180° phase). As ωr � ωc,
the influence of the controller reduces to a proportional gain only (assuming PD
control). The open loop transfer function, and the magnitude of the sensitivity
function can therefore be approximated as shown in Equation 3.29.

L(ω = ωr) ≈ −ω2
c /ω2 → |S(ω = ωr)| ≈ ω2/ω2

c (3.29)

Generally, feedfoward control is applied in positioning systems, to significantly
improve the tracking performance over a reference trajectory. It is assumed that
the behaviour of the SPS can be predicted with an accuracy of 90% (maximum
feedforward error: ∆FF = ±10%). For the reference trajectory described above,
the expected servo error magnitude (|δϕout|) can therefore be expressed as shown
in Equation 3.30.

|δϕout| = ∆FF · |S(ωr)| · |ϕr| ≈ ±4.8 · 10−4 rad (3.30)

This value matches the accuracy target (±5 · 10−4 rad, Section 3.2.2), but leaves
little room for other sources of inaccuracy (e.g. encoder errors = ±3.9 · 10−5 rad,
dynamics from other motion stages, etc.). It is expected that the motion accuracy
over high-speed trajectories can be further improved upon by the following points.

• Application of an integral filter, for increasing low-frequency gain, and thus
decreasing the sensitivity and servo error magnitude.

• Comparison of both encoder signals, for quantification and reduction of servo
errors due to drive train deflection [133, 134].

• Reduction of reproducible tracking errors over repetitive (3D scanning) tra-
jectories, by e.g. learning control [143, 144].
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Besides this, general imaging requires less aggressive motion profiles, which de-
creases the sensitivity and servo error magnitude quadratically (Equation 3.29).
Despite these perspectives, several options were explored to improve the estimated
tracking performance with a stiffer drive train design (e.g. SWG in series with
planetary gear). The gain in drive train stiffness was, however, accompanied by
a non-proportional increase in mass and complexity. Furthermore, the resulting
bandwidth increase was largely cancelled by the worse inertial match (larger Ieq).
The proposed drive train design is therefore considered a balanced solution within
the available design space, capable of achieving adequate rotational accuracy.

Reproducibility
The achievable rotational reproducibility is dominated by the friction of the crossed
roller bearing (Figure 3.19, 5 Nm), the weight compensation spring (4 Nm, Section
3.3), and internal friction of the strain wave gear. The virtual backlash due to the
bearing and gas spring is expressed by Equation 3.31. The reproducibility error
of the strain wave gear is specified to be ±2.9 · 10−5 rad [122]. The expected
rotational reproducibility (±7.2 · 10−5 rad) is therefore slightly larger than the
target reproducibility for high-contrast 3D imaging (±6.5 · 10−5, Section 3.2.2). It
is expected that the reproducibility of axes 5 to 7 will be better, since they are not
subjected to the friction of the weight compensation spring. This compensates
the reproducibility error increase in axis 3 and 4. Experiments should validate
the feasibility of achieving the reproducibility target for soft-tissue 3D imaging
(±2.0 · 10−5) over repetitive scan trajectories (results in Section 4.6 and 4.7).

δϕv,out =
2 ·
∣∣∣M f ric,bearing + M f ric,GS

∣∣∣
kout

≈ 8.6 · 10−5 rad = ±4.3 · 10−5 rad (3.31)

Conclusion
The estimations above indicate that the performance of the proposed drive train
design is in line with the target specifications of Section 3.2.2. The achievable
tracking accuracy strongly depends on the feedback control bandwidth, and feed-
forward accuracy. This emphasises the key importance of a drive train design with
reproducible and predictable mechatronic behaviour. Such designs enable:

• Reduced vibration excitation by means of a high feedforward accuracy, in-
cluding input shaping and compliance compensation [145, 146, 147].

• Achieving maximum bandwidth by model-based, pose-dependent feedback
control design.

Section 4.5 elaborates on the control design for the two DoF feasibility setup. The
achievable performance is investigated by measuring servo errors over multi-axis
movements (Sections 4.6/4.7). In future work, the redundant kinematic layout
of the SPS can be used to further optimise axis trajectories. This strategy can
reduce acceleration and jerk values, which allows for better tracking behaviour. It
is however beyond the scope of this thesis.
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3.5 Structural design of feasibility setup

This section describes the structural design of the feasibility setup (Figure 3.20).
Herein, the previously realised motion stages of axis 3 and 4 (Section 3.4) are
combined with structural subassemblies for link 2, 3, and 4. During assembly,
the submodules are aligned by dowel pins and circular alignment features (Figure
3.20, blue lines). All three links have a closed-boxed construction. This allows for
a high stiffness-to-mass ratio to be achieved within the given design space. The
structures are composed from plate material, which enabled manufacturing with
limited time and financial means. The setup can later be extended with prototypes
of the remaining axes, by the interface on link 4. Further structural details of link
4, 3, and 2 are highlighted in Section 3.5.1, 3.5.2, and 3.5.3 respectively.

The modular build-up and the use of plate material come at the cost of prototype
aesthetics. In a future design, each link could feature a single structural frame,
to which all components of the drive trains are mounted. Here, manufacturing by
casting, or welding of preshaped panels can result in a frame which is more sterile
(no openings or gaps), aesthetically pleasing, and has a greater stiffness-to-mass
ratio (no connection features between submodules).

Base

Load

Link 2 assembly

Axis 4

Axis 3

Link 3

Link 4 weld assembly

weld assembly

Figure 3.20: Exploded view of feasibility setup, with indication of submodules.

The setup is based on a 400 kg steel block. It is supported at three interfaces, and
provided with eye bolts to facilitate transport. A second steel block is connected
to the end of link 4. This block represents the load of links 5 to 7. The load block
has a larger mass (88 kg) than links 5 to 7 combined (59.4 kg), to compensate
for the shorter distance w.r.t. axis 3 and 4. This ensures that axis 3 and 4
are subjected to a representative moment load, and driven inertia (verified using
Simulink multi-body model).
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3.5.1 Link 4 design details

Figure 3.21 and 3.22 depict the structural design of link 4. The assembly consists
mainly of 4 mm thick steel plates. These are laser-cut, bent, and welded together.
Here, plates 1 to 4 form a tubular construction, which is closed off by end pieces
5 and 6. The end pieces are machined from solid material. They include a ribbed
structure, and (threaded) holes (Figure 3.21, detail A and B) for connection of the
assembly with adjacent submodules.
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Detail B

Detail A

Figure 3.21: Structural design of link 4.

Figure 3.22 depicts the structural path in red. Notice the in-line force transmission
into the structure of axis 4, and the crossed roller bearing. Baffles (7 to 10) are
placed at every cross-sectional change of the tube. This ensures in-plane loading
of the plate material. The baffles have central holes for mass reduction (Figure
3.21). Their diameter is 55% of the smallest baffle dimension (length or width)
such that 90% of the in-plane stiffness is retained. Plates 2 and 4 feature an
opening that enables the threaded connection to axis 4 to be tightened (using an
extension wrench). The cross-section of the openings is reinforced with two rings
(11) and closing lids (12). The lids have an interference fit in the rings, such that
their contact remains in compression at all times. A cylinder (13) and hub (14)
form the interface for the weight compensation spring. The cylinder connects to
both plate 2 and 4, ensuring in-plane force introduction.

The edges of plates 1 to 4, and baffles 7 to 10 feature interlocking castellations
(Figure 3.21, 0.2 mm clearance). These enable them to be assembled like a puzzle.
The assembly is welded together on the protrusions of plates 2 and 4, and baffles 7
to 10 (∼30% of total edge length). End pieces 6 and 7 are welded to the assembly
over their entire circumference. The plates, end pieces, and baffles are given a
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bevelled edge at all weld locations. This enables for V-shaped welds that penetrate
over the entire plate thickness (Figure 3.22, Detail A, green). The reinforcement
rings (11) are corner-welded to plates 2 and 4, on the outer circumference. Hereby,
the interference fit between 11 and 12 is influenced as little as possible by shrinkage.
For the same reason, a bolted connection is applied between plate 4, cylinder 13,
and hub 14 (Figure 3.22, Detail B).

Welds Contact
surface

Fit 11/12: H7/p6

Fit 13/14
H7/p6

Detail A

Detail B

Fit 14/bolt
H7/h8

M10 nut

y x

z

Figure 3.22: Cross section of link 4, with details of (welded) connections.

After welding, the tube end faces (Fig. 3.21, parts 5/6) are reworked to achieve
a parallelism of 0.02 mm. A large part of these faces is recessed by 0.2 mm. The
remaining contact surfaces (Fig. 3.22, Detail A) are in-line with plates 1 to 4,
ensuring a stiff connection between the submodules. The decrease in surface area
reduces hysteresis, by a high contact pressure (∼25 MPa, 4×M10 at 40 Nm).

The assembly is made from a duplex stainless steel (1.4462, 2205). This material
has a favourable Young’s modulus and yield strength (E = 200 GPa, σy = 480
MPa, [139]), compared to e.g. Aluminium. The material is suitable for welding,
wherein the yield stress is maintained [148]. It is selected over other high-strength
steels because of its availability in small quantities. The stiffness of the assembly,
and maximum stress under load is analysed by means of Finite Element Analysis
(FEA, Appendix I). The angular stiffness in ϕ-direction (kϕ =1.9 · 106 Nm/rad) is
∼10× larger than the drive stiffness of axis 3 and 4 (2.05 · 105 Nm/rad). As such,
it is not expected to be limiting for the motion performance.
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3.5.2 Link 3 design details

Figure 3.23 and 3.24 depict the structural design of link 3. The weld assembly has
a similar construction as the assembly for link 4. Here, the walls of the tubular
structure are formed by two laser-cut plates which are bent to a U-shape (1). The
tube is closed off by two end pieces (2). These are identical to end piece 5 of link
4. The side walls (1) have an opening for tightening the connection to axis 3 and
4. These are reinforced by similar rings (3) and lids (4). The seems between the
plates (1) and end pieces (2) are bevelled, and welded completely (Figure 3.24).

1 (2×) 2 (2×)

3 (2×)

4 (2×)

Figure 3.23: Structural design of link 3.

In Figure 3.24, the structural path between axis 3 and 4 is indicated by red lines.
The material of the tubular structure is on the outer fibre, and placed in line with
the walls of the aluminium end pieces, and the crossed roller bearing. The weld
assembly is manufactured from the same duplex stainless steel as used in link 4,
resulting in angular stiffness values that are significantly larger than the tilting
stiffness of axis 3 and 4 (Appendix I).

Detail A

Welds

M10 nut

y x

z

A3 A4

Figure 3.24: Cross section of link 3, with end pieces for axis 3 and 4.
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The structures of link 3 and 4 require few interfaces. This makes them suitable for
manufacturing from carbon fibre reinforced laminates. Unidirectional carbon fibre
laminates have a ∼5× larger stiffness-to-mass ratio (E=215 GPa, ρ=1630 kg/m3,
[149]) than steel. These laminates are only stiff in the fibre direction. The walls of a
tubular structure should be stiff in three in-plane directions (tension/compression
in two orthogonal directions, and shear). This requires a laminate with fibres
oriented in multiple directions, decreasing the stiffness-to-mass benefit by roughly
a factor 3. Besides this, the mass of the steel weld assemblies is relatively small
compared to the total link mass (5.9 vs. 25.9 kg in link 3). The concept of using
carbon fibre reinforce polymers is therefore discarded.

3.5.3 Link 2 design details

Figure 3.25 and 3.26 depict the structural design of link 2. In contrast to the
welded steel construction of link 3 and 4, link 2 is assembled from 10 mm thick
aluminium plates, and machined parts. This design choice resulted in a shorter
lead time, as it enabled the manufacturing work to be divided between an available
welder, and several precision technicians.
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Figure 3.25: Structural design of link 2, with detail of recessed mating surfaces.

The assembly of link 2 consists of two boxed structures. The upper structure is
formed by plates 2, 3, 5, 6, and 7, cylinders 4 and 8, and hub 9. It connects to axis
3 via mounting ring 1. The upper structure is connected to a torsionally stiff box,
formed by part 10, and plate 11. Part 10 is bolted to ring 12, which enables the
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entire assembly to be mounted to the base block. A bushing (14) and cup (15) are
used to secure the encoder mounting disc (13) of axis 3. This is shown in Figure
3.26, Detail A. Here, disc 13 is axially clamped in the eccentric bore of mounting
ring 1.

Mounting ring 1, and cylinder 4 and 8 are centred w.r.t. plate 2 and 3 by circular
edges. An additional dowel pin is used to determine the rotational alignment of
mounting ring 1. It is placed in a cylindrical hole in plate 2, and radial slots in
1 and 4 (Figure 3.26, Detail A). Further dowel pins are used to align the plate
parts. Bolts are placed at a maximum interval of 5×tplate (plate thickness tplate =
10 mm). Furthermore, the inner part of all contact surfaces is recessed by 0.2 mm
(Figure 3.25, Detail A), to increase contact pressure, and reduce hysteresis.
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Figure 3.26: Cross section, and side view of link 2. With structural path (red) and detail of
encoder disc fixation.

Figure 3.26 depicts the structural path in red. Link 2 is subjected to moment loads
from axis 3. These are introduced in the plane of plate 2 and 3, by mounting ring
1 and cylinder 4. The forces are then transmitted into the walls of 10 (via plates
7 for plate 2). Hub 9 is subjected to a radial force by the weight compensation
spring. Depending on the orientation of this force, plates 2, 3, 5, and 6 are
loaded in tension, compression, and/or shear. Here, the loads on plate 5 and 6
are transmitted (nearly) tangentially into cylinder 4, and plate 11. The interface
to ring 12 is specifically designed for the feasibility setup. It is not included in
the design of axis 2, as proposed in [108] (see Section 3.7). Link 2 is, however,
designed to be compatible with dimensional constraints from axis 1 (e.g. room
for drive train, Figure 3.26, green). Because of this, it accurately represents the
stiffness-to-mass ratio that can be achieved by a more integral design of axis 2
and link 2. Finite element analysis shows that the angular stiffness of link 2
(kϕ = 4.0 · 106 Nm/rad) is approximately 20 times larger than the drive stiffness
of axis 3 (Appendix I). The tilting stiffnesses (kψ =1.6 · 106, kθ =3.1 · 106 Nm/rad)
are of similar magnitude as those of axis 3 and 4.
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3.6 Detailed design of link 5, 6, and 7

This section presents the structures and rotational motion stages of link 5 to 7.
Their design is based on estimative calculations, and engineering insights from the
design of link 3 and 4. A more concise description is therefore given.
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Figure 3.27: Exploded view of link 5, 6, and 7. Most bolts are left out for clarity.

Figure 3.27 depicts an exploded view of link 4 to 7. An aluminium body (4.1,
sectioned) is bolted to the weld assembly of link 4 (4×M8). This body houses
the drive train of axis 5 (DT5). Link 5 comprises an aluminium body (5.1), the
drive train of axis 6 (DT6), and the bearings for axis 5 and 6 (dark blue). DT5
is first assembled onto link 5. This assembly is then bolted to body 4.1 (12×M4).
Link 5 and 6 are coupled by two cups (6.2/6.3). The structural frame of link 6
(6.1) integrates the bearings (dark blue), BLDC stator (cyan), and scanning head
(orange) of axis 7 (direct drive). Link 7 includes the X-ray source and a collimator.
The source is supported by a circular clamp (7.1/7.2), of which part 7.1 interfaces
with the bearings, BLDC rotor (red) and increment ring (orange) of axis 7.
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Figure 3.28 and 3.29 show a cross section of axis 5 and 6 respectively. Similar-
coloured shading is applied to highlight components, and to differentiate between
parts with low and high velocity. The structural path is indicated by red lines.
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Figure 3.28: Cross-sectional view of axis 5.

The drive train of axis 5 and 6 is scaled from the design of axes 3/4 (Section
3.4.2). Apart from the output bearing(s), axis 5 and 6 comprise nearly identical
commercial components:

• SWG: Harmonic Drive CSD-32-80-2A-GR-BB, [122]. Ratio i = 1:80 to match
input and output inertias (∼4.8 · 10−4/ ∼3.5 kg m2).

• Actuation: Tecnotion BLDC drive (QTR-A-105-17 vs. QTR-A-105-25, [119],
higher load on axis 6), Kendrion holding brake (8661106, [135]).

• DT bearings: SKF 61812-2RZ-P5 (BP3) / S71906-ACD-P4A (BP4), [150].
Axial preload of ∼300 N, by disc springs (∅46.5×∅30.5×0.6 mm).

• DT encoder: Numerik Jena RAK (22 bit), [151]. Absolute optical encoder
system. Chosen for compactness, and off-axis placement (cable feedthrough).
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• Output encoder: RLS AKSIM-2 (20 bit), [152]. Magnetic encoder, insensi-
tive to grease contamination (axis 5). If resolution proves insufficient, the
Numerik Jena optical encoder, and an added DT seal can be considered.

5.1

BP3
BP2

BP1/4

6.26.3

Output

6.4

6.5

6.6

bearing 2
Output
encoder

Output
bearing 1 6.1

DT
encoder

x

z

Figure 3.29: Cross-sectional view of axis 6.

Axis 5 has a single-sided bearing support. A crossed roller bearing (BP1 / BP2,
THK RB11012-UU, [121]) enables link 5 (body 5.1) to rotate around axis A5 w.r.t.
link 4 (4.1/4.2). Axis 6, has a two-sided bearing setup. This enables a symmetrical,
and tangential structural path into link 6 (see top view of Figure 3.30). Output
bearing 1 and 2 (Figure 3.29, BP1/2, SKF 61818-2RZ-P5, [150]) are fitted in body
5.1. Cup 6.2 connects body 6.1 to the inner ring of bearing 1. This constrains link
6 in x-, y-, and z-direction w.r.t. link 5. Cup 6.3 and disc 6.4 connect body 6.1
to the inner ring of bearing 2. This constrains link 6 in ψ- and θ-direction. Disc
6.4 is made from Ti6Al4V (E = 115 GPa, σy = 1050 MPa [139]). It has a thin-
walled membrane structure (∅78×∅26×2 mm), which is radially stiff, and axially
compliant. When assembled, the membrane is deflected over 0.2 mm. Hereby, an
axial preload of ∼ 2000 N is applied to the output bearings. Spacer 6.5 ensures
that the membrane is deflected over the intended distance. Its thickness is selected
during assembly, by measuring the distance between cup 6.3 and body 6.1, prior to
tightening bolts 6.6. This enables a constant (force-closed), and accurately defined
bearing preload to be achieved, despite manufacturing tolerances in body 5.1, 6.1,
6.2, and 6.3. The material of 6.3 and 6.4 is oriented towards bearing pole 2. This
prevents bending of the thin-walled structures. The deflection of membrane 6.4
is relatively small w.r.t. its thickness (10%). This ensures a high radial stiffness,
and enables for a simplified analysis (Appendix I).
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Figure 3.30 depicts a cross-section and top view of axis 7. The X-ray source is
dimensioned according to examples found in [28, 29]. The collimator size enables
cone angles up to 24°, and is based on a design proposed in [111]. Axis 7 requires
a hollow bore for the X-ray beam (light blue) to pass. Two large diameter ball
bearings (SKF 61826-2RZ-P5, BP1 / 61822-2RZ-P5, BP2, [150]) are therefore
used to constrain link 7 w.r.t link 6. The bearings are axially preloaded (∼2200
N) by deflecting membrane disc 6.8 (∅177×∅148×0.8 mm) over 0.2 mm. The
use of a single crossed roller bearing is considered as an alternative which leaves
more room for the collimator. However, ball bearings are preferred for their lower
frictional moment (∼1 Nm vs. ∼5 Nm [129, 128], significant w.r.t. external load).
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Figure 3.30: Cross-section and top view of axis 7.

