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Abstract 
Next-generation synchrotron experiments — such as 

those envisioned for SOLEIL II [1] — require fast & accu-
rate sample positioning to meet increasingly demanding 
scientific challenges. To meet these needs, SOLEIL [2] in-
itiated the development of a magnetic levitation stage de-
monstrator dedicated to hard X-ray scanning tomographic 
nano-imaging techniques, including PXCT and STXM. 
Designing this new class of mechatronic instruments in-
volves a significant shift from traditional stacked architec-
tures used for point-to-point motion, shifting instead to-
ward advanced high-dynamic scanning techniques. It also 
requires substantial design innovations. The demonstrator 
was developed within the LEAPS-INNOV [3] project and 
combines high-speed 2D scanning modes (step-scan and 
fly-scan) with continuous 360° sample rotations. SOLEIL’s 
development strategy involves partnering with a company 
from the semiconductor industry that has built ultra-precise 
and highly reliable mechatronic systems. Through a “Com-
petitive Dialogue” tender process, MI-Partners was se-
lected to iteratively refine specifications. 

This paper presents the design principles ensuring per-
formance and reliability under synchrotron beamline oper-
ating conditions. The complete design workflow — from 
modelling to control implementation — is detailed, along 
with the validation of the scanning nanoprobe stage. Re-
sults from Factory and Site Acceptance Tests, as well as the 
creation of an external metrology bench for stage charac-
terization, are also presented.  

LEAPS INNOV PROJECT 
The LEAPS-INNOV pilot project is designed to estab-

lish long-term partnerships between European light 
sources, synchrotrons, free-electron lasers, and the indus-
trial sector. Its primary goal is the implementation of strat-
egies outlined in the LEAPS Technology Roadmap, while 
fostering collaboration with European industry through 
open innovation. This initiative seeks to drive joint techno-
logical progress and expand advanced research capabili-
ties, enabling industry to participate as collaborators, sup-
pliers, and users of the LEAPS infrastructure. 

LEAPS-INNOV is structured around six technology 
work packages (WPs), with the development of the mag-
netic levitation stage —described below— being one task  

within WP5, New positioning and scanning systems for 
speed and accuracy. WP5 focuses on improving sample 
positioning for X-ray photon science. It aims to: 
• Develop nanometer-scale devices for faster, more 

precise sample scanning. 
• Standardize communication protocols to synchronize 

beamline components on the nanosecond timescale. 
• Create a pan-European toolkit of sample holders and 

devices for solution-based sample delivery and con-
tactless room-temperature experiments. 

In this context, the development was led by SOLEIL in 
collaboration with partner institutes ESRF, ALBA, HZB, 
and PTB. 

SCOPE OF THE DEVELOPMENT 
In SOLEIL’s strategy for the design and construction of 

a translation–rotation demonstrator based on magnetic lev-
itation (as a proof of concept), the development was to be 
carried out in collaboration with an industrial partner. The 
selection of the industrial partner was done through a ten-
der. The chosen procedure, a Competitive Dialogue call-
for-tender, enabled SOLEIL—operating under public pro-
curement rules—to refine the design specifications step-
by-step during discussions with industrial candidates. 

Between September 2021 and March 2022, SOLEIL 
conducted several iterations with two candidate compa-
nies. Ultimately, MI-Partners was selected to design the 
magnetic levitation stage demonstrator according to the 
following functional specifications. 

The demonstrator is a sample stage dedicated to hard X-
ray scanning tomographic nano-imaging (e.g., PXCT, 
STXM). A sample with a maximum load of 250g can be 
mounted on the stage and translated in two directions (X 
and Z) to be scanned by a focused X-ray beam and imaged 
by a detector. For each 2D scan, the TX and TZ axes can 
operate either step-by-step or in continuous displacement, 
where data acquisition is performed at regular time inter-
vals during motion (“fly-scan”). Tomographic imaging is 
achieved through a series of rapid 2D scans acquired at dif-
ferent angular positions of the sample, covering a full 360° 
rotation around the RZ axis. 

A schematic of the demonstrator is presented in Fig. 1, 
with the following reference frame where: TX and TZ are 
the fast 2D translation scanning axes (fly-scan or fast step-
scan), RZ is the tomographic rotation axis, and (Ts, Rx, and 
Rs) serve as correction axes for the scanning motion. 

 ____________________________________________  
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Figure 1: Schematic of the MagLev demonstrator. 

Specifications 
The targeted quantitative performance values for the de-

monstrator, agreed between partners, are summarized in 
Tables 1-3. Based on these specifications, the prototype 
was designed and built by MI-Partners. 
 
