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DESIGN – INNOVATING THE INTERVENTIONAL X-RAY SYSTEM
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C-arm architecture
Today’s interventional X-ray systems have many imaging 
functionalities, e.g. (contrast-enhanced) 2D imaging, 
fluoroscopy (real-time imaging), and 3D computed 

tomography. All of these require 2D X-ray images to 
be taken at various projection angles. To this end, inter-
ventional X-ray systems (Figure 1) contain a C-shaped arm, 
to which an X-ray source and detector are connected. 
The C-arm is part of a series of rotational and translational 
motion stages, connected by long and slender structural 
elements. 

This mechatronic architecture enables the imaging 
equipment to be positioned over extensive 3D trajectories, 
while somewhat limiting the obstruction to clinicians 
and medical equipment. However, it also entails a large 
structural mass (~1,200 kg) and relatively low stiffness. 
The resulting structural deflections, combined with 
backlash from form-closed roller guidance systems, cause 
a (reproducible) misalignment of the X-ray beam of up to 
~10 mm. This translates to an excess radiation dose of 
approximately 10%, and introduces a need for extensive 
and time-consuming geometric calibration.

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 in a medical procedure, which enables advanced 
minimally invasive treatments. Hereby, they have become an indispensable tool 
in many clinical disciplines. However, architectural innovations over past decades 
have been limited, while developments in imaging equipment, software, and 
medical treatments were not. This leaves a desire for an improved mechatronic 
architecture, that better balances performance, clinical usability, and cost. 
Three novel designs are presented, aimed at improving the interventional 
X-ray system on multiple, application-specific levels.

Typical interventional X-ray system.

  
C-arm position.
(a) For 3D propeller scan.
(b) For 3D roll scan.
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3D computed tomography
The use of 3D reconstructions (3D images) has been 
proven to be an asset in an increasing number of clinical 
disciplines. For this application, reconstruction algorithms 
combine multiple 2D images, taken at various angular 
projections. Typically, two scanning motions can be 
distinguished. 

A propeller scan (Figure 2a) is carried out with the C-arm 
at the head end of the table. The large scan range (+/–120°) 
allows for the use of exact reconstruction algorithms [1], 
and application-specific scan trajectories [2]. Both factors 
contribute to achieving high-quality 3D images with 
minimal artefacts (such as streaks). 

A roll scan (Figure 2b) is performed with the C-arm at 
the side of the table. This type of scan requires a smaller 
footprint in the operating room, and leaves valuable space 
at the head end of the table (e.g. for anaesthesia). 
However, the C-arm roll guidance has a smaller (+/–90°) 
range of motion, which dictates the use of approximate 
reconstruction algorithms. 3D images generated by the 
roll scan are therefore of lower quality compared to the 
propeller scan, and less suited for procedures involving 
soft tissue imaging.

System 1: Dual-stage design
The first novel alternative (system 1) aims to combine 
the image quality of the propeller scan with the clinical 
usability of the roll scan. Its mechanical structure 
(Figure 3) features an additional joint in the arm that 
connects the C-arm to the ceiling. The axis of this 
rotational joint coincides with the isocentre, i.e. the 
(virtual) centre of all rotation axes of the imaging system. 
Therefore, in combination with the existing rotational 
joints, it forms an additional spherical motion stage. 
This dual-stage design allows for an extended ‘roll’ scan 
over a 300° range (–60° to 240°), with a 55% smaller 
footprint compared to the propeller scan (Figure 2a). 
The scanning motion is performed from the side of 
the table, which leaves valuable space at the head end, 
and allows for full body coverage. 

In system 1, more than half of the 3D scan range is covered 
by the spherical motion stage. The range of motion of the 
C-arm roll guidance can therefore be limited to clinically 
relevant 2D projection angles only (+/–60°). This enables 
structural improvement of the C-arm and its roll guidance. 
For this, a kinematic roll guide design was made [3], which 
eliminates backlash and ensures continuous contact with 
all rolling elements. Aluminium tubular profiles form the 
base of a stiff and lightweight boxed structure for the 
C-arm and roll guide. 

-60° 

  

0° 

150° 

240° 

System 1: Additional rotational joint allows for a 300° extended ‘roll’ 
scan, from –60° to +240°.

/

/
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Combined, these aspects lead to 30% less deflection of 
the C-arm due to gravitational and inertial forces.  
The amount of excess radiation, used to guarantee full 
detector coverage, can therefore be decreased. In this way, 
unnecessary radiation dosage for both the patient and 
medical staff is reduced. Initial design iterations indicate 
that a 40% mass reduction is achievable for the C-arm  
and roll guidance. Similar results are expected for the 
complete system.