The drive train loads on axis 7 are limited (∼5 Nm, dominated by gyroscopic mo-
ment, Section 3.1). The rotation of link 7 is therefore directly actuated by a BLDC
drive (Tecnotion QTR-160-25, [119]). The absence of a reduction gear allows the
bore diameter (∅100 mm) to be kept as large as possible. This leaves room for
placement of additional optical elements, such as spectral filters. Additionally,
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it minimises drive train hysteresis, and reduces cost by eliminating components.
An absolute, inductive encoder system (AMO WMRA1010 / WMKA2010 00512,
[140], similar to axis 3 and 4) is used to measure the relative rotation between link
6 and 7 (body 6.1 and 7.1).

3.7 Linear translation module

In [108], a design is proposed for the linear translation stage of the SPS (Figure
3.31). The design provides for the first two DoFs of the SPS. It comprises a
carriage, which is movable along a floor-mounted rail assembly (axis A1). The
carriage contains a rotational motion stage, of which the output axis rotates around
axis A2.

The rail assembly is 450 mm wide. This enables it to be placed beneath the
patient table (500 mm) completely. It features two 30×50 mm steel rails (Figure
3.31, 1). Each rail has two Contact Surfaces (red, CS1 and CS2), for guidance of
the carriage. The rails are attached to mounting plate 2, which is bolted to the
floor. Spacers (3) are placed between the mounting plate and the floor surface, at
a 125 mm interval. This enables the rail to be levelled during assembly. Before
installation, the top layer of the concrete is recessed by 50 mm. This limits the
height of the rail, such that it is compatible with the X-ray source trajectory.
Raised edges (4, sloped towards the floor) are added around the circumference of
the rail assembly. These prevent the contact surfaces of the rail to be stepped on.
They also serve as a lateral guidance for the retractable shield (see below).
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Figure 3.31: Overview of the translation module, with detail of linear rail.

The rail assembly is provided with a retractable stainless steel shield on either side
of the carriage (Figure 3.31, light blue). The shield protects the internal parts of
the translation stage from debris, fluids, and dropped objects. It also enables the
exterior of the rail assembly to be cleaned easily. The shield rolls on and off a
spring-loaded cylinder, housed at each end of the rail. A wiper can be added to
the housing to prevent fluids and particles from entering.
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Figure 3.32 depicts an exploded view of the carriage. The main body of the carriage
(1) is machined from aluminium. It contains cavities to house components, and
reduce weight. Plate 2 is used to restore the closed-boxed structure. Four track
roller bearings (3, KR62-PP, [136]) are mounted to the carriage to constrain it in
z-, ϕ-, and ψ-direction. These run on contact surface CS1 of both rails. Here, a
symmetric support stiffness is chosen over an exact-constrained design, see Section
5.2. Two additional track roller bearings (4, KR30-PP, [136]) constrain the carriage
in x- and θ-direction. Track rollers 4 run on contact surface CS2 of one of the
rails. Track rollers 5 (NATR30-PP, [136]) preload the contacts of track rollers
4. They run on contact surface CS2 of the opposite rail, and are attached to
the carriage by a spring-loaded lever. The carriage is driven in y-direction by an
iron-core linear motor (6, Tecnotion TB-15, [119]). The attraction force of the
motor mover w.r.t. the magnet array (Figure 3.31) preloads the contacts of track
rollers 3. Here, additional force is provided by four permanent magnet modules
(Figure 3.32, 7). These are attracted to ferromagnetic strips in the rail assembly
(Figure 3.31, 5). The use of track roller bearings, in combination with the magnetic
preload modules, enables for a simple carriage and rail construction, with limited
height. All track rollers bearings are based on line contacts, which results in a high
stiffness. The total tilting stiffness (kϕ≈ kψ∼ 3.4 · 106 Nm/rad) is limited by the
crossed roller bearing of axis 2 (RB17020-UU, [121]), and structural compliance.
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Figure 3.32: Exploded view of carriage, with shaded cross-section of axis 2.
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The drive train of axis 2 (DT2) is nearly identical to that of axis 3 and 4. A shaded
cross section is added in Figure 3.32. The cabling for axis 1 and 2 can be passed
downwards to a central connection in the floor. For this, a cable cage is included
in the recessed part of the rail assembly (Figure 3.31).

3.8 Conclusions

This chapter proposed a detailed mechatronic design for the SPS. The design aims
to achieve accurate alignment of the X-ray beam (< ±1 mm), and reproducible
positioning of the focal spot (±30 to ±100 µm) over high-speed scan trajectories.
The positioning performance is dominated by angular errors. These are magnified
by the length of the articulated arm, and the Source Image Distance. The proposed
design consists of closed-boxed structures, in which most material is at the outer fi-
bre. This results in a high (angular) stiffness at low mass. Predictable mechatronic
behaviour is achieved by compact drive train designs, which eliminate backlash,
and minimise non-reproducible effects (friction and hysteresis). Both principles
contribute to servo error reduction, by a maximised feedback control bandwidth,
and application of accurate feedforward control.

Table 3.8: Inertial parameters of the proposed SPS design.

Mass [kg] CoMx,y,z [mm] [Ixx,Iyy,Izz] [kg m2]

Link 1 42.4 0, 0, 26 [0.6, 0.6, 1.1]
Link 2 25.0 21, 24, 24 [0.4, 0.3, 0.3]
Link 3 25.9 -72, -130, 0 [0.7, 0.1, 0.7]
Link 4 33.1 54, 244, 6 [2.2, 0.2, 2.2]
Link 5 6.3 -7, 62, 0 [0.1, 0.1, 0.1]
Link 6 7.8 -2, 133, -9 [0.1, 0.1, 0.1]
Link 7 45.3 -4, -1, -51 [0.4, 1.3, 1.1]

Table 3.8 specifies the inertial properties of all links of the SPS. Here, link 7
includes the X-ray source (36 kg) and collimator (5 kg). The proposed design has
a total moving mass below 200 kg, and fits in the space beneath the patient table.
This is achieved by high gear ratio drive trains, and a passive weight compensation
system. The latter reduces the gravity-dominated drive train loads on axis 3 and
4. Table 3.9 lists (among other specifications) the drive and tilting moments
(MDT/Mtlt), and the radial and axial forces (Frad/Fax) that act on all motion
stages. The weight compensation system enables a nearly identical drive train
to be applied in axis 2, 3, and 4. This modular design is scaled down to axis 5
and 6. In axes 2 to 6, the gear ratio (iDT) is chosen to achieve a close inertial
match. The motion stages have a dominant compliance in the driven direction
(kDT). Structural parts are dimensioned to achieve an angular stiffness that is one
order of magnitude higher (drive and tilting direction). The system can therefore
be represented by a multi-body model with drive train compliances only.
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Table 3.9: Design specifications for all axes of the SPS

Axis 1 2 3 4 5 6 7
qmin −0.6 m −90° −125° +20° −45° −80° −90°
qmax +1.6 m +90° −10° 170° +45° +65° +90°
|q̇| 1.0 m/s 75°/s 90°/s 90°/s 90°/s 105°/s 90°/s

|q̈| 2.5 m/s2 150°/s2 300°/s2 300°/s2 260°/s2 150°/s2 230°/s2

|M|drive − 44 Nm 235 Nm 179 Nm 23 Nm 111 Nm 6 Nm

|M|tlt 650 Nm 650 Nm 50 Nm 57 Nm 187 Nm 75 Nm 23 Nm

|F|rad 1986 N 200 N 2253 N 2267 N 652 N 599 N 427 N

|F|ax 304 N 1574 N 129 N 70 N 428 N 372 N 513 N

IDT − 3.4 · 10−3 kg m2 4.8 · 10−4 kg m2 −
kDT − 2.1 · 105 Nm/rad 6.1 · 104 Nm/rad −
iDT 1 1:121 1:161 1:161 1:80 1:80 1

Figure 3.33 depicts the realised prototype setup. It includes axis 3 and 4, links
2/3/4, and the weight compensation system. These components are considered
critical for the performance of the SPS, due to their high load, and large influence
on the FS position. The setup enables for experimental validation of the structural
stiffness, hysteresis, dynamics, and achievable positional accuracy/reproducibility
(Chapter 4). It can later be extended with the remaining motion axes.

Figure 3.33: Realised feasibility setup, additional photographs in Appendix K.



Chapter 4

Technical feasibility study
modelling and experiments

The mechatronic design of the Source Positioning System (SPS) targets accurate
alignment of the X-ray beam (<±1 mm), and reproducible positioning of the focal
spot (±30 to ±100 µm, for low- and high-contrast 3D imaging). Its positioning
performance is dominated by angular errors, as shown in Section 3.2.2. Accuracy
and reproducibility targets of ±0.5 · 10−3 rad, and ±2.0 · 10−5 to ±6.5 · 10−5 rad
respectively, are therefore set for the rotational motion stages. Analysis of a single
axis (Section 3.4.4) indicates that these targets are achievable, by virtue of a 4 Hz
feedback control bandwidth, and a high feedforward accuracy (∆FF ≤ ±10%).

This chapter elaborates on the achievable positioning performance of the SPS.
The stiffness and hysteresis values of drive train 3 and 4 (as used in Section 3.4.4)
are verified with a prototype of axis 4 (Section 4.1). In Section 4.2, fourth-order
drive train models are added to the multi-body model of Section 3.2.1. This en-
ables prediction of the pose-dependent dynamics of the SPS (dominated by drive
train compliances). The model is validated by comparing predicted Frequency
Response Functions (FRFs) to frequency domain identifications of the feasibility
setup (Section 4.2.1). The achievable feedback control bandwidth is then esti-
mated by computing the first eigenfrequencies of the SPS over its range of motion
(Section 4.2.2). Section 4.3 and 4.4 discuss the feasibility of achieving the required
feedforward accuracy. Here, focus is on identification and predictive modelling of
the drive train friction, and the behaviour of the weight compensation system.
Both contributions add significantly to the drive train loads, and are more dif-
ficult to predict than gravitational and inertial forces, due to dependencies on
velocity and temperature. In Section 4.5, a pose-dependent feedback and feed-
forward control structure is implemented on the feasibility setup. The resulting
motion performance is evaluated and further improved in Section 4.6 and 4.7.
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4.1 Static stiffness and hysteresis measurements

The prototype of axis 4 is subjected to static load-deflection testing. The tests are
carried out with the following objectives.

• To confirm that the motion stage is assembled correctly (e.g. no perceivable
backlash, correct brake functionality).

• To determine the angular stiffness and hysteresis in tilt and drive direction,
for verification of the analyses from Section 3.4.4 and Appendix I.

Figure 4.1 schematically depicts the test setup. It can be configured to quantify the
mechanical properties in tilt (ψ) and drive (ϕ) direction (left/right respectively).
A photograph of the realised setup (for drive-direction testing) is shown in Figure
4.2. The setup is based on a steel table, and a 90° stand. For tilt- or drive-direction
testing, axis 4 is clamped to the table, or to the stand respectively. Two double
acting pneumatic cylinders (Festo ADN-32-30-APA-S2, red, [153]) are attached to
the stand via beam B1 (l = 1300 mm). The piston of each cylinder is connected
to the ends of a second beam (B2), via a force transducer (AST KAP-E 1 kN,
green, [154]) and a strut. Beam B2 is mounted to the output (end piece 2) of
axis 4. The pneumatic cylinders are coupled crosswise to two pressure reduction
valves (not shown). Opening valve 1 causes cylinder 1 and 2 to exert a force in
opposite direction (left image, F, red arrows). The forces are of similar magnitude.
As such, a nearly pure moment load (M) is applied to axis 4. The magnitude of
the moment load is determined by the pressure from the reduction valve. Valve 2
has the same function, but with reversed direction of the forces and the moment
load (blue arrows). An autocollimator (Möller-Wedel Elcomat 2000, blue, [155])
is used to measure the angular deflection of a silver mirror on end piece 2. B2 has
a central opening for passage of the autocollimator beam (Figure 4.1, right). This
enables the mirror to be attached directly to end piece 2.
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Figure 4.1: Setup for stiffness / hysteresis measurement in tilt (left) and drive direction (right).

In a single measurement, the moment load is repeatedly increased, and decreased
(M = 0→ Mmax → Mmin → · · · ), whereby the full hysteresis loop is passed three
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times. At the start of each measurement, the table is tapped with a hammer. This
causes a momentary peak in all measurement values, which enables the autocolli-
mator and force transducer data to be synchronised. Measurements are repeated
six times, three times forwards, and three times backwards.

Figure 4.2: Realised setup for stiffness and hysteresis measurements.

Figure 4.3 depicts the results of a measurement in tilt direction. The force and
angular deflection (top/bottom) are corrected for static offsets of the sensory sys-
tems. The moment load (middle) results from the force values and the working
distance (650 mm). F1 and F2 are opposite, with equal magnitudes (maximum net
force ∼10 N). The force values show discontinuities before passing through zero.
This effect is attributed to seal friction in the pneumatic cylinders. It is captured
in both the force and deflection measurements, and has only little influence on the
load-deflection diagrams (Figure 4.4/4.5, small discontinuities at ±35 Nm).
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Figure 4.3: Force, moment load, and angular displacement vs. time, for tilt-direction test.
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Figure 4.4 depicts a load-deflection graph, measured in tilt-direction. The hys-
teresis loop confirms the absence of backlash. It can be approximated by a linear
fit, consisting of a stiffness coefficient kψ (dashed black lines), and virtual backlash
δψv (red dots). These parameters are derived from the sections of the loop in
which the moment load is increased from zero to Mmax, and decreased from zero
to Mmin (black arrows). In these sections, (micro) slip is expected to have oc-
curred throughout all frictional interfaces. The first section of each measurement
is neglected, as it starts from an arbitrary point in the hysteresis zone. The aver-
age value and Standard Deviation (SD) of kψ and δψv are computed over all six
measurements (see Figure 4.4). kψ is within 10% of the value determined by FEA
(Appendix I, 1.2 · 105 Nm/rad). The virtual backlash is within the reproducibility
target for high-contrast 3D imaging.
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Figure 4.4: Measured load-deflection graph in ψ-direction (tilt).

In drive-direction (Figure 4.5), a non-linear load-deflection curve is measured.
The stiffness (kϕ) increases with the moment load. This behaviour likely results
from load-induced enlargement of contact areas, in the wave generator bearing
and teeth of the Strain Wave Gear (SWG) [142]. In [122], the strain wave gear
stiffness is specified in three load regions (Table 4.1). For each region, a stiffness
coefficient (kϕ,1, kϕ,2, kϕ,3) is derived from the measurement results (Figure 4.5,
black/green/red, values in Table 4.1). The measured stiffness coefficients corre-
spond with the SWG specifications. As such, the motion stage design preserves
the SWG stiffness, and does not contribute significantly to the overall compliance.

The measured virtual backlash is slightly smaller than the specification of the SWG
(Table 4.1). Note that the virtual backlash in drive direction is large compared
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to the tilt direction (7×), and to the reproducibility targets (∼10×). This does
not necessarily mean that the required reproducibility cannot be achieved. By
repeatedly executing identical scan trajectories, angular positions are approached
from the same side. For this situation, [122] specifies an achievable reproducibility
of 2.9 · 10−5 rad (value used in Section 3.4.4). Since the measured virtual backlash
is smaller than the specified value, the reproducibility specification is also assumed
to be achievable. Additionally, tracking inaccuracies due to the SWG virtual
backlash can be measured using the load encoder, and compensated for during
image processing.
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Figure 4.5: Measured load-deflection graph in ϕ-direction (drive).

Table 4.1: Measured stiffness and virtual backlash, vs. specifications of SWG, and FEA.

kϕ,1 [Nm/rad] kϕ,2 [Nm/rad] kϕ,3 [Nm/rad] δϕv [rad]
(0<M≤108 Nm) (108<M≤382 Nm) (382 Nm<M)

Measurement 2.05 · 105 2.58 · 105 3.71 · 105 2.5 · 10−4

Specification 2.10 · 105 2.90 · 105 3.70 · 105 2.9 · 10−4

FEA 1.8 · 105 - - -

The static measurements of axis 4 confirm that the prototype is without backlash,
and assembled correctly. The measured stiffness and hysteresis values correspond
to the specifications of the SWG, and the finite element analyses. The measured
stiffness in both directions exceeds the FEA results by 10 to 15%. These differences
result from local increases in the wall thickness of end piece 2, w.r.t. the analysed
model (Appendix I).
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4.2 Extended multi-body modelling

The inertias that act on axes A1 to A6 vary significantly with the posture of the
articulated arm. The dynamic behaviour of the SPS is therefore pose-dependent.
To estimate the achievable bandwidth, relevant eigenfrequencies are identified over
the complete range of motion. For this purpose, a 6 DoF stiffness element is
added between all link bodies in the Simulink multi-body model. This element
represents the stiffness of the motion stages. It has four separate stiffness values
(Table 4.2). These indicate the translational and angular stiffness perpendicular
to (crad, ktilt), and along or around the motion axis (cax, kDT). The stiffness values
are based on [108] for axes A1/A2, and [121, 122, 150, 156] for axes A5/A6/A7.
Here, manufacturer-specified bearing stiffnesses are reduced by a factor 2 to 3,
to compensate for the compliance of structural parts. For axes A2 to A6, kDT
represents the load-dependent stiffness of the strain wave gear. Here, the average
value of the specified stiffness range is used (further addressed in Section 4.2.1).

Table 4.2: Stiffness parameters for axes A1 to A6.

Axis crad. [N/m] cax. [N/m] ktilt [Nm/rad] kDT [Nm/rad]

A1 1.0 · 109 − 1.0 · 108 1.0 · 108

A2 5.0 · 108 5.0 · 108 3.4 · 106 2.7 · 105

A3/A4 2.5 · 108 2.5 · 108 1.3 · 106 2.7 · 105

A5 1.0 · 108 1.0 · 108 1.0 · 106 7.8 · 104

A6 1.0 · 108 1.0 · 107 5.0 · 105 7.8 · 104

A7 3.0 · 108 3.0 · 107 5.0 · 105 −

In axes A2 to A6, the stiffness element is part of a fourth-order model (Figure 4.6).
This model comprises an additional inertia (IDT), and a ratio (iDT) to represent
the drive train (values in Table 3.9). The models for axes A2/A3/A4 (left) and
A5/A6 (right) are similar, but reversed in their connection to the preceding and
subsequent links (In−1, In). This is in correspondence with the drive train designs.
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Figure 4.6: Dynamic representation of drive trains, for axes A2/A3/A4 (left), and axes A5/A6
(right).
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4.2.1 FRF: model vs. identification

A modified version of the multi-body model is used to compute frequency response
functions of the feasibility setup. These are compared to a frequency domain iden-
tification, for validation of the modelling approach. The validation is performed
prior to attaching the load block and gas spring, but was later repeated for the
complete setup (Appendix J.2).