Table 1: Stroke & Resolutions, from Technical Specifica-
tions agreed with MI-Partners Mid-March 2022 (Milestone 
MS21) 

DOF Stroke Resolution 

TX ±200 µm <0.5 nm 
TZ ±200 µm <0.5 nm 
RZ 360° <10 µrad 

 
Table 2: Systematic errors & precision, from Technical 
Specifications agreed with MI-Partners Mid-March 2022 
(Milestone MS21) 

DOF Max systematic 
error 

Max standard 
deviation 

TX 10 nm 2.5 nm 
TZ 10 nm 2.5 nm 
RZ 100 µrad 50 µrad 

 
Table 3: Max parasitic displacement expressed as system-
atic error for the constant part and standard deviation for 
the random one, from Technical Specifications agreed with 
MI-Partners Mid-March 2022 (Mile-stone MS21) 

DOF Max systematic error 
(after SOLEIL 

calibration) 

Max standard 
deviation 

Ts 2 µm 1 µm 
Tx 10 nm 2.5 nm 
Tz 10 nm 2.5 nm 
Rs 4 µrad 1 µrad 
Rx 4 µrad 1 µrad 
Rz 4 µrad 1 µrad 

 
In parallel, SOLEIL and ALBA developed an external 

metrology frame to enable independent evaluation of the 
prototype’s capabilities during the Factory Acceptance 
Tests (FAT) and Site Acceptance Tests (SAT). 

MANIPULATOR DESIGN 
Introduction  

The manipulator consists (see Fig. 2) of a rotor driven by 
a 6-DoF actuator. The rotor position (X, S, Z, Rx, Rs) is 
measured relative to the metrology frame via interferome-
ters (IFMs), and via a rotary encoder (Rz). To achieve na-
nometer-level positioning performance, the metrology and 
structural functions are fundamentally decoupled by using 
a force- and a metrology- frame. 

 
Figure 2: Schematical view of the manipulator. 

Mechanicals 
Figure 3 shows a detailed view of the mechanical parts 

of the prototype. The internal metrology is ensured by 
short-range eddy current sensors along (X, S) and IFM 
probes for larger movements (400 µm stroke each) along 
the scanning axes (X, S, Z) (ref M12-F30 with custom fine 
tuning to enlarge angular tilt capabilities) that are linked to 
Attocube interferometers. The rotational angle is measured 
with an absolute (optical) rotary encoder. The sample 
should be positioned at the center of the Invar Nickel plated 
sample holder top surface, which protrudes slightly out of 
the main cover. The sample must be accommodated within 
a hole with the specific characteristics described in Fig. 4. 

 
Figure 3: Detailed mid-sliced view of the prototype. 

 
Figure 4: Sample holder. 
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The base plate was modified from the initial conception 
(see Fig. 5) to later accommodate the external metrology 
bench designed by SOLEIL & ALBA partners. 

 
Figure 5: Top view. MagLev system (blue) on its base plate 
(grey). 

Control System 
The control system is built around a Speedgoat real-time 

controller running Simulink-embedded software. A 
MATLAB client, installed on a host PC, communicates 
with the controller to setup the stage, request displace-
ments, and perform internal metrology data collection (the 
acquired data are stored in files for offline analysis). The 
MATLAB client provides both a command-line interface 
for direct control of the actuator and a graphical user inter-
face for system monitoring. Figure 6 illustrates the soft-
ware stack of the Maglev system. 

The Speedgoat platform embeds the actuator model for 
real-time control. For the end user, system access is pro-
vided through the MATLAB interface. 

 
Figure 6: MagLev software stack. 

Controller Modes 
The Maglev actuator is controlled through the Speedgoat 

controller, which offers three selectable modes (see Fig. 7 
for the Bode diagram) distinguished by their control band-
width. Each mode represents a trade-off between robust-
ness (stability and ease of operation) and performance (pre-
cision and speed):  
• Low bandwith (40 Hz): used when maximum control 

robustness is required, particularly under challenging 
load or stiffness conditions. 

• Medium bandwidth (80 Hz): best suited for system in-
itialization and levitation after power-up, though in-
sufficient for peak accuracy and speed. 

• High bandwidth (120 -140 Hz): delivers maximum 
precision and speed but requires sample-specific tun-
ing due to changes in system dynamics. 

 
Figure 7: Bode diagram of the frequency response of the 
system. The high-bandwidth control mode is here pointed 
out (120-140 Hz). 

Scanning Functionalities and Triggering 
There are three main functions that can be used to launch 

movements: 
• StartXZSequence: this command executes a se-

quence of movements in the (X, Z) plane, positioning 
the sample support at a predefined list of coordinates. 
This function supports 2D step-scan acquisitions, 
where X-ray exposures are triggered once the stage is 
stabilized and synchronized to a defined holding time. 
Up to 1000 positions can be pre-programmed. 