System 2: Novel floor-mounted base
Typical interventional X-ray systems are able to move the 
C-arm in three rotational degrees of freedom (DoFs). Two 
of these DoFs (roll and propeller movement, Figure 2) are 
used to move the imaging equipment spherically around 
the patient. The third DoF (rotation around vertical axis) is 
used only to position the C-arm at either side of the table. 
System 2 (patent applied for) aims to decrease the system 
cost and installation requirements, while maintaining and 
adding to the current imaging capability.

To achieve this, it is based on only two rotational DoFs to 
move the C-arm (Figure 4). For the first DoF, the C-arm 
is supported by a roll guidance. This guidance is part of 

a floor-mounted base, which can rotate around a second, 
vertical axis. In this design, the propeller DoF is omitted, 
so that there is no more out-of-plane rotation of the C-arm 
with respect to the gravitational vector. This eliminates 
torsional deformation of the C-arm due to gravitational  
and inertial loads (~60% of worst-case C-arm deflection). 
Furthermore, it enables space at the sides of the C-arm to  
be used for a stiff construction of the base. Together, this 
results in a lightweight system (~500 kg), with improved 
X-ray alignment and image quality. Such a lightweight,  
less complex system does not only reduce the cost of 
production. It also allows for simpler and less costly 
transport and installation. 

The two rotational DoFs enable a similar spherical 
positioning of the C-arm as in the original system. 
Furthermore, all clinically relevant projection angles can  
be achieved with multiple C-arm postures (Figure 4, lower 
images). This allows a clinician to choose a neutral position 
for the system at the left or the right side, or at the head end 
of the table. From this neutral position, clinically relevant 
projection angles can be achieved by rotating the base within 
a 135° range (Figure 4, indicated on the floor in blue). 

For high-quality 3D reconstructions of the upper body, 
both rotational DoFs can be used simultaneously in a novel, 
dual-axis 3D scan (Figure 5). This scan starts at a –105° roll 
angle (Figure 5, top). While rotating around the vertical axis 
over 180°, the C-arm is moved to a near neutral roll angle, 
and back to –105° (Figure 5, middle and bottom). 
Combined, this results in a close-to-circular scan path 
of 210° (–105° to +105°), allowing exact reconstruction 
algorithms to be used ([1], minimising artefacts).

System 3: Advanced mechatronic alignment
Both system 1 and 2 use a structural beam to physically 
connect and align the X-ray source and detector. Despite 
their slender construction, this beam, and part of the 

 

 

 

/

_

System 2: 2D and 3D imaging capabilities at reduced cost and 
installation requirements.
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motion stages, take up valuable space around the patient 
table. System 3 (patent applied for) provides a revolutionary 
alternative which optimises both the clinical workflow 
and the imaging performance (Figure 6). 

System 3 features two separate positioning systems 
which move the X-ray source and detector, respectively, 
over six DoFs (Figure 6). Both systems were designed to 
make optimal use of the space available in the operating 
room, and to limit obstruction to the medical procedure 
and staff. The upper positioning system contains a 

SCARA arm, which provides for three DoFs in the 
horizontal plane. A vertical translation module, and 
two rotational joints are used to couple the detector 
to the SCARA arm. 

This layout ensures that most moving components operate 
above head height (2.10 m, Figure 7). Components that do 
move into the workspace are placed intuitively, above the 
detector. The lower positioning system features a custom, 
6-DoF articulated arm. It is mounted to a linear translation 
stage beneath the patient table, creating a redundant kinematic 
layout. This enables system movements to be programmed 

  

-105° 
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System 2: Dual-axis 3D scan, for high-quality 3D images of upper body.

 

 

System 3: Two separate positioning systems to move the X-ray source and detector. 

System 3: Upper positioning system operates above 2.10 m; lower 
positioning system moves beneath the patient table.
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such that the articulated arm operates underneath the patient 
table, for all projection angles (Figures 6 and 7).
The 6-DoF motion capability of system 3 provides for 
additional functionality, on top of the ability to move the 
imaging equipment along spherical, longitudinal, and 
lateral trajectories. Contrary to almost all C-arm systems 
currently available, it makes the height of the (virtual) 
isocentre adjustable (range of 100 mm). This enables a 
clinician to set the patient table to an ergonomically more 
comfortable working height, and adjust the isocentre 
accordingly.

Furthermore, quasi-static deflections in the mechanical 
structure can be compensated for. This enables the 
misalignment of the X-ray beam on the detector, and thereby 
the unnecessary radiation dose to be minimised. Initially, a 
model-based calibration will be applied to identify and reduce 
X-ray misalignments to ~2 mm, and to ensure compliance 
with regulations. Future research could focus on a measuring 
principle (e.g. [4]), that can quantify the actual misalignment 
during operation. This would allow for direct minimisation 
of the X-ray alignment error using a feedback control loop.