The identification is carried out at a neutral, intermediate, and extended pose
([q3, q4] = [−22.5°, 22.5°], [−42.5°, 62.5°], and [−112.5°, 152.5°]). A PID controller
(1 Hz bandwidth) is applied to both axes for reference tracking. A white noise
excitation signal is injected at the controller output of either axis A3 or A4. The
output rotation of the corresponding axis is sampled with a frequency of 2000 Hz.
To reduce the influence of friction, both axes are moved over a repetitive, constant
velocity trajectory (amplitude: ±2.5°, velocity: 1°/s). The direct FRF of each
axis (G3,3 and G4,4) is approximated by the H1 estimator, as uncorrelated noise
is mainly expected in the output measurement [157]. Averaging is applied over
40 movements (5 s each), using a Hanning window with 50% overlap. The use
of single-axis excitation, and the small magnitude of the indirect FRFs (|G3,4| =
|G4,3| � |G3,3/4,4|), justify interaction between A3/A4 to be neglected.
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Figure 4.7: FRF G3,3 of feasibility setup, identification (blue) vs. model (red), extended pose.

Figure 4.7 and 4.8 depict the identified and modelled FRFs, for the extended pose.
The results for the neutral and intermediate poses are shown in Appendix J.1. The
identified FRFs show good coherence between 3 and 100 Hz, except at the anti-
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resonance(s). At frequencies beneath 3 Hz, the measurement is likely influenced
by kinematic errors from the strain wave gear (Section 4.6). These occur at twice
the frequency of the SWG input axis (∼0.9 Hz at 1°/s), and subsequent harmonics
[142, 158]. The model shows mass-dominated behaviour below the first resonance
frequency (-2 slope and -180° phase). Beneath ∼4 Hz, the identified FRFs show a
positive phase shift, and deviate towards a -1 slope. This behaviour was initially
neglected due to the low coherence. Later, it was attributed to damping (Appendix
J.2), and taken into account in the feedback control design (Section 4.5.1).

To achieve a good resemblance between the identified and modelled FRFs (in all
three poses), the drive train stiffness values are set to kDT3/4 = 2.7 · 105 Nm/rad
(Table 4.2). Based on the static load on both axes (30 to 80 Nm), the drive
train stiffness was expected to be in the first region (Figure 4.5, kϕ,1). However,
it appears that kϕ,2 is relevant for dynamics, due to the magnitude of dynamic
oscillations (±0.5 mrad = region 2). kϕ,2 is therefore also used to model A2, A5,
and A6. The damping constants (Figure 4.6, dDT) are varied to tune the height
of the first modelled resonance peaks. Based on the nominal inertia acting on axis
A3 and A4 (including load), dDT can be converted to a damping ratio ζ ∼ 3%.
This value is used to define the damping coefficients (dDT) for the other axes.
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Figure 4.8: FRF G4,4 of feasibility setup, identification (blue) vs. model (red), extended pose.

The multi-body model accurately describes the first two resonance peaks of the
feasibility setup. Besides this, the predicted magnitude and phase match with
frequency-domain identifications, from 0.1 Hz (Appendix J.2) to the first reso-
nance. The modelling approach is therefore considered suitable for control design.
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4.2.2 Control bandwidth estimation

The multi-body model is used to derive the transfer function matrix G for the
complete SPS (Equation 4.1). The direct transfer functions (Gi,i, with i = 1 · · · 7)
relate the actuator force or moment of axis i to its output displacement or rotation.
The indirect transfer functions (Gi,j, with i 6= j) characterise the output of axis i,
as a result of input j.

G =

G1,1 . . . G1,7
... . . . ...

G7,1 . . . G7,7

 (4.1)

The amount of interaction between the axes is quantified by evaluating the mag-
nitude of the Relative Gain Array (Λ, Equation 4.2) at the desired bandwidth ωc
(4 Hz). This is done for the SPS in a neutral (~qN, Figure 2.19), and extended
pose (~qE, Figure 2.21, right). Axes for which |Λ|i,j ≥ 1 · 10−1 (highlighted in
red) are considered to have significant interaction. At ωc, both the direct and
indirect frequency response functions of these axes show similar, mass-dominated
behaviour (-2 slope). Interaction can therefore be reduced efficiently for frequen-
cies near the control bandwidth, by decoupling with a pre-compensator matrix Cd
(Equation 4.3, [159]). Here, Gc is a real-valued approximation of G at s = jωc.
In Section 4.5, this approach is illustrated and implemented for the two-DoF fea-
sibility setup. The resulting FRF matrix (Gd) is considered sufficiently diagonal
near ωc, for application of decentralised control. It is assumed that similar results
can be achieved for the complete SPS. The remainder of this section will therefore
consider the direct frequency response functions only.

Λ(G) = G ◦
(

G−1
)T

(4.2)

|Λ|~qN
=



1 · 100 8 · 10−6 4 · 10−3 4 · 10−4 7 · 10−7 3 · 10−2 2 · 10−4

8 · 10−6 1 · 100 3 · 10−6 4 · 10−7 3 · 10−2 2 · 10−6 1 · 10−2

4 · 10−3 3 · 10−6 1 · 100 4 · 10−2 2 · 10−5 4 · 10−2 4 · 10−7

4 · 10−4 4 · 10−7 4 · 10−2 1 · 100 5 · 10−5 1 · 10−1 2 · 10−6

7 · 10−7 3 · 10−2 2 · 10−5 5 · 10−5 1 · 100 4 · 10−5 2 · 10−5

3 · 10−2 2 · 10−6 4 · 10−2 1 · 10−1 4 · 10−5 1 · 100 9 · 10−5

2 · 10−4 1 · 10−2 4 · 10−7 2 · 10−6 2 · 10−5 9 · 10−5 1 · 100



|Λ|~qE
=



2 · 100 5 · 10−1 4 · 10−6 7 · 10−7 5 · 10−2 1 · 10−7 1 · 10−3

5 · 10−1 2 · 100 2 · 10−5 1 · 10−6 4 · 10−2 2 · 10−7 2 · 10−3

4 · 10−6 2 · 10−5 1 · 100 2 · 10−1 7 · 10−6 1 · 10−1 3 · 10−6

7 · 10−7 1 · 10−6 2 · 10−1 1 · 100 4 · 10−6 8 · 10−2 2 · 10−6

5 · 10−2 4 · 10−2 7 · 10−6 4 · 10−6 1 · 100 2 · 10−7 2 · 10−1

2 · 10−7 1 · 10−7 1 · 10−1 8 · 10−2 2 · 10−7 1 · 100 1 · 10−6

1 · 10−3 2 · 10−3 3 · 10−6 2 · 10−6 2 · 10−1 1 · 10−6 1 · 100


Gd = G · Cd → Cd = G−1

c (4.3)
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Figure 4.9 and 4.10 show the direct frequency response functions (blue), for the
SPS in neutral and extended pose respectively. At low frequencies ( f < 0.1 Hz),
all responses are mass-dominated (-2 slope, -180° phase). Around f ≈0.2 Hz, the
response of G3,3, G4,4, and G6,6 depict an anti-resonance, followed by a resonance.
These are related to an eigenmode, determined by the stiffness of the weight com-
pensation spring. The order of poles and zeros results in a positive phase shift.
Combined with the low eigenfrequency, this eigenmode will not lead to instability
for ωc ∼ 4 Hz. Above 10 Hz, a series of (anti)-resonances is visible. In the neutral
pose (Figure 4.9), the first two eigenmodes (12.3 Hz, 16.4 Hz) are related to the
SWG compliance in axes A3/A4/A6, and axes A2/A5 respectively. The negative
phase shift, and close proximity of higher-frequency resonances cause these eigen-
modes to be limiting for the achievable control bandwidth. Depending on the pose,
either the eigenmode from axes A3/A4/A6 (Figure 4.9), or axes A2/A5 (Figure
4.10) has the lowest, and thus limiting frequency ( f LR). Both are first eigenmodes
from the drive train compliance, for which the magnitude and phase behaviour can
be predicted accurately (Section 4.2.1). A control bandwidth of ωc ≈ f LR · 2π/3
is therefore expected to be achievable, by model-based tuning of notch filters and
PID control parameters. This expectation is further validated in Section 4.5, where
a model-based control structure is implemented on the feasibility setup.

Table 4.3: Frequency of limiting resonance, at various poses. SPS design vs. alter. gear ratios.

Pose 1 2 3 4 5
Projection (ϕ /ψ) [deg] 0°/0° −60°/0° +60°/0° 0°/±45° 0°/±105°

f LR [Hz] SPS design 12.3 10.7 11.6 10.5 10.2
Alternative iDT 13.8 12.2 13.0 12.3 11.9

The limiting resonance frequency ( f LR) is evaluated for various poses of the SPS
(Table 4.3). Here, pose 1, 2/3, and 4/5 correspond to Figures 2.19, 2.20, and 2.21
respectively. The limiting resonance frequency ( f LR) reduces with the extension
of the articulated arm, from 12.3 Hz in pose 1, to 10.2 Hz in pose 5. A control
bandwidth of about 3 Hz therefore seems achievable. This is lower than predicted
in the analysis of Section 3.4.4 (∼4 Hz). To improve upon this, the SWG reduction
ratios in axes A2/A3/A4 can be chosen differently (iDT2 = 1 : 121 → 1 : 81,
iDT3/4 = 1 :161 → 1 : 121). Figure 4.9 and 4.10 depict the resulting FRFs in red.
The lowest frequency of the limiting eigenmode is increased by >15% (Table 4.3),
enabling a similar increase in bandwidth. Originally, the gear ratios were chosen to
achieve a good inertial match, within constraints posed by the load moments. The
latter were based on mass estimates for link 5, 6, and 7. During the design process,
the mass and inertias of these links proved lower than expected. The use of different
gear ratios in axes A2/A3/A4 is hereby enabled (reduced load), and required to
restore the inertial match. As the tracking accuracy is approximately proportional
to the control bandwidth squared (Section 3.4.4, Equation 3.29), revision of the
gear ratios is advised for future developments. With this progressive insight, the
desired 4 Hz bandwidth is considered achievable for all motion axes.
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4.3 Dynamic gas spring behaviour

Section 3.3 proposes a weight compensation system for the SPS. This system is
based on a commercially available gas spring, which compensates and thus greatly
affects the moment load on axis 3 and 4. As such, the spring force should be
accurately predictable, in order to achieve a high feedforward accuracy (∆FF ≤
±10%). To this end, a parametric model of the gas spring is given in Section
4.3.1. This model relates the spring force to the compression range and velocity, by
applying the principle of energy conservation. The model parameters are tuned by
comparison of modelled and measured force-displacement graphs (Section 4.3.2).
In this process, a standard and modified gas spring are compared. The latter has
reduced damping, such that the force-displacement graph remains nearly linear
and predictable at high velocities (200 mm/s).

4.3.1 Gas spring model

Figure 4.11 gives a schematic representation of the gas spring. It comprises a
cylinder of inner diameter dc. The cylinder moves w.r.t. a piston, with rod diam-
eter dr. The cylinder is filled with pressurised nitrogen gas, which is contained by
a high-pressure seal. The gas is divided in two volumes (V1 and V2). These are
connected by an orifice in the piston. In steady state condition, the gas in both
volumes is at equal pressure and temperature (p1= p2, T1=T2).

lo

s(t), ṡ(t)

F (t)

(p1,m1, T1)

(p2,m2, T2)

Orifice (∅do)

∅dc
∅dr

Temperature Tb

lb

lr

∅db

Volume V1

Volume V2

Piston seal High-pressure seal

δm/δtCylinder

Piston

Oil

l1l2

Figure 4.11: Schematic visualisation of gas spring, fully extended when s=0 m.

The gas spring can be compressed over a distance s. This increases and decreases
V1 and V2 respectively (Equation 4.4), and causes a gas flow (δm/δt) through
the orifice. The total gas volume (V1+V2) is reduced, which increases the pres-
sure, and thus the required (momentary) force F (Equation 4.5). At low velocities
(ṡ = δs/δt < 10 mm/s), p1 and p2 increase equally (pure stiffness). At increas-
ing velocity, the flow restriction of the orifice causes p1 to differ from p2. This
generates a velocity-dependent force that opposes the direction of motion (i.e.
damping). A small amount of oil provides for additional damping at full extension
(V1 → 0, functional with rod oriented downwards). In the modified gas spring,
the piston seal is removed. This creates a relatively large annular opening around
the circumference of the piston, which reduces flow restrictions and thus damping.
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V1 = A1 · (l1,s=0 + s) → A1 = π · (d2
c − d2

r )/4

V2 = A2 · (l2,s=0 − s) → A2 = π · d2
c /4

(4.4)

F = p2 · A2 − p1 · A1 (4.5)
For the purpose of feedforward, a model is needed that predicts the force F(t)
required for a desired compression (s(t), δs/δt). To this end, the gas volumes, gas
spring body, and the orifice are considered separately (Figure 4.12). Equation 4.6
(ideal gas law) is used to relate the thermodynamic state variables of each volume.
Here, R is the specific gas constant of nitrogen in [J/(kg K)]. Based on the state
variables, Equation 4.7 is used to compute the specific internal energy (u [J/kg])
and specific enthalpy (h [J/kg]). Here, cv is the specific heat capacity of nitrogen
gas in [J/(kg K)]. The principle of energy conservation is applied to V1 and V2
(Equation 4.8/4.9 [160, 161]). This relates the change in internal energy (δU/δt),
to work done by the gas (δW/δt), energy added or withdrawn by the mass flow
(δEm/δt), and in- or outflow of heat (Q1/2). A similar energy balance is defined for
the spring body (Equation 4.10). Here, cSS is the specific heat capacity of stainless
steel in [J/(kg K)], and δU/δt is determined by the in- and outflow of heat only.

A2
V2, p2

δm/δt
s(t), ṡ(t) V1, p1 A1δm/δt

s(t), ṡ(t)

δm/δt
houthin

hin = hout

Body
(mb, Tb)

Q2 Q1

Qb Te

m1, T1m2, T2

Figure 4.12: Thermodynamic model of gas spring.

p ·V = m · R · T or p = ρ · R · T (4.6)

u = cv · T, h = u + R · T (4.7)

δU/δt

m1 · cv ·
δT1

δt
+ u1 ·

δm
δt

= −

δW/δt

p1 · A1 ·
δs
δt

+

δEm/δt

ho ·
δm
δt

−Q1 (4.8)

m2 · cv ·
δT2

δt
− u2 ·

δm
δt

= p2 · A2 ·
δs
δt
− ho ·

δm
δt

−Q2 (4.9)

mb · cSS ·
δTb
δt

= + Q1 + Q2 −Qb (4.10)

In Equation 4.8 and 4.9, ho indicates the specific enthalpy of the gas that enters, or
evades from V1/V2. Its value depends on the direction of the mass flow (Equation
4.11). Here, the flow through the orifice is considered to be an isenthalpic process,
for which conservation of mass imposes that hin =hout (Figure 4.12).

δm/δt > 0 → ho = h2, δm/δt < 0 → ho = h1 (4.11)
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The magnitude and direction of the mass flow is derived by Equations 4.12 and 4.13
[162]. These describe a compressible flow through an orifice, in sub-critical, and
critical condition. Here, Ao is the cross sectional area of the orifice. γ is the heat
capacity ratio of nitrogen gas [−]. Cd is a geometry-dependent discharge coefficient
(0.62, assuming sharp-edged orifice). Subscripts in and out are used to indicate
properties of the in- and outgoing gas. Here, in=2, out=1 if p2≥ p1, and in=1,
out=2 if p2< p1. The direction of the mass flow is given by sign = sgn(p2 − p1).
Critical, or ’choked’ flow can occur at large pressure differences over the orifice
(Equation 4.14). At this point, the rate of the mass flow is no longer related to
the pressure of the outgoing gas (pout, Equation 4.13).

δm
δt

= sign · Cd · Ao

√√√√√γ · ρin · pin ·
(

2
γ− 1

)( pout

pin

) 2
γ

−
(

pout

pin

) γ−1
γ

 (4.12)

δm
δt

= sign · Cd · Ao

√√√√
γ · ρin · pin ·

(
2

γ− 1

) γ−1
γ

(4.13)

pout

pin
≤
(

2
γ + 1

) γ−1
γ

(4.14)

The heat flows between the gas volumes and the gas spring body (Figure 4.12, Q1,
Q2) and from the body to the environment (Qb) are defined by Equations 4.15 to
4.17. Both the piston and cylinder are assumed to be at temperature Tb (Figure
4.11). Ath.1 to Ath.b indicate the surface areas across which heat transfer takes place
(see Figure 4.11 for geometry). Kin and Kout indicate the heat transfer coefficients
inside and outside the spring. For easier parameter tuning, these can be replaced
by a single heat transfer coefficient (K [W/(m2 K)]), and a ratio iK = Kout/Kin.

Q1 = Kin · Ath.1 · (T1 − Tb), Ath.1 = π · (dc + dr) · (l1,s=0 + s) + 2 · A1 (4.15)
Q2 = Kin · Ath.2 · (T2 − Tb), Ath.2 = π · dc · (l2,s=0 − s) + 2 · A2 (4.16)
Qb = Kout · Ath.b · (Tb − Te), Ath.b = π · (db · lb + dr · (lr − s)) (4.17)

The above derivation results in a set of ordinary differential equations, which can
be solved numerically. At each time instance, the following is computed from state
variables m1, m2, T1, T2, and Tb.

• The thermodynamic state: Equations 4.4, 4.6, and 4.7 give {V1, V2}, {p1, p2},
and {u1, u2, h1, h2} respectively. At t=0, the gas is assumed to be in a known
steady state: ṡ(0) = 0, T1=T2=T0. s(0) then gives m1(0) and m2(0).

• The force F(t) (Equation 4.5). Add coulomb friction term (sgn(ṡ) · F f ).
• The heat flows Q1/Q2/Qb (Equations 4.15 to 4.17).

• State derivatives δm
δt

and δT1

δt
,δT2

δt
,δTb

δt
(Eq. 4.12 to 4.14 and 4.8 to 4.11).

• Updated state variables m1, m2, T1, T2, Tb for next time instance.
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4.3.2 Modelled vs. identified behaviour

The behaviour of the standard and modified gas spring is identified by two sets
of force-displacement measurements. The first set (standard spring only) is con-
ducted on an Instron 5985 tensile/compression tester1 (5 kN load cell, 2530, [163]).
This setup enabled the spring to be repeatedly compressed over its full range of
motion (5 to 245 mm), at low velocities (2, 4, 6, and 8 mm/s). In the second set,
an MTS 858 Mini-bionix tensile/compression tester2 (15 kN load cell, 662.20D-04,
[164]) is used for dynamic measurements at 25, 50, 100, 150, and 200 mm/s (range
60 mm).

The parameters of the gas spring model are tuned by comparison of measured
and modelled force-displacement graphs. Figure 4.13 and 4.14 represent the re-
sults of this process, for the standard and modified gas spring respectively. The
upper images depict the measured and modelled force (blue/red), as a function
of the spring compression. The lower images show the relative error between the
measured and predicted force (blue), and a scaled representation of the trajectory
(black). When compressed over the full range of motion, the stiffness of the gas
spring is somewhat non-linear. The amount of hysteresis at low velocities is domi-
nated by the coulomb friction (Figure 4.13). At larger velocities (Figure 4.14) the
loop ’width’ increases significantly due to damping by the orifice. For the modified
gas spring, both the non-linear stiffness, and the orifice damping are accurately
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Figure 4.13: Force vs. compression, standard gas spring at 4 and 8 mm/s (left/right). Top:
measurement vs. model (blue/red), bottom: relative error and scaled trajectory (blue/black).

1 TU/e, Department of the Built Environment, Structures Laboratory
2 TU/e, Department of Mechanical Engineering, Polymer Technology group
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predicted by the model. The relative error (ε) is smaller than 1%, with outliers at
the trajectory turning points only. These result from the oil damping at the end of
stroke, and acceleration peaks from the first-order trajectory (both not modelled).
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Figure 4.14: Force vs. compression, modified gas spring at 25 and 200 mm/s (left/right). Top:
measurement vs. model (blue/red), bottom: relative error and scaled trajectory (blue/black).

The standard gas spring shows non-proportional force variations when compressed
at high velocities (compare Figure 4.15 to Figure 4.14, right). A reversal of the
force direction is even observed upon extension. The standard gas spring is there-

Standard gas spring, δs/δt = 200 mm/s
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Figure 4.15: Force vs. compression measurement of standard gas spring, at 200 mm/s.
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fore considered to be unsuited for use in the weight compensation system. The
spring characteristic of the modified gas spring, however, is sufficiently linear, and
accurately predictable. The model shows good agreement with measurements over
prolonged duration (20+ compression cycles), as both mass and energy conserva-
tion are imposed. Herein, it differs from models found in literature (e.g. [165]).
For further use, it is recommended to remove the damping oil from the gas spring.
It influences the modelling accuracy, and the end of stroke is not reached within
the range of motion of the SPS.

Table 4.4 lists the model parameters, which are used to obtain the above results.
The fixed parameters have a predetermined value, based on material properties or
physical dimensions. Te and T0 are quantified before and after each test. Here, T0
was observed to vary by less than 1 K during the dynamic tests (insignificant for
p0). The tuned parameters are varied to match the measured and modelled force-
deflection graphs. In this process, a single value is used for dc, K, and iK, as these
parameters are expected to be identical for both gas springs. The values of dc,
l1,s=0 and l2,s=0 are chosen smaller than dimensions specified by [125]. By doing
so, the change in gas volume, and thus the non-linear stiffness of the gas springs
is approximated more closely. Here, the deviations w.r.t. physical dimensions
compensate for the presence of the damping oil (incompressible, ∼10 ml). For
the modified gas spring, the annular orifice size is represented by an equivalent
diameter do.

Table 4.4: Model parameters (fixed and tuned), for standard and modified gas spring.

Parameter Standard vs. Modified Rationale

Fi
xe
d

Te = T0 [K] 293 299 Temperature during measurement
cv [J/(kg K)] 768 N2 properties at 293 K and 11

MPa [166], considered constant
over pressure range (11 to 17 MPa)

γ [−] 1.59
R [J/(kg K)] 297
Cd [−] 0.62 For sharp-edged orifices [162]
cSS [J/(kg K)] 500 Specific heat SAE 316L [139]
mb [kg] 1.0 Physical properties, measured on

actual gas springdb × lb [mm] ∅28× 310
dr × lr [mm] ∅14× 252

Tu
ne

d

p0 [MPa] 10.85 10.60 Pressure at T0 and s = 0
F f [N] 34.5 14.2
do [mm] 0.7 1.7 For standard, specified by [125]
l1,s=0 [mm] 3.0 1.0
l2,s=0 [mm] 263 250
dc [mm] 22.5
K [W/(m2 K)] 4.0
iK [−] 30
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4.4 Drive train friction

This section elaborates on the predictability of friction in the rotational drive
trains. Strain wave gear transmissions inherently have relatively large frictional
losses, caused by sliding contacts between the gear teeth [142]. Due to the large
gear ratio used (iDT = 1 : 161), the frictional moment (M f ∼ 2 Nm, [122]) con-
tributes significantly to the total drive train moment (MDT,max ∼ 6.5 Nm). M f
should therefore be accurately predictable, to achieve small feedforward errors. To
this end, a velocity-dependent friction identification is performed on the prototype
of axis 3 (Section 4.4.1). Short- and long-term variations of the frictional moment
are observed over single and multiple movements respectively. These are attributed
to temperature changes of the drive train grease. Section 4.4.2 proposes to combine
a third-order, temperature-dependent friction model, with a sensor-based estima-
tion of the local grease temperature. This approach enables accurate prediction
of friction variations, over long periods of intermittent operation.

4.4.1 Friction identification

The prototype of axis 3 is used to identify the drive train friction at various
rotational velocities. For this experiment, the angular position of the output axis
is controlled by a PID controller with a 10 Hz bandwidth, and 50 Hz low pass
filter. The output axis (no load applied) is intermittently moved back and forward
over a 350° range. Each movement has a constant velocity trajectory, with ωout =
5, 15, 30, 45, 60, 75, or 90°/s. The RMS current to the BLDC drive (IRMS) is
measured to quantify the drive train moment (MDT, Equation 4.18). Here, KT
is the torque constant of the BLDC drive (1.21 Nm/ARMS, [120]), and dBLDC
(3.7 · 10−3 Nm s/rad, [120]) characterises damping due to iron losses in the rotor
and stator.

MDT = IRMS · KT − dBLDC ·ωDT · (1− i) (4.18)
The friction identification is based on three measurements (performed on separate
days). A single measurement spans a period of >2 hours (7400 s). It comprises
16 cycles of 7 movements each. Within a cycle, all movements have a different
velocity ωout, and are separated by a pause of 5, 15, 30, 45, 60, 75, or 90 s.
The pauses represent the intermittent operation as is typical in clinical practice.
Here, single or multiple movements (2D or 3D imaging) are separated by periods
of inactivity. For each cycle, the sequence of the trajectory velocities and pause
lengths is randomised.

The left image of Figure 4.16 depicts M f versus ωout, for the first and last cycle
of all three measurements combined (blue and red dots respectively). For both
cycles, the velocity dependence of M f can be accurately represented by a third-
order friction model (solid lines, Equation 4.19, standard deviation of residuals
<1%). The frictional moment decreases by up to 40% between the first and last
cycle. This decrease is attributed to the temperature increase of the prototype
setup (∼10 K). Both the frictional moment and its decrease are comparable to
temperature-dependent friction specifications of the strain wave gear [122].
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The right image of Figure 4.16 depicts the output velocity (ωout) and drive train
moment (MDT) as a function of time. For MDT, the moving average is taken
to remove fluctuations over a single rotation of the drive train axis. The fric-
tional moment M f (= MDT at constant velocity) decreases by 15% to 25% over
a single movement, for ωout ≥ 30°/s. This effect is observed throughout the full
measurement. It cannot be related to a global temperature increase of the setup,
as ∆T � 1 K over single movements. The decrease in friction is therefore assumed
to originate from local temperature changes in the grease between the SWG teeth.
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Figure 4.16: Results from friction identification measurements. Left: average drive train
friction vs. velocity from first and last cycles (blue/red dots), with third order fit (solid lines).
Right: velocity and drive train moment over two movements.

4.4.2 Friction model using sensor-based temperature estimation

Based on Section 4.4.1, predictive modelling of the drive train friction is considered
important for achieving a high feedforward accuracy. In [167, 168], a third order
polynomial is used to describe the velocity dependence of friction in an industrial
robot. Here, the polynomial coefficients depend on an estimation of the global
temperature of the motion stage. In this thesis, a comparable approach is used
to predict the friction for the prototype of axis 3. Equation 4.19 describes the
frictional moment as a function of the rotational velocity of the drive train axis
(ωDT). The polynomial coefficients a0 to a3 depend on the grease temperature Tg
(Equation 4.20). Here, ai,r defines their value at a reference temperature Tr. The
variation of ai due to changes in Tg is given by bi.

M f = (a0 + a1 · |ωDT |+ a2 · |ωDT |2 + a3 · |ωDT |3) · sgn(ωDT) (4.19)

ai = ai,r + bi · (Tg − Tr), 0 ≤ i ≤ 3 (4.20)
The grease temperature Tg is determined by a sensor-based estimation. For this
purpose, two PT100 temperature sensors are integrated in the drive train of axis 3
(Figure 4.17, left). Sensor 1 measures the temperature near the grease reservoir of
the SWG (T1). Sensor 2 is added to quantify the global temperature of the motion
stage (T2). The change in grease temperature is estimated from T1 (Equation
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4.21), by applying the principle of energy conservation (Figure 4.17, right). Here,
Cg represents the heat capacity of the grease relevant for the SWG friction. Q f
is the heat flow due to friction, which is assumed to be completely transferred to
Cg. Qg represents the heat flow from the grease, to the motion stage. The latter
is determined by the product Kg · Ath.g ([W/K]).

δTg
δt

= (Q f −Qg)/Cg

=
(
|M f ·ωDT | − Kg · Ath.g · (Tg − T1)

)
/Cg

(4.21)

The sensor-based estimation, and use of the local grease temperature provide the
following advantages over the global temperature approach from [167, 168].

• The relatively small heat capacity Cg enables short-term fluctuations in tem-
perature and friction (Figure 4.16, right, ∼5 s) to be predicted.

• The use of sensory information ensures that long-term estimations of Tg are
without drift, despite modelling errors and thermal changes (e.g. in room
temperature or external heat transfer due to air flow installation).

Sensor 1
(T1)

S
e
n
so

r
2
(T

2
) Qf

T1Cg, Tg

Qg

Figure 4.17: Temperature sensors in drive train of axis 3 (left), and schematic representation
of grease temperature estimation (right).

Equation 4.19, 4.20 and 4.21 can be combined, and rewritten as Equation 4.22.
This set of equations can be solved for Tg(t) and M f (t), given ωDT(t) and T1(t).
The latter is done numerically (Matlab ode45 ), using data acquired in the friction
identification measurements. The quality of the model is assessed by evaluating
the relative error between predicted and measured friction values. Hereafter, the
model parameters (a0,r to a3,r, b0 to b3, Cg, and Kg · Ath.g) are varied to improve
the match. For this purpose, a pattern search algorithm is used. The resulting
parameter set is given in Table 4.5. δTg

δt
M f

 =

B · |ωDT | − Kg · Ath.g
Cg

Kg · Ath.g
Cg

B · sgn(ωDT) 0


Tg

T1

+

 |ωDT | · (A− B · Tr)

Cg

sgn(ωDT) · (A− B · Tr)


A = a0,r + a1,r · |ωDT |+ a2,r · |ωDT |2 + a3,r · |ωDT |3

B = b0 + b1 · |ωDT |+ b2 · |ωDT |2 + b3 · |ωDT |3
(4.22)
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Table 4.5: Parameters for friction model of axis 3. Tr = 293 K.

Parameter Value Parameter Value

Cg 2.05 · 102 J/K Kg · Ath.g 2.27 · 101 W/K
a0,r 5.06 · 10−1 Nm b0 −7.74 · 10−3 Nm/K
a1,r 1.62 · 10−2 Nm s /rad b1 −5.52 · 10−4 Nm s /(rad K)
a2,r −8.09 · 10−5 Nm s2/rad2 b2 2.11 · 10−6 Nm s2/(rad2 K)
a3,r 1.35 · 10−7 Nm s3/rad3 b3 −2.41 · 10−9 Nm s3/(rad3 K)

Figure 4.18 shows the modelled results, for the first cycle of measurement 1. Tem-
peratures T1 and T2 (measured, third image from top) vary relatively little over a
single cycle (∼1 K). The grease temperature (Tg, modelled) increases by up to 4
K during single movements, and equalises back to T1 in most pauses. The short
term variations in the measured drive train moment (MDT, second image, blue)
are represented accurately by the modelled frictional moment (M f , red). Here,
the relative error (ε) between the measured and modelled drive train moment (at
constant velocity, fourth image) is below 10% over the complete cycle.
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Figure 4.18: Friction model results for identification measurement 1, single cycle.

Figure 4.19 depicts a comparison between the modelled and measured frictional
moment, for all three identification measurements. Globally, both short- and long-
term variations of M f are predicted with a relative error ε ≤ 10% (average: 2.9%).
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Most outliers between 10% and 15% directly succeed the acceleration phase. These
result from moment fluctuations due to servo error compensation. During some
movements of measurement 2 and 3, the measured frictional moment was remark-
ably low, causing a relative error ε > 15%. For these movements, the relative error
would have been even larger, if the temperature-dependent friction decay were not
taken into account. No explanation for these sporadic deviations is found.
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Figure 4.19: Comparison of modelled and measured frictional moment, for all three identifica-
tion measurements (constant velocity sections only).

In this section, the drive train friction of axis 3 was shown to depend on both the
rotational velocity, and the temperature of the SWG grease. This makes the fric-
tional moment more difficult to predict than other contributions to the drive train
load (e.g. gravity, acceleration). A modelling approach was therefore proposed,
which enables friction variations to be predicted with a relative error of ∼ 10%,
over long periods of intermittent operation. Based on this, the frictional behaviour
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is considered sufficiently reproducible for achieving the desired feedforward accu-
racy (∆FF< 10%). Future work may focus on the effect of different lubrications.
A lower viscosity grease might further improve friction reproducibility in this ap-
plication (low temperature due to intermittent operation, [122]). The frictional
moment will likely increase when load is applied to the motion stages (higher nor-
mal force in SWG contacts). To accommodate for this, the modelling approach
can be extended with a load-dependent scaling factor, or drive train efficiency.

4.5 Control of feasibility setup

This section describes the feedback and feedforward control architecture of the
feasibility setup. A schematic representation of this architecture is given in Figure
4.20 (feasibility setup in purple). The BLDC drive, brake, and sensory systems
of each axis are connected to a servo drive (red, Prodrive SAMD-Hi, [169]). The
drives feature a single-axis current control loop, and require a moment setpoint
as input ([%� of nominal BLDC drive moment]). A separate motion controller
(green, Prodrive Poseidon CFL series, [170]) connects to both servo drives. It
runs a real-time Simulink model (blue) that contains a position control loop, and
a feedforward model. The motion controller also enables for data acquisition, and
execution of movement commands. For the latter, it performs the following steps:

• Enable current control of servo drives (closed loop)
• Release holding brake of both axes
• Generate and track third-order reference trajectories (ϕ3,r, ϕ4,r +derivatives)
• Apply holding brake of both axes
• Disable current control of servo drives (open loop)

The position control loop consists of a central decoupling controller (pre-compensa-
tor matrix Cd), and separate control blocks for each axis (C3, C4). The control
blocks contain a PID controller, and notch/low-pass filters. The parameters of
Cd, C3, and C4 vary with ϕ3,r and ϕ4,r, to accommodate for the pose-dependent
dynamics of the setup. Section 4.5.1 elaborates on pose-specific controller designs,
and the method of parameter variation. The feedforward model (Section 4.5.2)
contains a Lagrangian description of the multi-body dynamics, and models for
the gas spring force and drive train friction. It generates two moment setpoints
(MFF,3, MFF,4), based on the reference trajectory, the grease temperature estimates
of axis 3 and 4 (Tg,3, Tg,4), and the environment temperature (Te). Since no
temperature sensors are implemented in axis 4, both Tg,3 and Tg,4 are based on
the measured temperature of axis 3 (T1). MFF,3 and MFF,4 are combined with the
moment setpoints from the position control loop (MFB,3, MFB,4). The combined
moment setpoints (Msetp.3, Msetp.4) are used as input for the servo drives. Boolean
parameters IsClosedLoop3 and IsClosedLoop4 set the moment setpoints to zero,
when the current control is disabled (IsClosedLoop3/4 = 0). Upon loop closing
(IsClosedLoop3/4 = 0→ 1), all integrators in C3 and C4 are reset. This removes
build-up in MFB,3 and MFB,4, due to servo errors from previous movements.
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4.5.1 Position control loop

The driven inertia and resonance frequencies of the feasibility setup depend on
the pose of the system. The parameters of the position control loop are therefore
varied using a classic gain scheduling approach. This enables better performance
to be achieved compared to a single conservative controller design. The design
of the pre-compensator matrix (Cd), and feedback control blocks (C3, C4) is first
explained for specific poses. Then, the method of parameter variation is presented.

The coefficients of Cd are chosen to reduce interaction between the two axes, near
the cross-over frequency (ωc). This process is illustrated for an extended pose
(ϕ3 = −115°, ϕ4 = 160°), in which interaction is largest. Figure 4.21 shows the
modelled behaviour of the setup in blue. The -1 slope and phase at low frequencies
are approximated from an identification of the setup including load (Appendix J.2).
Near ωc, both the direct and indirect FRFs show mass-dominated behaviour (red
lines), and can be approximated by Equation 4.23. Here, Gc represents a matrix
with inertial terms, which can be derived from the magnitude of G at ωc.

G =

[
G3,3 G3,4
G4,3 G4,4

]
ω=ωc≈ 1

s2 · Gc → Gc =

[
1/I3,3 −1/I3,4

−1/I4,3 1/I4,4

]
(4.23)

= ω2
c

[ |G3,3| −|G3,4|
−|G4,3| |G4,4|

]
ω=ωc
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Figure 4.21: Modelled FRFs of feasibility setup in extended pose (ϕ3 =−115°, ϕ4 =160°). Blue:
original, red: mass-dominated approximation, green: with decoupling.
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Gc provides a real-valued approximation of G at ωc. The pre-compensator matrix
Cd is therefore defined as G−1

c (see Equation 4.3). Figure 4.21 depicts the response
of the decoupled system Gd in green. The direct FRFs (G3,3, G4,4) are nearly
identical to those of the original system. The magnitude of the indirect FRFs (G3,4,
G4,3) and relative gain array (Figure 4.22, Λ3,4, Λ4,3) are reduced for 1 < f ≤ 6
Hz, by up to 3.5× and 10× respectively.
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Figure 4.22: RGA magnitude of feasibility setup in extended pose (ϕ3 = −115°, ϕ4 = 160°).
Blue: original, green: with decoupling.

Near the desired cross-over frequency ωc (4 Hz), Gd is considered sufficiently
diagonal for interaction to be neglected. The design of C3 and C4 is therefore
based on Gd,3,3 and Gd,4,4 only. Figure 4.23 depicts the frequency response function
of all control filters, for the setup in a neutral pose (ϕ3 =−20°, ϕ4 = 20°). The
achievable bandwidth is limited by the first (two) resonance(s) above ωc (Section
4.2.2). Their frequency can be accurately predicted with the multibody model
(Section 4.2.1). These resonance peaks are therefore suppressed using two notch
filters (CN1/CN2, purple/cyan). A second order low-pass filter (CLP, blue) is
applied to suppress resonant behaviour and disturbances at higher frequencies
(>100 Hz). CN1, CN2, and CLP are defined according to Equation 4.24. Here,
ωN and ζN are the frequency and the damping ratio of the concerning resonance
respectively. For CLP, the cutoff frequency (ωLP/(2π)) is set to 30 Hz.