Feasibility study for system 3
System 3 is considered most promising for future 
applications. Therefore, a feasibility study is being carried 
out. Here, focus is on the lower positioning system, since 
it has the largest payload (40 kg X-ray source) and smallest 
design volume. 

Based on initial mass estimates, a multi-body model is made 
in the simulation environment Matlab Simscape Multibody. 
Given a reference trajectory, this model computes force and 
torque values for all motion axes. Two rotational joints are 
identified to be most critical. The moment load on these 
joints is highest (~1,000 Nm), and dominated by gravity. 

Weight compensation is therefore essential to achieve a 
lightweight design. For this reason, a gas spring is integrated 
between the base and the articulated arm (best visible in 
Figure 11, see below). This reduces the load on the critical 
rotational joints by a factor of 2 to 3 (Figure 8).

A detailed design of the lower positioning system is 
completed. It features stiff, thin-walled boxed structures, 
and modular drive-train designs with a high gear ratio. Both 
aspects contribute to a lightweight system design of 220 kg. 
The drive trains include two absolute encoders, and a 
passive safety brake. 

A prototype of the critical rotational joints is realised. 
The angular stiffness (in tilt and drive direction) of this 
rotational joint is quantified using finite-element analysis 
(FEA) and measurements. The latter is done with an 
experimental set-up (Figure 9). Here, a moment loading is 
applied and measured using two pneumatic cylinders and 
two force transducers (AST KAP-E-1kN). The resulting 
angular deformation is measured using an electronic 
autocollimator (Möller Wedel Elcomat 2000).

The measured load-deflection diagrams are shown in 
Figure 10. Each measurement includes three complete 
hysteresis loops. For both directions, all measurements 
are repeated six times (3x forwards, 3x backwards). In tilt 
direction (Figure 10a), the deflection curve is modelled 
by a linear fit (black dashed lines). The resulting stiffness  
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Torque values for the most heavily loaded joints, with (red lines) and 
without (blue lines) weight compensation.

Test set-up for rotational joint of the lower positioning system. 
(Acknowledgement to TU Eindhoven Equipment & Prototype Center)

Table 1 
Measured vs. specified stiffness (k, see text for explanation) 
and hysteresis (sv ), in the drive direction.

k1 [Nm/rad] k2 [Nm/rad] k3 [Nm/rad] sv [rad]

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

22 MIKRONIEK nr 6 2019



(k = 1.28∙106 Nm/rad, σ = 0.7%) is within 10% of FEA 
results. In drive direction (brake applied), a nonlinear 
deflection curve is measured (Figure 10b). Estimates for 
the hysteresis (red dots) and the stiffness values in three 
load regions (k1, black line; k2, green line; and k3, red line) 
correspond to specifications of the applied strain wave 
gearing (Table 1). 

Using the measured stiffness values, a 4th-order 
representation of the two critical joints is included in the 
multi-body model. This shows pose-dependent dynamics, 
with a first eigenmode at ~10 Hz. Conventional non-
collocated PID control is implemented to model the 
transient response to a relevant scan trajectory. Based on 
this, a factor of 5 improvement in positioning performance 
is expected compared to today’s system. 

Outlook
In the upcoming months, a second rotational joint and 
the weight compensation system will be realised. The 
resulting 2-DoF set-up (Figure 11) will be used to test 
positioning accuracy and reproducibility over large-range 
trajectories. 

Summary
This article presents three novel mechatronic architectures, 
designed to improve the interventional X-ray system in 
terms of performance, usability, and cost (see also [5]). 

System 1 focuses on improved image quality and clinical 
usability of 3D scans (high-end applications). A dual-stage 
design allows for scanning motions up to 300°, with a 55% 
smaller footprint in the operating room. It is based on a 
kinematic roll-guide design, resulting in less nonlinear 
behaviour and improved alignment of the imaging equipment. 

System 2 decreases cost and installation requirements, while 
maintaining and adding to the current imaging capability 
(low-end applications). By reconsidering the DoFs needed, 
a lightweight design was created (> 50% mass reduction), 
with an improved stiffness-to-mass ratio. 

The third, and most revolutionary, system pursues high-end 
performance and optimised workflow. It features a compact 
and lightweight mechatronic design which makes optimal 
use of the space available in the operating room. To this 
end, the fixed C-arm was replaced by two separate 
positioning systems for the X-ray source and detector, 
respectively. Multi-body modelling and experimental 
validation of a prototype support the technical feasibility 
of system 3. A factor of 5 improvement in positioning 
performance is expected, compared to today’s system.
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Measured load-deflection diagrams, with load in the specified direction 
of the rotational joint; see text for explanation.
(a) Tilting direction.
(b) Driven direction.
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2-DoF set-up for repeatability tests over large-range trajectories.
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