C =
a2

1s2 + 2a1b1s + 1
a2

2s2 + 2a2b2s + 1
→ CN : a1 = a2 = 1/ωN , b2 = 1

2 , b1 = 2ζNb2

CLP : a1 = b1 = 0, a2 = 1/ωLP, b2 = 1
2

√
2

(4.24)
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An integral filter (CI , yellow) is added for improved reference tracking. It restores
the -2 slope, an increases control gain for ω<ωc. This filter is defined by Equation
4.25, with ω I∼ωc/4. A lead filter (CL, red) is used to create a phase margin (PM)
of 45° at the cross-over frequency. The coefficients of CL (Equation 4.26) can be
computed from ωc, and the phase which is to be added (∠CL,ωc , [°]). Here, phase
lag caused by CI , CLP, CN1 and CN2 is taken into account. Finally, a proportional
gain Kp is used to achieve the desired cross-over frequency. The resulting open
loop transfer functions (L3,3, L4,4, Equation 4.27) are depicted in black.

CI = 1 + 1/(a · s) → a = 1/ω I (4.25)

CL =
a1 · s + 1
a2 · s + 1

→ a1 = b/ωc, a2 = 1/(b ·ωc)

b = tan(∠CL,ωc) +
√

tan2(∠CL,ωc) + 1
(4.26)

L =

[
L3,3 L3,4
L4,3 L4,4

]
= Gd ·

[
C3 0
0 C4

]
(4.27)
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Figure 4.23: FRF of decoupled system, control filters, and resulting open-loop, for both axes
of feasibility setup in neutral pose (ϕ3 =−20°, ϕ4 =20°).

The control design process is carried out for various poses. Hereby, the following
robustness margins are adhered to: GM≥2×, PM=45°, MM≥0.5×. The motion
range of axis 3 and 4 (−120° < ϕ3 ≤ −10°, 20° < ϕ4 ≤ 170°) is divided in 20
increments (400 poses in total). For each pose, the controller of a single axis is
defined by the following characteristic parameters: Kp, ωc, ∠CL,ωc , ωLP, ω I , ωN1,
ζN1, ωN2, and ζN2. Based on earlier modelling, no abrupt changes in the system
behaviour are expected within one increment. Linear interpolation is therefore
applied to define the characteristic parameters at intermediate poses.
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Figure 4.24 schematically depicts the content of control blocks C3 and C4. All fil-
ters are implemented using continuous-time transfer functions blocks, with varying
parameters (available in MathWorks© Simulink, Control Systems Toolbox). Pa-
rameters ω I , ωc, and ωLP are kept constant at values corresponding to 1, 4, and 30
Hz respectively. Kp, ∠CL,ωc , ωN1, ζN1, ωN2, and ζN2 are generated using lookup
tables. Here, the reference positions (ϕr,3, ϕr,4) are used as scheduling variables.
A similar method is used to vary the coefficients of Cd.

ϕ3,r[rad]

ϕ4,r[rad]

δϕ3[rad]

Constant
parameters

ωLP [rad]

ωc [rad/s]

ωI [rad/s]
IsClosedLoop3 [1/0]

6 CL(ωc) [deg]

ωN1 [rad/s]

ζN1 [−]

ωN2 [rad/s]

ζN2 [−]

CI CL

CN1 CN2 CLP

×

Kp

Lookup
tables

Figure 4.24: Schematic representation of control blocks C3/C4.

Figure 4.25 depicts the resulting parameter variation, for a movement between the
neutral and extended pose (reference positions ϕr,3 and ϕr,4 in top left image).
The notch filter coefficients are identical for both axes, as they are based on the
same poles pairs. The pre-compensator matrix causes Gd,3,3 and Gd,4,4 to have
similar magnitudes at ωc. The differences in Kp ,3 and Kp ,4 result from the width
of the lead filter. The added phase is near 90°. As such, the cross-over frequency
of 4 Hz is near the maximum achievable with conventional PID control.
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The use of model-based control design enables parameter sets to be computed for
many poses. This results in smooth parameter variation over a relatively large
range (Kp → 10×). Also, stability issues are not expected, due to the small in-
terpolation interval. Stability and robustness are, however, not guaranteed. For
further research, and extension to the complete SPS, linear parameter-varying
identification and control [171, 172] could be investigated for achieving both a
performance increase, and guaranteed stability. Here, methods for efficient identi-
fication [173] can be of importance, given the large number of motion axes.

4.5.2 Feedforward model

Figure 4.26 depicts a schematic representation of the feedforward model. The
model specifies moment setpoints MFF,3 and MFF,4, based on the reference tra-
jectories (ϕr,3, ϕr,4 and derivatives). It comprises separate models to describe the
drive train of each axis. These compute the frictional moment (M f ,3, M f ,4), and
the moment required for acceleration of high-velocity components (Ma,3, Ma,4).
For the prior, the friction model of Section 4.4 is implemented, using the grease
temperature estimates Tg,3 and Tg,4. A Lagrangian approach is used to describe
the required output moment of each drive train (Ml,3, Ml,4), taking into account
the gravitational load, the gas spring force (FGS), and link accelerations. This
model is described in more detail below. Ma,3 and Ma,4 are added to Ml,3 and
Ml,4 respectively, to accommodate for the reaction moments due to acceleration
of the drive trains. The resulting moments are translated to the drive train input
(factor i/(1− i), Equation 3.24), and combined with Ma,3/Ma,4 and M f ,3/M f ,4.

+
+ i

1−i
+

+

+

+ +

+

+

+

+

(acceleration + friction)
Drive train model 3

LagrangianGas spring
model
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spring
length

ϕ3,r[rad]
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2]

i
1−i
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Figure 4.26: Schematic representation of feedforward model.
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The Lagrangian model describes the equations of motion of link 3 and 4, in the y-z
plane of coordinate system 2 (Figure 4.27). The drive train stiffness and gear ratio
are not included. ~p3

CoM,3 and ~p4
CoM,4 express the CoM positions of link 3 and 4, in

coordinate system 3 and 4 respectively. The positions of the gas spring mounting
points are given in Section 3.3 (Equation 3.15). All position vectors are translated
to coordinate system 2 (Appendix F). The resulting vectors (~p2

CoM,3, ~p2
CoM,4, ~p2

GS,1,
and ~p2

GS,2) are a function of the generalised coordinates ~q(3 :4) = [ϕr,3, ϕr,4]
T, and

can be derived w.r.t. time, according to Equation 4.28.

~̇p =
δ~p
δt

=
∂~p
∂~q
· δ~q

δt
(4.28)

The derivatives of the CoM positions (~̇p2
CoM,3, ~̇p2

CoM,4) are used to express the
kinetic energy (Ek) in link 3 and 4 (Equation 4.29). For each link (i), mi and Ixx,i
represent the mass and the moment of inertia around the x-axis. The potential
energy in link 3 and 4 is given by Equation 4.30.

Ek =
2

∑
i=1

1
2 mi ~̇p2

CoM,i · ~̇p2
CoM,i +

1
2 Ixx,i Φ2(i) → Φ =

[
ϕ̇r,3

ϕ̇r,3 + ϕ̇r,4

]
(4.29)

Ep =
2

∑
i=1
−mi~g · ~p2

CoM,i → ~g =
[
0 0 −g

]T (4.30)
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Figure 4.27: Kinematic description of the feasibility setup, for definition of Lagrangian model.

Equation 4.31 results from applying Lagrange’s equations of motion. Ml,3 and
Ml,4 specify the moments required for following the reference trajectory, between
link 2/3 and 3/4 respectively. ~GS

2 defines the orientation and length of the gas
spring (~p2

GS,2 −~p2
GS,1). The gas spring force (FGS) is computed in a separate part

of the feedforward model (Figure 4.26), using the model of Section 4.3. For this,
the reference position and velocity are converted to the distance (sGS) and velocity
(ṡGS) by which the gas spring is compressed.

[
Ml,3
Ml,4

]
=

(
δ

δt

(
∂Ek

∂~̇q

)
− ∂Ek

∂~q
+

∂Ep

∂~q

)T

−
(

∂~pGS,2

∂~q

)T
·

~GS
2

| ~GS
2|
· FGS (4.31)
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4.6 Preliminary motion performance

This section presents initial findings on the motion performance of the feasibility
setup. Here, the proposed control design (Section 4.5) is implemented without
extensive tuning. The achievable accuracy and reproducibility are quantified over
a relevant trajectory, by evaluating the encoder signals. Based on the results,
further performance increase is considered feasible. Several recommendations are
given for optimisation and extension of the control structure. A number of these
have been implemented and validated after completion of the draft version of the
thesis. The results of this work are shown in Section 4.7.

Figure 4.28 depicts the results from a single measurement. The third-order refer-
ence trajectories (top figures) represent a future 3D scan (Figure 3.5). The setup
is moved from an extended pose (ϕ3 =−115°, ϕ4 = 155°) to a near-neutral pose
(ϕ3 =−55°, ϕ4 = 40°) and back, in approximately 4 seconds. The centre figures
show the moment setpoints that are sent to the servo drives (Msetp.3, Msetp.4) in
blue. Besides this, the feedforward moments for drive train acceleration (Ma),
friction (M f ), and output load (Ml, scaled to input) are shown in red, green, and
purple respectively. The total feedforward moments (MFF) are depicted in cyan.
These match reasonably well with moment setpoints Msetp.3 and Msetp.4. For axis
4, relative differences of up to 25% are found between 3.5 and 4.5 seconds. These
are likely caused by inaccuracies in the friction model (friction identified for axis
3 only), and can be further reduced by parameter tuning.

0 1 2 3 4 5
-120

-80

-40

0 1 2 3 4 5
-4

-2

0

2

4

0 1 2 3 4 5

-2

0

2

10 -3

0 1 2 3 4 5
40

80

120

160

0 1 2 3 4 5
-4

-2

0

2

4

0 1 2 3 4 5

-2

0

2

10 -3

t [s]

ϕ
3
[d
eg
]

t [s]

t [s] t [s]

t [s] t [s]

ϕ
4
[d
eg
]

M
[N
m
]

M
[N
m
]

δϕ
3
[r
a
d
]

δϕ
4
[r
a
d
]

ϕ̇3,max = 40◦/s, ϕ̈3,max = 105◦/s2 ϕ̇4,max = 75◦/s, ϕ̈4,max = 200◦/s2

Ma Mf Ml

MsetpMFF

i
1−i

Figure 4.28: Performance measurement on feasibility setup. Top: 2 DoF trajectory, middle:
setpoint and feedforward moments, lower: servo errors (detailed views of resonance excitation).
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Axis 3 and 4 exhibit servo errors of up to 2.0 · 10−3 rad and 2.5 · 10−3 rad respec-
tively (Figure 4.28, lower images). Hereby, the setup exceeds the accuracy target
of 0.5 · 10−3 rad (Section 3.2.2). The largest errors occur upon rapid changes in
the load moment Ml (1.2< t≤2.0 s, and 3.5< t≤4.5 s). The load variation causes
an increase or decrease in deflections of the drive train compliance. This requires
additional acceleration of the drive, which is not accounted for by the feedforward
model. Figure 4.29 shows the angular difference between the output encoders
(ϕ3,2, ϕ4,2) and the drive train encoders (ϕ3,1, ϕ4,1, translated to output). The
global trend of these curves corresponds to the load moment divided by the drive
train stiffness (purple), and represents the drive train deflection. Based on the
variation observed, it is estimated that >50% of the servo error magnitude results
from drive train deflections. Future work will therefore focus on implementing a
form of compliance feedforward (e.g. [145, 146, 147]) in the control architecture.

0 1 2 3 4 5

-1

0

1

10
-3

0 1 2 3 4 5

-1

0

1

10
-3

t [s] t [s]

Ml/kDT

Encoder 2 − (Encoder 1 · iSWG)

ϕ
4
,2
−
ϕ
4
,1
[r
a
d
]

ϕ
3
,2
−
ϕ
3
,1
[r
a
d
]

Figure 4.29: Drive train deflection, computed from encoder difference, and load moment.

At the start and end of each movement, both axes display significant resonant
behaviour (Figure 4.28, detailed views). Here, the first eigenmodes of the setup
are excited by disturbances from the drive train. Two contributions are identified.

• The drive moment of the strain wave gear varies sinusoidally over a rotation
of the drive train axis [174]. This causes fluctuations in the angular position
of the input axis, and thus the output axis.

• The gear ratio of the strain wave gear is subject to periodic inaccuracies
[158]. These kinematic errors cause the angular position of the output axis
to fluctuate, for a constant velocity of the input axis.

Both disturbances result from manufacturing tolerances, and the over-constrained
nature of the strain wave gear design (angular position fixed at two circumferential
points). They occur predominantly at twice the rotational frequency of the input
axis, and to a lesser extent at higher harmonics. At velocities between 15°/s and
40°/s, the disturbance frequencies pass the first resonance frequencies of the setup.
As these frequencies lie well beyond the control bandwidth (4 Hz), the resulting
fluctuations of the output axis are not counteracted effectively by the position
control loop. At higher velocities, the output fluctuations decrease due to inertial
decoupling.
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The magnitude of both disturbances is determined by rotating axis 4 at a velocity
of 5°/s and 0.1°/s (Figure 4.30, left and right). At 5°/s, the main disturbance
frequency (4.5 Hz) lies just above the control bandwidth, and below the first
eigenmodes (∼12 Hz). Oscillations are therefore hardly attenuated by the FB
controller, and without significant dynamic amplification. The input and output
encoder (1 and 2 respectively) both show a servo error of approximately 1.0 · 10−3

rad, with an in-phase, sinusoidal fluctuation (top left image, ϕ4,2 and ϕ4,1). The
amplitude of the input axis oscillation (blue) is approximately ±0.4 · 10−3 rad.
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Figure 4.30: Servo errors (top) and encoder difference (bottom) of axis 4, at low output
velocities. Left/right: 5°/s and 0.1°/s, resulting in disturbances of 4.5 and 0.09 Hz respectively.

At 0.1°/s, the fluctuations in the servo error are significantly reduced by the po-
sition control loop (top right image). The difference between the encoder signals
(bottom right image) is now solely caused by kinematic errors. Based on this, the
amplitude of the kinematic error is estimated at ±1.0 · 10−4 rad. As such, servo
error fluctuations due to periodic variations of the drive moment, appear to be
4× larger than the kinematic error, at practical velocities (≥5°/s). The influence
of drive moment variations is therefore considered dominant for resonance excita-
tion. In Section 4.7, a high-bandwidth velocity control loop is added to the control
architecture. This reduces oscillations due to drive moment variations, and im-
proves reference tracking in general. Furthermore, several methods are explored
to suppress resonance excitation as a result of the kinematic error.

To quantify the reproducibility of the setup, servo errors are compared for ten
movements with an identical reference trajectory. All measurements are separated
by a 3 minute pause, and movements to and from the neutral position. Figure
4.31 depicts the results for axis 3 (left) and 4 (right). The top images indicate
the reference trajectory. It comprises two sections, downwards and upwards. The
data of all measurements are synchronised at the beginning of each section, to
overcome timing differences caused by the motion controller. For each axis, an
average servo error profile is computed over all measurements (third image from
the top, 〈δϕ3〉 and 〈δϕ4〉). The deviation of individual servo error profiles w.r.t.
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the average (bottom images) characterises the reproducibility. The servo error
reproducibility of axis 4 is globally within ±2.0 · 10−4 rad. The error profiles of
axis 3 show peak deviations up to ±6.0 · 10−4 rad. Hereby, the preliminary results
exceed the reproducibility targets for high- and low-contrast 3D imaging (6.5 · 10−5

rad and 2.0 · 10−5 rad respectively, Section 3.2.2) by over a factor 10.
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Figure 4.31: Reproducibility measurement over 10 scan motions. Top to bottom: reference
trajectory, drive train deflection, average servo error, deviation of servo error w.r.t. average.

The peak reproducibility errors in axis 3 seem to originate from t = 1.2 s. Here,
the drive train deflection (second image from top) approaches, and passes through
zero. Without deflection (absence of moment load), the stiffness of the strain wave
gear is lowest, and the width of the hysteresis loop largest (Figure 4.5). This leads
to relatively large semi-static, and dynamic position uncertainties, especially in
combination with the excitation from the drive train. Based on this, it is expected
that the reproducibility of the setup can be greatly improved upon, by optimising
the control architecture. Here, focus should be on the following points.

• Addition of a compliance compensation scheme to the feedforward model, for
prediction of drive train deflections (including the effects of virtual backlash).

• Suppressing excitation of resonant dynamics (Section 4.7.2), so that the low-
stiffness region of the SWG is passed with less oscillatory motion.
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The latter could also reduce friction variations, as [174] describes friction increases
for strain wave gears at resonant conditions.

A small amount of angular backlash is observed in the internal straight guide of
the gas spring. This could cause friction variations, due to a skewed position of the
piston rod w.r.t. the cylinder. During the gas spring compression tests (Section
4.3), this effect was likely suppressed by applying a purely vertical load. In further
prototype development, a force transducer or strain guage can be integrated in
one of the gas spring end pieces. Hereby, short- and long-term variations in the
gas spring force (e.g. due to wear) can be characterised, and accounted for in the
feedforward model.

The analysis above identifies reproducibility errors in the actuated DoFs only.
These errors can be measured by the encoder systems, and are therefore observable.
In future work, an external measurement principle should be applied to quantify
non-observable errors, e.g. due to hysteresis and non-rigid body behaviour. Their
magnitude and variation is expected to be relatively small, given the high stiffness
and low hysteresis in structural parts and bearings (Section 4.1, Appendix I). If so,
most of the non-reproducibility in the focal spot positioning can be quantified from
the encoder signals, and compensated for in the reconstruction algorithms. This
approach does not remove the need for increased motion performance. However, it
might allow for mechanical reproducibility requirements to be somewhat relaxed,
presuming that sensory uncertainty levels are sufficiently small.

4.7 Performance improvement

In pursuit of improved motion performance, several modifications are implemented
to the control architecture. Section 4.7.1 introduces the use of cascaded control.
Here, a high-bandwidth collocated velocity loop is added to the original control
architecture for better reference tracking. In Section 4.7.2, several methods are
explored to compensate for drive train deflections, and the kinematic error of the
strain wave gear. The resulting motion performance is presented in Section 4.7.3.

4.7.1 Cascaded control

Figure 4.32 depicts the modified control architecture. A cascaded feedback control
structure is used for each axis. This structure includes a velocity loop and a posi-
tion loop (highlighted in orange and light blue respectively). The controllers of the
velocity loops (Cv,3, Cv,4) act on the difference between a velocity setpoint (ϕ̇setp,3,
ϕ̇setp,4) and the derivative of the drive train encoder signal (ϕ̇3,1, ϕ̇4,1). The veloc-
ity setpoints (ϕ̇setp,3, ϕ̇setp,4) result from the output of the position controllers and
the reference velocities (ϕ̇3,r, ϕ̇4,r). A velocity feedforward signal (ϕ̇FF,3, ϕ̇FF,4) is
added to the velocity setpoints for compensation of drive train deflections, and the
kinematic error of the strain wave gears. For a similar purpose, acceleration feed-
back is applied by subtracting signals Ma,3 and Ma,4 from the moment setpoints
that result from the control loops. Both methods are discussed in Section 4.7.2.
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The actuator and encoder system included in each velocity loop are collocated.
The open-loop frequency response function of the system controlled by the ve-
locity loop (Figure 4.33, left, Gv) is therefore dominated by a single eigenmode.
Near this resonance, Gv exhibits a positive phase shift. Combined, these factors
enable the control bandwidth of the velocity loop to be chosen higher (50 Hz),
than the bandwidth of the original non-collocated position control loop (4 Hz,
Figure 4.23). This significantly reduces tracking errors, which arise from feed-
forward inaccuracies, drive train deflections, and (periodic) friction fluctuations.
The velocity controllers (Cv,3, Cv,4) consist of a proportional gain, and an integral
filter (Figure 4.33, left, Cv,I). The latter increases the control gain at frequencies
below 1 Hz, for improved tracking of the reference velocity (ϕ̇3,r, ϕ̇4,r, f∼0.25 Hz,
Section 3.4.4).
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Figure 4.33: Control design of velocity loop (left) and position loop (right) for axis 4 (feasibility
setup in neutral posture, ϕ3 = −20°, ϕ4 = 20°).

The position control loops have a bandwidth of 3 Hz (Figure 4.33, right). The
position controllers Cp,3 and Cp,4 comprise a low-frequency integral filter (Cp,I), a
low-pass filter (Cp,LP), two notch filters (Cp,N1, Cp,N2), a lead filter (Cp,L, phase
addition <10°), and a proportional gain. All filters in Cp,3 and Cp,4 are designed
by analysis of the transfer function matrix Gp, which includes the closed velocity
loop. A classic gain scheduling approach (as presented in Section 4.5.1 is used to
vary the parameters of the velocity and position controllers with the pose of the
system.

With the addition of the velocity loop, the decoupling controller Cd is set to the
identity matrix. Despite this, the control block has been retained for completeness
and future developments.
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4.7.2 Compensation of drive train deflection and kinematic errors

The feedforward velocity signals ϕ̇FF,3 and ϕ̇FF,4 consist of two contributions
(Equation 4.32, illustrated for ϕ̇FF,3). ϕ̇CC,3 is used for compensation of drive
train deflections. ϕ̇KE,3 enables resonance excitation due to the kinematic errors
of the strain wave gear (Section 4.6) to be suppressed.

ϕ̇FF,3 = ϕ̇CC,3 − ϕ̇KE,3 (4.32)

ϕ̇CC,3 represents the drive train velocity needed to compensate for the momentary
change in drive train deflection. It is computed in the feedforward model according
to Equation 4.33. Here, Ml,3 represents the moment required to counteract the
external load on axis 3. kSWG and iSWG are the strain wave gear stiffness and
ratio.

ϕ̇CC,3 =
δ

δt

(
Ml,3

kSWG

)
/iSWG (4.33)

The kinematic error of the strain wave gear can be approximated as a sinusoidal
function, which is periodic over the rotation of the input axis (Equation 4.34). It
can be partially compensated by applying a fluctuation to the rotational velocity
of the input axis (ϕ̇KE,3, Equation 4.35, approach based on [175]). The magnitude
(|ϕKE,3|) and phase ∠ϕKE,3 are tuned manually, to suppress oscillations of the
motion stage output.

ϕKE,3 ≈ |ϕKE,3| · sin (2ϕ3,r/iSWG +∠ϕKE,3) (4.34)
ϕ̇KE,3 = 2ϕ̇3,r/iSWG· |ϕKE,3| · cos (2ϕ3,r/iSWG +∠ϕKE,3) (4.35)

As a second method of compensating for the kinematic error of the strain wave
gear, acceleration feedback is applied [176]. Here, a signal (Ma,3, Ma,4) is sub-
tracted from the moment setpoints that result from the control loops (MFB,3,
MFB,4, Figure 4.32). Ma,3 and Ma,4 are generated by passing the output encoder
signal (ϕ3,2, ϕ4,2) through a bandpass filter (CBP, Equation 4.36), taking the sec-
ond derivative, and multiplying it by a gain (Ka,3, Ka,4). Hereby, this additional
feedback mechanism counteracts unwanted accelerations of the output axis.

CBP =
s2

s2 + 2ζBPωHP · s + ω2
HP
·

ω2
LP

s2 + 2ζBPωLP · s + ω2
LP

(4.36)

The non-zero pole pairs of the bandpass filter (Equation 4.36) are placed at a fre-
quency of ωHP/(2π) = 10 Hz and ωLP/(2π) = 125 Hz respectively. The damping
ratio ζBP is set to 0.3, to ensure relatively little phase change in the frequency range
of interest (±25° between 15 and 75 Hz). The values of Ka,3 and Ka,4 are manually
tuned to 0.2 and 0.1 respectively. Hereby, satisfactory results are achieved without
inducing instability (Section 4.7.3). For further improvement, a pose-dependency
could be implemented in the gain values. The use of a velocity-dependent inverse
notch filter [177] could be considered for focussing the acceleration feedback to a
more specific range of frequencies.
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The use of velocity feedforward and acceleration feedback are found to result in
similar suppression of resonance excitation due to the kinematic errors of the strain
wave gears (see Figure 4.37 for comparison). The second method uses feedback,
instead of feedforward. Its effectiveness is therefore less dependent on system
specific tuning, and variation of the kinematic error over time (e.g. due to wear).
It also suppresses disturbances that are not represented by signals ϕ̇KE,3 and ϕ̇KE,4
(e.g. error contributions at higher harmonics). The use of acceleration feedback is
therefore preferred over the velocity feedforward approach, and applied to achieve
the results of Section 4.7.3.

4.7.3 Performance results

Figure 4.34 depicts the motion performance over a high-velocity trajectory, after
application of the cascaded control structure, acceleration feedback, and velocity
feedforward for compliance compensation. The results of axis 3 and 4 are shown
left and right respectively. The reference trajectory is shown in the top images.
The middle images depict the moment setpoints (Msetp,3, Msetp,4) in blue. In
comparison to the original results (Figure 4.28), the moment setpoints show sig-
nificant high-frequent oscillation. These oscillations are generated by the velocity
control loop and acceleration feedback, for compensation of friction variations and
kinematic errors in the strain wave gears. The servo errors of both axes (δϕ3,
δϕ4) are shown in the lower images. Here, the dashed lines indicate the accuracy
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target, as defined in Section 3.2.2 (±0.5 mrad). The servo error of both axes lies
well within the target. The largest servo errors occur at the start and end of each
movement, and results from the strain wave gear kinematic error. These errors
are not compensated for as the frequency (∼5 to 10 Hz) lies below the passband
of the acceleration feedback filter.

Figure 4.35 depicts the results from 10 dual-axis movements, with an identical
reference trajectory (comparable to Figure 4.31). The average servo error profile
is shown in the middle images. The lower images depict the deviation of the servo
errors with respect to the average, for each movement. The servo error variation
lies well within the reproducibility target for high-contrast 3D imaging (±6.5 · 10−5

rad). Apart from several outliers, the reproducibility target for low-contrast 3D
imaging (±2.0 · 10−5 rad) is also achieved. Here, excitation of resonances due to
drive train disturbances (e.g. for axis 4, 0-1 and 4-5 s, dotted lines) appears to be
limiting for the achievable servo error reproducibility. In future work, more robust
and effective methods for suppressing oscillations due the kinematic error of the
strain wave gears could therefore be explored. In [178], an active compensation
method is proposed, which includes a model of the system dynamics. As an alter-
native (or addition), repetitive [179] or learning control [180] could be promising,
given the reproducible yet complex characteristic of the kinematic error.
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For comparison, Figure 4.36 depicts the average servo error (middle images), and
the worst variation in the servo errors (lower images), resulting from measure-
ments with the original and modified control architecture (red and blue lines re-
spectively). The modified control architecture has improved the motion accuracy
and reproducibility by up to 8× and 16× respectively.
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Figure 4.36: Comparison of average servo error (top) and worst deviation of servo error w.r.t.
average over 10 scan motions, with original (red) and improved (blue) control architecture.

Figure 4.37 compares the effect of the compensation methods presented in Section
4.7.2. The top images depict the servo errors of both axes over a high-speed
trajectory, without compensation of the drive train deflection or the kinematic
errors. The second and third images from the top show the result after applying
velocity feedforward or acceleration feedback respectively, for compensation of the
kinematic error of the strain wave gears. For this trajectory, resonance excitation is
suppressed slightly better by the velocity feedforward. However, the effectiveness
of this method is observed to vary for trajectories at different velocities. The servo
errors shown in the lower images are acquired by applying acceleration feedback for
suppressing resonance excitation by the kinematic errors, and velocity feedforward
for compensation of drive train deflections. The effect of the latter can be seen
most clearly upon rapid changes in the drive train load, for example in axis 4,
1.5-2.5 s, and 3-4 s (dotted lines).



4.7. Performance improvement 141

0 1 2 3 4 5
-120

-80

-40

0 1 2 3 4 5
40

80

120

160

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

0 1 2 3 4 5
-6

-3

0

3

6
10 -4

ϕ
3
[d
eg
]

ϕ
4
[d
eg
]

δϕ
3
[r
a
d
]

δϕ
3
[r
a
d
]

δϕ
3
[r
a
d
]

δϕ
3
[r
a
d
]

δϕ
4
[r
a
d
]

δϕ
4
[r
a
d
]

δϕ
4
[r
a
d
]

δϕ
4
[r
a
d
]

t [s] t [s]

t [s]t [s]

t [s] t [s]

t [s] t [s]

t [s] t [s]

No compensation

Sinusoidal velocity FF

Acceleration feedback

Acc. FB + compliance comp.

No compensation

Sinusoidal velocity FF

Acceleration feedback

Acc. FB + compliance comp.

Figure 4.37: Comparison of servo errors over high-speed trajectory, top to bottom: no com-
pliance or kinematic error compensation, kinematic error compensation by velocity feedforward,
kinematic error compensation by acceleration feedback, and acceleration feedback and compli-
ance compensation combined.

With the application of the acceleration feedback, the maximum amplitude of
dynamic oscillations is reduced from 0.4 and 0.6 mrad (top images), to 0.2 and 0.3
mrad (lower images), in axis 3 and 4 respectively. The angle of both axes can be
translated to the position error of the load block centre point, in y- and z-direction
(Figure 4.38, left/right). This is done using the kinematic representation of Figure
4.27 (structural links assumed to be rigid).

The position error of the load block is used to assess whether the resulting dynamic
vibrations are sufficiently small. To avoid image blurring, a maximum 3D vibra-
tion amplitude of the focal spot (50 µm) is specified in Section 1.4.1 (indicated by
dashed lines). In the beginning, end, and middle of the 3D scan trajectory, large,
low-frequency oscillations are visible. These oscillations result from the kinematic
error of the strain wave gear. They are not efficiently compensated by the acceler-
ation feedback due to the low frequency (∼5 Hz, below limit of bandpass filter).
Despite the large amplitude, these oscillations are expected to have a limited effect
on image quality. The period of the oscillation (0.2 s) is large compared to the
typical acquisition time for 3D imaging (∼10 ms, [78]). Therefore, only a part of
the maximum amplitude is observed during image acquisition.
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Figure 4.38: Position error of load centre point in y- and z-direction, computed from the
reference trajectories and output encoder data of axis 3 and 4.

In the remainder of the scan trajectory, the vibration amplitude in y- and z-
direction is below 50 µm. Combined, however, the oscillations excited by axis
3 and 4 take up a large part of the budget. This leaves little room for other
sources of dynamics, such as the propagation of floor vibrations, and excitation
from other motion stages. The latter is expected to be dominant over the prior,
based on the results presented in Section 4.6 and 4.7. It is therefore desirable to
further eliminate both the low- and high-frequent oscillations as a result of drive
train excitation. To this end, future work could focus on the implementation of
the methods mentioned above ([178, 179, 180]). Besides this, it seems relevant to
perform a more thorough investigation of the oscillatory behaviour with prototypes
of the remaining motion stages attached. This enables the influence of added
damping (drive train friction), and the excitation or dynamic decoupling due to
additional eigenmodes to be investigated.



Chapter 5

Conclusions and recommendations

This chapter summarises the main conclusions of this thesis. Recommendations
are given for future research, and further design development.

5.1 Conclusions

The C-arm architecture of interventional X-ray systems sufficed for achieving imag-
ing performance over past decades. However, in current day applications, its mo-
tion performance significantly affects image quality, and the required patient dose.
The architecture combines a long, varying, and rather compliant structural path,
with a form-closed roller guidance system. This leads to a low stiffness-to-mass
ratio and backlash, resulting in semi-static deflections, reproducibility errors, and
motion-induced oscillations. As a result, image resolution is limited by blurring,
instead of by the detector pixel size. Furthermore, added patient dose due to semi-
static deflections (∼8% to 15%) is now considerable, in view of dose reductions
achieved by modern imaging equipment and processing algorithms.

Novel clinical applications require imaging performance at (or beyond) the limit
of what today’s systems can achieve. In neural soft tissue imaging, one of the lim-
itations for preventing motion artifacts, is the relatively large scan duration. This
application could benefit significantly from a dynamically more stable architecture,
which can reach strict reproducibility targets (±30 to ±100 µm) over faster scan-
ning motions. From a usability point-of-view, systems should be less obstructive,
and more flexible in use. This enables them to fit in a broader range of treatments,
and increasingly more crowded interventional rooms. On the other hand, a grow-
ing trend is observed towards smaller medical facilities that necessitate a compact
system, with less stringent installation requirements and lower cost. As such, both
a need and opportunity exist, for innovating on the mechatronic architecture in
various application-specific areas.
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In this thesis, three novel system architectures are introduced, which target to
simultaneously improve on performance, clinical usability, and/or cost. The first
system improves both the image quality and clinical usability of 3D scans. A
dual stage design allows for significantly extended and faster scanning motions,
with a 55% smaller footprint in the operating room. Its semi-kinematic roll guide
design results in less nonlinear behaviour, and improved alignment of the imaging
equipment (30%). The second system decreases cost and installation requirements,
while maintaining and adding to the current imaging capabilities. By reconsidering
the required Degrees of Freedom (DoFs), a lightweight design is created (>50%
mass reduction), with an improved stiffness-to-mass ratio. System 3 pursues high-
end performance and optimised workflow, at reduced overall cost. It replaces the
fixed C-arm by two separate mechatronic positioning systems. These are designed
for compactness and minimal obstruction, by making optimal use of the space
available in the interventional room. The use of separate positioning systems
enables static and low-frequency alignment errors to be compensated for. System
3 was therefore chosen to be most promising for future applications, in terms of
both usability and imaging performance.

In the remainder of the thesis, further development of system 3 was presented.
Here, focus is on the detailed design for the Source Positioning System (SPS). It
is most heavily loaded (41 kg, X-ray source and collimator), requires the largest
range of motion, and has to fit in a small design volume beneath the patient table.
Its redundant kinematic layout comprises a 6 DoF articulated arm, mounted to a
linear translation stage (7 DoFs in total). This gives the system a compact neutral
posture, while enabling large-range scan motions to be performed. The proposed
SPS design has a total moving mass below 200 kg. The lightweight design com-
prises closed-boxed structures, in which most material is placed at the outer fibre.
This results in a high (angular) stiffness. Compactness is achieved by means of high
gear ratio drive trains, and a passive weight compensation system. The latter re-
duces gravity-dominated moment loads. It enables a compact and nearly identical
drive train to be designed for rotational axis A2, A3, and A4. Herein, predictable
mechatronic behaviour is targeted, by eliminating backlash, and minimising non-
reproducible effects (friction and hysteresis). Both principles contribute to servo
error reduction, by a maximised feedback control bandwidth, and application of
accurate feedforward control. The modular design is scaled down to rotational
axis A5 and A6. Additional design details are given for axis A1 and A7. From
the proposed system design, a feasibility setup was realised. This setup includes
the most critical motion stages (A3, A4), and the weight compensation system. It
enables experimental validation of the mechanical properties, dynamics, and the
achievable motion performance. The setup is designed such that it can later be
extended with prototypes of the remaining motion stages.

The mechatronic design of the SPS targets an X-ray alignment accuracy of ±1
mm. Hereby, the complete architecture is expected to achieve overall alignment
errors smaller than ±2 mm. Compared to state-of-the-art C-arm systems (4 to
6.5 mm border errors), this reduces the excess radiation dose due to alignment
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errors by 50% to 70%, leading to an absolute reduction in patient dose of 6% to
8% (Section 1.3.3). Besides this, a tracking reproducibility of ±30 to ±100 µm is
pursued for scan trajectories with a 20% increased velocity (210° in 4 s). Due to the
relatively large length of the articulated arm, and the distance between the source
and detector, angular errors dominate the positioning performance. Accuracy
and reproducibility targets of ±0.5 · 10−3 rad, and ±2.0 · 10−5 to ±6.5 · 10−5 rad
respectively, are therefore set for the rotational motion stages.

The achievable motion performance of the source positioning system was evalu-
ated by means of modelling and experiments. Stiffness and hysteresis values are
validated by static load-deflection testing, on a single axis prototype. The values
found correspond to gear specifications, and match the results from finite element
analyses to within 15%. The rotational motion stages have a dominant compli-
ance in the driven direction. Structural parts are dimensioned to have an angular
stiffness that is one order of magnitude higher. A rigid-link multi-body model
is therefore used to predict pose-dependent variations in the system dynamics.
This model includes fourth-order representations of the rotational motion stages.
To verify the modelling approach, predicted frequency response functions were
compared to frequency-domain identifications of the feasibility setup. Here, the
modelled behaviour accurately resembled that of the setup, including the magni-
tude and phase shift near bandwidth-limiting resonance frequencies (10 to 12 Hz).
As such, a feedback control bandwidth of 4 Hz was concluded to be achievable, by
model-based interaction analysis and feedback control design. The latter includes
pose-dependent tuning of a decoupling pre-compensator, notch filters, and PID
control parameters. Further experiments have focussed on identification and mod-
elling of the drive train friction, and the behaviour of the weight compensation
system. Both contributions have a significant influence on the drive train loads.
They are more difficult to predict than gravitational and inertial forces, due to
dependencies on temperature and velocity. A sensor-based grease temperature es-
timation, and thermodynamic models are presented, by which these contributions
can be predicted to within ±10% and ±1% respectively.

Based on foregoing results, a pose-dependent position control loop and feedfor-
ward model are implemented on the feasibility setup. Servo error measurements
are conducted over high-speed scan trajectories. Initial results are used to define
and implement several modifications of the control architecture, in pursuit of im-
proved performance. A cascaded control structure, with a high-bandwidth velocity
loop is added for better reference tracking. Furthermore, velocity feedforward, and
acceleration feedback are applied for compensation of drive train deflections, and
suppression of resonant behaviour due to the kinematic error of the strain wave
gears. With these modifications, the setup is shown to achieve the specified accu-
racy and reproducibility targets. Hereby, the technical feasibility of the proposed
architecture and design is substantiated.
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5.2 Recommendations

Below, several recommendations are given for further development of the proposed
designs and feasibility setup. Furthermore, topics for future research are suggested.

Source positioning system
For a second prototype design, the strain wave gear reduction ratios in axes
A2/A3/A4 should be revised according to Section 4.2.2. It is estimated that this
enables the frequency of the first eigenmodes, and hence the control bandwidth to
be increased by >15%, due to a better inertial match.

In axis A1 (Section 3.7) four track roller bearings constrain the carriage in z-, ϕ-
and ψ-direction. Here, a symmetric supporting stiffness is chosen over an exact-
constrained design. The torsional stiffness of the carriage should be analysed, to
verify if it is sufficiently low for use of an over-constrained bearing setup. If not,
two of the rollers could be mounted to the carriage via a whiffle-tree construction

In the design of axis A7 (Section 3.6), a ∅190×50 mm space is reserved for the
shutter modules of the collimator (dimensions based on [111]). It should be decided
if additional optical components (e.g. spectral filters) are needed, and wether these
fit within the space of the hollow-axis design.

Options for external routing of cables and coolant hoses to the X-ray source are
proposed (see Appendix H). Here, further development requires details of the X-
ray source that will be used (e.g. cable type, connector orientation).

A future design update could feature single-piece links, in contrast to the assembly
of stand-alone submodules as proposed for the prototype setup. This enables
external cable routing, and the design in general to be further optimised for reduced
obstruction and better aesthetics.

Detector positioning system
In this thesis, a conceptual design is proposed for the Detector Positioning System
(DPS, Figure 2.19). Parallel work by students has resulted in detailed designs
for the telescopic translation stage (axis A11), and the rotational modules for
the detector (axes A12/A13, Appendix E). The horizontal links (L11/L12) and
corresponding rotational stages A8/A9/A10 are still to be designed. Here, the
different embodiments (for use with, and without sterile air flow systems, Section
2.4.2) should be kept in mind. These require a modular link design, which can
easily be produced at various lengths.

Feasibility setup
In Section 4.6, several modifications of the feasibility setup and its control archi-
tecture are recommended. Some have already been implemented and discussed
in Section 4.7. Others can still be explored or further extended. In pursuit of
near-future performance improvements, research could focus on the following.
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• Compliance compensation scheme: include non-linear stiffness of strain wave
gear, and effects of virtual backlash.

• Acceleration feedback: implement pose-dependency in gain, possibly replace
bandpass filter by inverse notch filter [177] (Section 4.7.2).

• Kinematic error compensation: optimise resonance suppression by e.g. [178]
(Section 4.7.3), for reduction of vibration amplitudes and peak reproducibil-
ity errors.

• Feedforward: integrate force transducer or strain gauge in gas spring at-
tachment, to characterise short- and long-term force variations (e.g. due to
wear).

From a broader perspective, the setup and the underlying application could benefit
from a variety of control theory disciplines. The use of linear parameter-varying
control, and repetitive/learning control were suggested in Section 4.5.1 and 4.7.3.

For control-related research to be conducted safely, additional safety measures
must be implemented (in software and/or hardware). The existing control archi-
tecture features basic safety checks only. The setup could therefore damage itself
and its environment, if those who operate it are unaware of its mechanical limits.

Topics for future research
Throughout this PhD project, the clinical market segment that is to be targeted
by a system with mechatronic alignment of the imaging equipment, has been the
topic of discussion. The proposed system architecture can be configured for either
entry-level, or high-end clinical applications. As the latter prospective fits best
with a technical research project, it was chosen to work towards, or rather to
beyond high-end requirements. This has resulted in the realisation of a feasibility
setup, by which the author strived to set the basis for a research platform. Its
intended purpose is to not only validate specifications that should be achieved,
but also to further investigate what could be achieved. Here, novel capabilities
should be targeted as a means to solve existing (and new) challenges, instead of
being considered merely an extra. Besides extending the setup with the remaining
motion stages, and optimising motion performance, future research is therefore
suggested to focus on the following topics.

In terms of performance, a main advantage of using separate positioning systems is
the ability to compensate for semi-static misalignments of the imaging equipment.
This ability can only be used to its full potential, if the relative position of the X-
ray source and detector can be quantified, preferrably in real time (Section 2.4.3).
The development of an internal or external measurement principle is therefore
expected to trigger future performance enhancements.

The compliance and hysteresis in the actuated degrees of freedom are shown to be
dominant over non-rigid body behaviour in structural parts and bearings (Section
4.1 and 4.2). Based on this, it is expected that most of the focal spot reproducibil-
ity errors can be quantified from the encoder signals (Section 4.6), and future
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measurement principles. By compensating for these errors in the reconstruction
algorithms, mechanical reproducibility requirements, and the need for extensive
calibration could be somewhat relaxed, presuming that sensory uncertainty levels
are sufficiently small.

All system architectures proposed in this thesis, comprise structural parts that
move in close proximity to medical personnel. To improve safety, and ensure risk-
free operation by users, concepts from the fields of collaborative and autonomous
robotics could be implemented. Here, the collision avoidance framework of [181]
is considered the most recent and relevant example. From the perspective of
collision avoidance, manipulators with kinematic redundancy (such as the SPS)
can be particularly useful.
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Appendix A

Image chain position errors

This appendix expresses and compares the influence of focal spot, detector, and
object displacements on the image. Figure A.1 depicts a schematic representation
of the imaging chain. The position vectors of the Focal Spot (−→FS) and Flat Panel
Detector (−−→FPD) are given w.r.t. the isocentre (equation A.1). Since the FS can
be considered to be a point source, its orientations are neglected.

−→
FS =

[
xF yF zF

]T ,
−−→
FPD =

[
xD yD zD ϕD ψD θD

]T (A.1)

−→po

−→pI

−→
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−−−→
FPD
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x y
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S
O
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Figure A.1: Imaging chain, with −→FS, −−→FPD, object (~pO), and image position (~pI).
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(Part of) the object lies at point ~pO in the isocentre x− y plane. The image of this
(part of the) object is projected on the FPD plane at point ~pI . ~pO and ~pI are both
planar coordinates, given by equation A.2). In a non-displaced state, the FPD
x− y plane is assumed to be parallel to the isocentre x− y plane. This allows for
~pI to be expressed as shown in equation A.3. Displacements or oscillations of the
object (such as in [4]) can similarly be translated to the image (equation A.4).

~pO =
[
xO yO

]T , ~pI =
[
xI yI

]T (A.2)

~pI = ~pO ·
SID
SOD

(A.3)

δ~pI =
[
δxO δyO

]T · SID
SOD

(A.4)

Next, the object is assumed to be stationary. This enables displacements or os-
cillations of the FS and FPD position to be converted to an error in the image
position (equation A.5, [45]).

δ~pI = Simg

[
δ
−→
FS

δ
−−→
FPD

]

=

−
OID
SOD 0 xO ·OID

SOD2 −1 0 xO
SOD

xOyO ·SID
SOD2 − x2

O ·SID
SOD2

yO ·SID
SOD

0 −OID
SOD

yO ·OID
SOD2 0 −1 yO

SOD
y2

O ·SID
SOD2 − xOyO ·SID

SOD2 − xO ·SID
SOD





δxF
δyF
δzF
δxD
δyD
δzD
δϕD
δψD
δθD


(A.5)

For (parts of) objects that are on the centreline of the imaging equipment (xO =
yO = 0), equation A.5 reduces to equation A.6. This equation can be further
simplified by assuming that focal spot and detector displacements are of the same
order of magnitude (O(δxF) = O(δxD) = δxF/D, equation A.7). Comparison of
eq. A.7 and A.4 shows that for centreline imaging, the effect of combined, equal
magnitude focal spot and detector displacements, is identical in magnitude to the
effect of object displacements.

δ~pI =

−(δxF · OID
SOD + δxD)

−(δyF · OID
SOD + δyD)

 (A.6)

=

[
−δxF/D
−δyF/D

]
·
(

OID
SOD

+ 1
)
= −

[
δxF/D
δyF/D

]
· SID

SOD
(A.7)



163

The sensitivity for vertical displacements (δzF, δzD), and angular displacements of
the detector (δϕD, δψD, δθD) increases for objects that are at a distance from the
imaging chain centreline (xO, yO 6= 0). Hereby, the sensitivity is largest, at the
edge of the image (eq. A.5, Simg). Common values for the SOD and OID are 810
and 300 mm respectively. At these distances, the largest detector area (380x294
mm) is filled by an object of 277x215 mm. Since the maximum object coordinates
are half of the object length / width, ~pO,max =

[
139 107

]T mm. Evaluating the
sensitivity matrix Simg (eq. A.5) for ~pO,max results in equation A.8.

δ~pI = Simg

[
δ
−→
FS

δ
−−→
FPD

]
=

[
−0.37 0 0.06 −1 0 0.17 0.03 −0.03 0.15

0 −0.37 0.05 0 −1 0.13 0.02 −0.03 −0.19

]


δxF
δyF
δzF
δxD
δyD
δzD
δϕD
δψD
δθD


(A.8)

From equation A.8, the most critical displacement directions can be identified:

• Focal spot: δ~pI is influenced most by FS displacements in x- and y-direction.

• Detector: δ~pI is influenced most by FPD displacements in x- and y-, and
angulation in θ-direction.

For a worst-case approximation of the effect of combined FS and FPD oscillations,
displacements are assumed to take place along the critical directions. Translations
of the FS and FPD take place along the x− y direction, and are of equal magnitude
(80 µm). Angulation of the detector is assumed to be in the θ-direction. This
angular displacement is estimated to be less dominant in the system behaviour,
and is given a magnitude of∼0.2 mrad. Above assumptions allow for the oscillation
amplitudes to be expressed as:

• |−→FS| =
√

δx2
F + δy2

F + δz2
F = 80 µm→ δzF = 0→ |δxF| = |δyF| = 1√

2
· 80 µm

• |−−→FPDx,y,z| =
√

δx2
D + δy2

D + δz2
D = 80 µm→ δzD = 0→ |δxD| = |δyD| = 1√

2
· 80 µm

• |−−→FPDϕ,ψ,θ | =
√

δϕ2
D + δψ2

D + δθ2
D = 0.2 mrad→ δϕD = δψD = 0→ |δθD| = 0.2 mrad

The translational and angular oscillations (δ−→FS, δ
−−→
FPDx,y,z, δ

−−→
FPDϕ,ψ,θ) are con-

sidered to be statistically uncorrelated. Their contributions can therefore be
computed by evaluating equation A.8, and taking the root-sum-squared (equa-
tion A.9). The combined oscillations of the FS (80 µm) and FPD (80 µm, 0.2
mrad) result in a root-sum-squared error of the image position, with magnitude
|~pI | ≈

√
702 + 702 ≈ 100µm.
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δ
−→
~pI = Simg

 δ
−→
FS

δ
−−→
FPD

 =

√(0.37 · δxF)2 + (δxD)2 + (0.15 · δθD)2√
(0.37 · δyF)2 + (δyD)2 + (0.19 · δθD)2

 ≈
70
70

 µm (A.9)

For comparison, the image error due to an object oscillation of identical magnitude
is computed. This is done by evaluating equation A.4 for |~pO| = 80µm → δxO =
δyO = 1√

2
· 80 µm. The resulting position error of the image (eq. A.10) has a

magnitude of |~pI | ≈
√
802 + 802 ≈ 110µm.

δ~pI =

δxO

δyO

 · SID
SOD

=

 1√
2
· 80

1√
2
· 80

 µm · 1110810 ≈

80

80

 µm (A.10)

Within the assumptions mentioned in this appendix, object oscillations and com-
bined FS and FPD oscillations result in a nearly equal position error of the image.
This is due to scaling effects in the imaging chain, and the assumption that FS
and FPD displacements are statistically uncorrelated. In section 1.3.3, this con-
clusion is used to translate object-based oscillation requirements (found in [4]) to
vibration requirements for the FS and FPD.



Appendix B

Alternative embodiments of system 1

This appendix shows three alternative embodiments of system 1. In the embod-
iment of Figure B.1, structural arms 6 and 7, are given a non-identical angular
span (ψ6 6= ψ7, e.g. 50° and 40°). The length of arm 6 is made larger than the
length of arm 7. This increases the height (h), and decreases the radius w.r.t.
rotary joint 3, at which joint 8 moves during an extended roll scan. Hereby, the
footprint of the system is reduced.

Figure B.1: Alternative embodiment of system 1: non-identical lengths of arms 6 and 7, for
smaller footprint and increased height h.

The scan motion depicted in Figure B.1 has a range of 210°. The RCM stage
provides for 80° of this motion (2×ψ7). The roll motion (1) has a range of -60°
to +70°. During this movement, the C-arm (4) and roll guide (5) remain oriented
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along the x− z plane. This embodiment is also capable of an extended roll scan
with a range up to 300°. Hereby, joints 2, 3, and 8 should rotate simultaneously
over 180°, 180° and 360° respectively (similar to Figure 2.6). Note, that during
such a movement, the C-arm and roll guide are moved out of the x− z plane by 10°
(ψ7 − ψ6). This results in a non-planar scan trajectory, which can be beneficial
for 3D image quality (Figure 1.19, [34]).

Figure B.2 shows a second alternative embodiment of system 1. The system is
depicted at the start and end position of a 210° roll scan. Arm 6 is again given
a larger angular length than arm 7. This reduces the system footprint, as shown
by the first alternative embodiment. Additionally, arm 6 and 7 are given a con-
forming shape, to reduce the required ceiling height (hceil). Arm 6 has two radii
of curvature. Hereby, it follows the contours of the C-arm (4) and roll guide (5).
The smaller radius section has an angular length larger than the angular length of
arm 7 (ψ7). This reduces the vertical space required for the RCM stage (Figure
B.2, right). In this specific example, the required ceiling height (hceil) is reduced
from 2900 mm (original embodiment) to 2750 mm.

Figure B.2: Alternative embodiment of system 1: non-identical lengths and conforming shape
of arms 6 and 7, for smaller footprint and reduced ceiling height (hceil).

In all previous embodiments, system 1 is shown with a longitudinal ceiling rail.
Naturally, it is also compatible with a 2 DoF ceiling rail (as in Figure 1.8). Figure
B.3 depicts a third alternative embodiment of system 1, that shows compatibility
with the ceiling support of Figure 1.9. This enables longitudinal (y) and lateral
(x) movements of the C-arm and imaging equipment

The ceiling support contains a longitudinal carriage (axis 6C), a horizontal beam,
and two rotary joints 8C and 9C. Arm 7 is connected to rotary joint 8C of the
ceiling support. A combined movement of the carriage (6C), and rotary joints
8C and 9C can be applied to create a pure rotation of arm 7 around a vertical
axis through the isocentre. Hereby, the working principle of the RCM stage (three
rotational axes that coincide in a single point) is maintained. In a similar manner,
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system 1 could be combined with other, unknown ceiling supports, such as (planar)
articulated arms.

5

4

z

x

8

y

9C

2

6

7

horizontal beam
8C

longitudinal
carriage

6C

Figure B.3: Alternative embodiment of system 1: combination with ceiling support of Figure
1.9.





Appendix C

Alternative embodiment of system 2

In the original embodiment (presented in Section 2.3) system 2 is mounted to the
floor of the operation room, at a fixed location. In modern day treatments, a desire
exists to limit patient movements to a minimum. It would therefore be beneficial
if a longitudinal and lateral motion stage could be added to system 2. To this end,
system 2 could be made compatible with a floor support as shown in Figure 1.10.
Seeing that the isocentre height is not desired to increase, this additional floor
support would have to be constructed in the limited space beneath the C-arm.
This requires a slender structure, which does not fit with the lightweight and stiff
design as proposed in Section 2.3. As an alternative, the base of system 2 could
be made movable. An example of this is found in [182], where the base of a C-arm
system is an automated guided vehicle. This would provide for a large movement
range, and great ease in positioning the system throughout the room. However,
it requires a complex and costly drive system, that is able to accurately move the
system in 3 DoFs (x, y, θ). Therefore, a novel floor support is proposed in Figure
C.1. This cost effective floor support fits the lightweight design of system 2, and
enables it to be moved across the floor surface.
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In this embodiment, the base (4) is supported on the floor (0) by three supporting
modules (10). Each of these modules act as a single DoF support in the z-direction.
Together, the three supporting modules support the base in vertical direction (z),
and in rotation around the x- and y-axis. They allow the base to translate in a
horizontal plane (x- and y-direction), and to rotate around a vertical axis (DoF
2). Hereby, the three supporting modules form a wide enough base such that
the system is stable in neutral position (DoF 1 = 0°). To minimise friction, the
supporting modules (10) are preferably based on air film technology (e.g. so called
air casters [183, 184]). However, the use of rolling elements, or (omnidirectional)
wheels is also possible.

11
10

10

section A-A

A

A

3

4

0
2

1

top view of base (4)

Figure C.1: Alternative embodiment of system 2: base (4) is movably supported on the floor
for translation in x- and y-direction. An actuated centre spindle (11) ensures accurate rotation
around axis 2.

In between imaging activities, the supporting modules enable the system (in neu-
tral position) to be moved to different locations in the operating room. The
isocentre is hereby positioned w.r.t. the patient table. Depending on the mass of
system 2 (<500 kg), this positioning step could be done manually. This eliminates
the need for a drive system for movements in x- and y-direction. If an assisting
drive system is required, a non-complex system might suffice, as this positioning
step requires only limited accuracy and repeatability. During the actual imaging,
rotational accuracy and repeatability of the base (DoF 2) is needed to ensure high
quality (3D) imaging. The base is hereto equipped with a centre spindle (11). This
spindle is attached to the base (4) by a radial bearing, and has a drive system for
motorised rotation around axis 2. A means of exerting an attractive force between
the floor and the spindle is provided (e.g. vacuum, magnetic). During imaging,
the spindle (11) is attracted towards the floor. This constrains the base in the x-
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and y-directions. Accurate and repeatable rotation of the base around axis 2 is
ensured by the radial bearing in which the spindle is mounted. The radial bear-
ing, whilst being a relatively simple mechanical component, hereby eliminates the
need for more complex measurement systems or odometry (as used in [182]). The
spindle can also be used to preload the supporting modules (10). These modules
are based on rolling contacts or an air film, and can only be loaded in compression.
The preload force causes all supporting modules to remain in compression, even
during a shift of the centre of gravity, caused by roll movements (1) of the C-arm
(3). This guarantees stability of the system during imaging.

The novel floor support proposed in this appendix has a number of advantages:

• Supporting the device on the floor limits the cost and complexity of device
installation. A suitable floor surface can be created on top of an existing
building floor, by means of non-invasive techniques (e.g. casting a top layer,
applying a stainless steel sheet).

• The absence of any structural parts on the floor (such as rails) benefits
cleanability. It also minimises obstruction to other equipment, or the clinical
staff.

• The spindle (11) constrains the system in horizontal (x and y) direction only.
As such, the spindle and its bearing require a connection to the base that is
stiff in only the horizontal plane. This enables it to be constructed in the
limited height beneath the C-arm (3).

• The three vertical supporting modules (10) constrain the system in z-, ϕ-,
and ψ-direction. They can be placed at the outermost points of the base.
This provides the base with high angular supporting stiffness and stability.
Also, sufficient space (height) is available at these locations to create a ver-
tically stiff connection between the supporting modules (10) and the base
(4).





Appendix D

High-end system cost overview

Figure D.1 depicts an estimated subdivision of vendor costs for a high-end inter-
ventional X-ray system [185]. Approximately 70% of the total vendor costs (left
image) can be attributed to the Bill of Materials (BoM). The remaining costs
come from factory operations (e.g. mechanical assembly, electrical integration),
and transport to / installation at the receiving medical facility. Most of the BoM
costs contribute directly to the functionality of the system, as experienced by clin-
icians. They can therefore be considered as ‘value adding costs’. The costs of
transport, installation, and factory operations are ’non-value adding’, and should
preferrably be kept as low as possible.

Total BoM

Factory

Transport

Installation

BoM
Mechatronics

Patient

Display
Imaging equipment

Cabinets

Sotftware

Miscellaneous

table

Figure D.1: Cost overview.

The right image of Figure D.1 shows a subdivision of the BoM costs. Approxi-
mately 1/3rd of the BoM originates from the mechanical and mechatronic com-
ponents in the X-ray system and patient table. Approximately 75% of transport
costs are dependent on the system mass and/or volume. Furthermore, 50% of
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installation and factory operations involve handling of large and heavy structural
parts. Based on this, it is estimated that between 35% and 40% of the total vendor
costs [185] can be affected by a mechatronic architecture that is more lightweight,
less complex, and enables simplification of the patient table (Chapter 2). Besides
reduced vendor costs, a lightweight system also leads to lower user costs. For ex-
ample, structural modifications such as a steel ceiling construction currently add
significantly to the total cost of the interventional room.



Appendix E

Design of the Detector Positioning
System

Figure E.1 and E.2 depict an overview of the design for axes A12/A13, and A11
of the Detector Positioning System (DPS) respectively. These have resulted from
parallel work by students, see [110, 109] for a more detailed description. The
design of axis A12 comprises two angular contact ball bearings. These enable link
L15 to rotate relative to link L14. A four point contact bearing allows for rotation
of link L16 (and the detector) w.r.t. link L15, around axis A13. Both rotations
are driven by a direct-drive actuator, and measured using optical encoders.

L15

L16

angular contact
ball bearings

direct drive
rotor

direct drive
rotor

A12

A13

four point contact bearing

L14

optical encoder disc

encoder
system

Figure E.1: Detailed design for axis A12 and A13 of the detector positioning system [110].
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Figure E.2 depicts the design for the telescopic translation stage of the DPS.
It enables link L14 to translate w.r.t. link L13, along axis A11. The design
contains two sets of track roller bearings. A set of four track rollers is fixed to
link L13 (bottom left, blue). These run on contact surfaces of link L14. Three
rollers constrain the position of L14 w.r.t. L13, in Bearing Pole BP1 and BP2.
The fourth roller applies a preload to the contacts of the other three (depicted as
spring element). A second set of four roller set is attached to L14 (bottom left, red).
These run on contact surfaces of L13. Two rollers constrain the relative position
of L13 and L14 w.r.t. BP3. The other two apply a preload force. Combined,
the two roller sets constrain L14 w.r.t. L13 in x, y, ϕ, ψ, and θ direction. The
displacement along A11 is actuated by an rotary drive and a ball screw spindle.

BP3BP1

BP2

L13

L14

drive

spindle

moving
roller set

roller set

A13

A12

detector

A10

A
11

fixed

cabling

fixed

moving
roller

roller

z

x y

L13

L14

A10

Figure E.2: Design for axis A11 of the DPS [109]. Top left and right: cross-sectional view in
neutral and extended position, bottom left: schematic representation of bearing setup.

Figure E.2 depicts two options for cable routing towards the detector (top left,
blue). Cables can be passed internally, through link L14 and axes A12/A13.
In this option, the use of electrical/fibre optic rotary joints is recommended, to
prevent range limitations for A12/A13. As an alternative, the cable could be
routed from L14, through A13. This enables the orientation of L13/L14 around
axis A10 to be chosen more freely, as in neutral position (top left), L13/L14/L15
can rotate freely w.r.t. the cable and detector.



Appendix F

Kinematics of the Source Positioning
System

Figure F.1 depicts a kinematic description of the SPS. Herein, the fixed world is
represented by coordinate system 0. Coordinate systems 1 to 7 are attached to
link 1 to 7 respectively. Each coordinate system is translated or rotated w.r.t. the
preceding coordinate system, by the motion of the SPS (generalised coordinates
~q, Equation F.1), and by offsets s1 to s8.

z 0

2

1

4
5 6

7

s1

s2

s3

s4 s6

s5

s7

s83

x 0 y0

CoM

Figure F.1: Kinematic representation of the SPS, with coordinate system 0 to 7, and offset s1
to s8 (Repetition of figure 3.4).

~q =
[
q1 q2 q3 q4 q5 q6 q7

]T
=
[
y1 θ2 ϕ3 ϕ4 ψ5 ϕ6 θ7

]T (F.1)
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The origin location of coordinate systems 1 to 7 can be described by Equation
F.2. Here, ~p i

j ) describes the origin location of coordinate system j, as expressed
in coordinate system i.

~p 0
1 =

[
0 q1 0

]T
=
[
x 0

1 y 0
1 z 0

1
]T

~p 1
2 =

[
0 0 s1

]T

~p 2
3 =

[
0 0 s2

]T

~p 3
4 =

[
0 −s3 0

]T

~p 4
5 =

[
0 s4 −s5

]T

~p 5
6 =

[
0 s6 0

]T

~p 6
7 =

[
0 s7 −s8

]T

(F.2)

Each of these position vectors can be expressed in coordinate system 0 by repeat-
edly applying Equation F.3. Here, A0j is a transformation matrix that describes
the orientation of coordinate system j in the frame of coordinate system 0. The
transformation matrices are described by equation F.4 and F.5.

~p 0
j = ~p 0

(j−1) + A0j · ~p
(j−1)
j (F.3)

A0j = A01 A12 A23 · · · A(j−1)j (F.4)

A01 =

1 0 0
0 1 0
0 0 1

 A12 =

cos(q2) −sin(q2) 0
sin(q2) cos(q2) 0

0 0 1


A23 =

1 0 0
0 cos(q3) −sin(q3)
0 sin(q3) cos(q3)

 A34 =

1 0 0
0 cos(q4) −sin(q4)
0 sin(q4) cos(q4)


A45 =

 cos(q5) 0 sin(q5)
0 1 0

−sin(q5) 0 cos(q5)

 A56 =

1 0 0
0 cos(q6) −sin(q6)
0 sin(q6) cos(q6)


A67 =

cos(q7) −sin(q7) 0
sin(q7) cos(q7) 0

0 0 1



(F.5)
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Alternative rotational motion stage

Figure G.1 depicts an alternative rotational motion stage design. It uses two
angular contact ball bearings to rotably connect bodies 1 and 2. The inner and
outer ring of bearing 1 (SKF 71828-CD-P4A, [150]) are rigidly connected to body
1 and 2, by parts 4 and 3 respectively. This constrains the relative x-, y-, and
z-position of body 1 and 2 in BP1. Parts 4, 5, and 6, and the SWG circular spline
form a tubular structure, which is stiff in bending. This structure rigidly connects

BP1BP3BP2/4

1

Bearing 1

3
2

9

7

8

6 5 4

10

Bearing 2

x

y

z

Figure G.1: Alternative rotational motion stage design.
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the outer ring of bearing 2 (SKF S71918-CD-P4A, [150]) to body 1. The inner
ring of bearing 2 is connected to body 2, via part 7. The membrane structure
of 7 is placed in-line with BP2. This ensures a radially stiff connection, as the
membrane is loaded in plane. Due to the distance between BP1 and BP2, bearing
2 constrains the relative orientation of body 1 and 2 in ϕ- and ψ-direction. In
Figure G.1, half of the structural loop is indicated with solid red lines.

Bearing 1 and 2 are placed in a tandem arrangement (BP1 and BP2 both on left
of bearing). A preload force is applied to ensure that the bearing contacts remain
in compression at all times. This enables bi-directional axial loading. A stack of
disc springs (8) is compressed by mounting part 9 to the assembly. Hereby, an
axial force is exerted on 7, by spacer 10. The membrane structure of 7 is axially
compliant. The preload force therefore runs over the contacts of both bearing 1
and 2, as indicated by the dashed red lines.

The rotational friction of the ball bearings used is inherently lower than that of
a similar sized crossed roller bearing (∼1 Nm [128] vs. ∼5 Nm [129]). This is
due to the absence of micro slip in the rolling contacts. The bearing setup of
Figure G.1 will therefore exhibit a smaller virtual backlash due to bearing friction.
Additionally, the use of elastic elements to preload the bearing contacts could
result in a more constant frictional behaviour over time. The bearing setup is,
however, not used in the final design, for the following reasons:

• The preload between bearing 1 and 2 is influenced by the tolerance chain of
part 1 to 10, and by the axial stiffness of membrane 7. It is therefore difficult
to get right, and will likely vary over multiple prototypes.

• The drive train is enclosed by parts 4, 6, and 7. It can only be accessed
by disassembling the entire motion stage, including the ball bearing setup.
In the chosen design (Section 3.4), the drive train can be accessed with the
output bearing setup intact.

• The total virtual backlash of axes 3 and 4 can be attributed to three, nearly
equally important sources: bearing friction, gas spring friction, and the re-
producibility of the harmonic drive (Section 3.4.4). The 5× reduction in
bearing friction will therefore lower the virtual backlash by only 1/3rd.
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External cabling for SPS

Figure H.1 schematically depicts how cables and coolant hoses can be passed along
the external of the SPS, to the X-ray source. The cables and hoses (blue, 4×∅16
mm) are guided through the cable cage of the translation stage. The bundle exits
the carriage, an forms a loop in the x− y plane (Figure H.1, lower left, 1). Loop
1 has an angle of 45°, which enables for the rotation of axis 2 (±90°). The bundle
is bent over a second loop (upper left, 2) in the y− z plane. The length in loop
2 is sufficient for the SPS to fully extend (Figure H.1, right). After loop 2, the

x y
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yz
1

45◦

xy

z

Figure H.1: Schematic representation of external cabling to X-ray source. Left: neutral posture,
right: 105° projection angle. Cable originates from translation stage.
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bundle passes through link 4. It exits before axis 5, and splits in two. Each end is
formed to a third loop (3), before connecting with one of two connections on the
X-ray source. Loop 3 accommodates for the movement of axes 5, 6, and 7. For
most postures of the SPS, loop 1 and 2 are remain beneath link 3 and 4, and in
close proximity to the articulated arm. This limits the obstruction of the cables /
hoses.

Figure H.2 depicts an alternative solution. Here, a cable bundle is passed from
the table base, to link 4 of the SPS. The bundle is guided along the table top to
accommodate movement of the translation stage. This prevents the cable from
protruding from under the table. The advantage of this solution is that the bun-
dle is shielded from contaminants, and hidden from sight by the table top. Its
advantages come at the cost of a more complex, and possibly actuated guiding
system.

x y

z

Figure H.2: Schematic representation of external cabling to SPS, from table base.

The cabling solutions of Figure H.1 and H.2 can be considered as a first draft.
Further development and detailing work is necessary. This work is postponed to a
later moment in time. It requires more details on the X-ray source (to be selected
by stakeholders), such as the cable type and connector orientation. Here, one could
also consider integrating part of the cooling system and/or voltage transformation
in the source positioning system itself. This could lead to a reduction in cable
diameter, and possibly enables the coolant hoses to be eliminated.

In future work, a second prototype could feature single-piece link designs, to re-
place the assemblies of stand-alone submodules. This enables the cable routing to
be further optimised for reduced obstruction and better aesthetics.
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Finite Element Analyses

Link 3
Figure I.1 depicts the finite element model which is used to analyse the stiffness
of link 3. It includes the structural parts of axis 4 (end piece 1 and 2), and the
steel tubular structure of link 3. These are discretised using 10-node tetrahedral
elements. The element size is set to 1/3rd of the wall thickness. Mesh mating
constraints (red) are used to connect parts of different materials. The rotational

RBE3 elements (cyan)

Mx/My/Mz

6 DoF stiffness elements (yellow)

Readout node

Mesh mating constraints (red)

End piece 2

End piece 1

Link 3 structure

Figure I.1: FEA model of axis 4, and structure of link 3.



184 Appendix I. Finite Element Analyses

stiffness of the strain wave gear, and angular stiffness of the crossed roller bearing
are represented by 6 DoF stiffness elements (yellow). The stiffness elements are
connected to relevant surfaces by RBE3 elements (cyan). These ’rigid’ elements
can be used to distribute forces, without adding artificial stiffness. Similar elements
are used to distribute a moment load (Mx/My/Mz) to end piece 2. The model
is fixed at the left side of the tubular structure. An additional readout node is
added to right side of this structure, to determine its deflection and stiffness.

Table I.1: FEA results of axis 4 and link 3.

Point δ [rad] Diff. [%] k [Nm/rad]

Mx

p1
p2
p3
p4

7.4 · 10−8

5.8 · 10−7

5.3 · 10−6

5.4 · 10−6

1.4
9.3

87.7
1.7

ktube = 1.4 · 107

kSWG = 2.1 · 105

ktotal = 1.8 · 105

My

p1
p2
p3
p4

1.7 · 10−7

3.4 · 10−7

6.1 · 10−7

8.4 · 10−7

19.9
21.0
31.8
27.4

ktube = 6.0 · 106

kbearing = 3.8 · 106

ktotal = 1.2 · 106

Mz

p1
p2
p3
p4

2.4 · 10−7

4.0 · 10−7

6.7 · 10−7

9.7 · 10−7

24.3
16.8
27.4
31.6

ktube = 4.2 · 106

kbearing = 3.8 · 106

ktotal = 1.0 · 106

Table I.1 depicts the angular deflection resulting from a unit moment load (Mx
/ My / Mz = 1 Nm). The angular deflection in the corresponding direction
(δϕ/δψ/δθ) is shown for four points (p1/2/3/4). Point p1 corresponds to the read-
out node on the tubular structure. Point p2 and p3 lie just before and after the
stiffness elements (kSWG and kbearing for Mx and My/Mz respectively). p4 rep-
resents the application point of the moment load. The fourth column indicates
the increase in deflection w.r.t. the previous point. These differences indicate the
percentage of the deflection that originates from the tubular structure, end piece
1, the SWG/bearing, and end piece 2. In the drive direction (Mx) the deflection
is dominated by the stiffness of the strain wave gear (87.7%). The stiffness of the
tubular structure (ktube) and end pieces is sufficiently high, to preserve most of the
SWG stiffness. For moments in the tilting direction (My / Mz) the deflection is
evenly distributed over the tubular structure, the end pieces, and the bearing. The
tilting stiffnesses are approximately 5× larger than the stiffness in drive direction.

Figure I.2 depicts the deflection due to moment load Mz. The colour gradient
represents the Von Mises strain. Out-of-plane deflection is visible in the mounting
face of end piece 2. This deflection will be reduced, when end piece 2 is connected
to the stiff structure of link 4. The strain is relatively large in the middle section
of end piece 2. In the final design, the wall thickness of this section is increased
(red dashed lines), to decrease the strain, and to improved manufacturability.
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Out-of-plane deflection

Wall thickness
increase

Figure I.2: FEA strain result of axis 4 / link 3, loaded by Mz.

Link 2 and 4
Similar analyses are carried out for the structures of link 2, and 4 (Figure I.3).
The results are given below. The tilting stiffness kϕ is significantly higher than the
rotational stiffness of axes 3 and 4. The dynamic behaviour of the SPS is therefore
likely dominated by the drive train compliances.

• Link 2: kϕ = 4.0 · 106, kψ = 1.6 · 106, kθ = 3.1 · 106 Nm/rad

• Link 4: kϕ = 1.9 · 106, kψ = 1.3 · 106, kθ = 1.5 · 106 Nm/rad

Mx

Figure I.3: FEA strain result of link 4, loaded by Mx.
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Membrane structures
The membrane structures of axes 6 and 7 are dimensioned using equations found
in [186], Table 11.2.1j/f respectively. They describe the axial deflection sax and
bending stress (σ) for a membrane, loaded by an axial force Fax. The equations
are applicable to membranes fixed at the outer diameter (dout), and guided at
the inner diameter (din), and vice versa. They are valid if sax < t/2. Table I.2
specifies the membrane dimensions, maximum stress, and required force at a 0.2
mm deflection. The following material properties are used for the Ti6Al4V alloy
[139]: E = 115 MPa, ν = 0.35, σy = 1050 MPa.

Table I.2: Membrane dimensions, maximum stress, and required force at sax = 0.2 mm.

dout × din × t [mm] Fax [N] σ [MPa] Fax,FEA [N] σFEA [MPa]

A5 78× 26× 2 2025 355 1665 330
A6 177× 148× 0.8 2250 320 2215 290

The membrane geometry is also analysed by an axisymmetric finite element model
(Figure I.4). Here, an enforced displacement is applied to the bearing mounting
surfaces. The resulting Von-Mises stress levels are within 10% of the analytically
computed stress (radial). The axial forces are slightly lower than those given by
the analytic model (Table I.2). This is likely caused by the absence of a radial and
tilt constraint on the displaced surface of the membrane (similar to reality). The
preload force is, however, of the correct order of magnitude.
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Figure I.4: FEA of membrane structure for axis 6 and 7.



Appendix J

Feasibility setup identification

J.1 Setup without load and gas spring

This section is an extension to Section 4.2.1. Figure J.1 and J.2 depict identified
and modelled FRFs, of the feasibility setup without load and gas spring, in neutral
and intermediate posture respectively.
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Figure J.1: FRF G3,3 (left) and G4,4 (right) of feasibility setup at neutral pose, identification
(blue) vs. model (red).
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Figure J.2: FRF G3,3 (left) and G4,4 (right) of feasibility setup at intermediate pose, identifi-
cation (blue) vs. model (red).

J.2 Setup with load and gas spring

Section 4.2.1 and J.1 describe a frequency domain identification of the feasibility
setup, without the load block and gas spring. At frequencies below 4 Hz, the
identified frequency response functions differ from the mass-dominated behaviour
(-2 slope, -180° phase), as predicted by the multi-body model (see Figure J.2).
The resulting differences in magnitude and phase are relevant for the design of
the position control loop (Section 4.5.1). The multi-body model of the feasibility
setup is therefore modified.
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Figure J.3: Drive train model for axes A3/A4. Left: original, right: with added damping.
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The behaviour at low frequencies can be attributed to damping (deviation towards
-1 slope and -90° phase). An additional damping term is therefore added in the
drive train models of axis A3 and A4 (Figure J.3, d f ). This damping term acts
directly between the link inertias, as the observed behaviour likely results from
friction in the crossed roller bearings.

The value of d f is tuned by comparison of modelled and measured frequency
response functions. For this purpose, and identification is performed on the feasi-
bility setup, including the load block and gas spring (Figure J.4). For d f = 5dDT,
the predicted magnitude and phase behaviour strongly resembles that of the iden-
tification, between 0.1 and 50 Hz.
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Appendix K

Photos of feasibility setup

Figure K.1: Photograph of realised setup, with C-arm system and patient table in background.
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