• StartXZPointToPoint: this command performs a 
point-to-point linear motion between two (X, Z) posi-
tions at constant velocity. Typical speeds are around 
100 µm/s, with support for up to 5000 µm/s. It is 
mainly used for 1D continuous scan acquisitions, 
where X-ray exposures are recorded periodically dur-
ing motion. 

• StartRZ: this command initiates a rotational motion 
around the vertical RZ axis. 



20th Int. Conf. Accel. Large Exp. Phys. Control Syst. (ICALEPCS'25), Chicago, IL, USA

JACoW Publishing

ISBN: 978-3-95450-255-4

ISSN: 2226-0358

doi: 10.18429/JACoW-ICALEPCS2025-TUMR017

486

MC08: Diverse Device Control and Integration

TUMR017

TUMR: TUMR Mini-Orals (MC03, MC04, MC08)

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2025). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



The MagLev also includes a triggering interface for syn-
chronizing motion with external systems: 
• TriggerOut (Speedgoat → DAQ): programmable 

output (0V fixed, position-based pulse, or velocity-
based signal). 

• TriggerAcq (DAQ → Speedgoat): high signal (5V) 
logs internal positions for later retrieval. 

• TriggerSetPoint (DAQ → Speedgoat): arms step 
motion, which starts only when trigger goes high. 

METROLOGY BENCH 
To independently characterize the MagLev demonstrator 

at the sample level, SOLEIL and ALBA jointly developed 
a dedicated metrology bench (Fig. 8). The setup consists of 
a mechanical frame, six interferometers (IFMs), and a Pan-
dABox-based acquisition system. 

 
Figure 8: (left) view of the metrology frame as assembled 
and tested at SOLEIL, (right) zoom on 6 interferometers 
arrangement and the cube mirror supported by the goniom-
eter stage. 

The bench was designed to measure and characterize 
XZ-plane steps or scans (at fixed RZ angles) and extract 
key performance parameters, including: 
• Displacement linearity 
• Displacement straightness  
• Out-of-flatness characterizations 
• Parasitic rotations during displacements 
• Coupling between the three axes (X, S, Z) 
• Positioning repeatability 
• Positioning drift 
• Tracking errors during predefined step-scans 
• Tracking errors during predefined fly-scans (XZ-tra-

jectories) 
• Rise and settling times for ptychography-type steps 
• Stage/controller bandwidth. 
For such demanding applications, positional data in 6 de-

grees-of-freedom had to be recorded in real-time and syn-
chronously with the Maglev demonstrator. Then , six 
quDIS interferometer sensor heads (quTools) were 
mounted on the metrology frame and connected directly to 
a PandABox for real-time and synchronous acquisition of 
positional data (in the form of AquadB signals). These in-
terferometers were chosen for ease of integration and neg-
ligible/undetectable nonlinearities (as confirmed in 
LEAPS WP5.2). 

Three interferometers were targeted on a cube mirror 
(Fig. 9) and aligned along the X axis to measure the X po-
sition and the two parasitic rotations (Rz and Rs). Two ad-
ditional interferometers were aligned along the S axis to 

capture the parasitic displacement in S and the Rx rotation. 
The last interferometer was aligned along the Z axis to 
measure the Z position.  

 
Figure 9: Interferometer arrangement on the cube mirror 
with respect to the coordinate system. 

A cube mirror was directly coupled to the MagLev de-
monstrator via a goniometer stage, which enabled align-
ment of the MagLev axes with the mirror axes (Fig. 8, 
right). The metrology frame was connected to an aluminum 
support frame through a kinematic coupling to avoid con-
straints and deformation of the Invar plate carrying the in-
terferometers. The support frame was in turn fixed to the 
MagLev aluminum base (Fig. 8, left). 

FAT AND SAT 
Setup 

Performance measurements of the MagLev manipulator 
were carried out during the FAT at MI-Partners in February 
2025, and later during the SAT in Synchrotron Soleil in 
July 2025. In both cases, the results were contractually ver-
ified against the system’s internal metrology. 

During the FAT, SOLEIL had the possibility to perform 
additional measurements with the external metrology set-
up (see Fig. 10, left), but tests were not completely success-
ful, due to a problem in the alignment of the cubic mirror 
probe that was positioned on the sample holder.  Therefore, 
only the time drift of a maintained sample position could 
be measured externally. 

The SAT made more use of the external metrology frame 
(see Fig 10, right and Fig. 11). The MagLev was  also in-
stalled on a granite table with specific pneumatic isolators 
to reduce vibration coming from the floor.  

 
Figure 10: FAT vs SAT setups. Left: FAT setup at MI-part-
ners (System is fixed on granite table but without the com-
plete metrology frame installed). Right: SAT setup at So-
leil. Similar setup, but the metrology frame is completely 
installed, and the granite table also has pneumatic isolators 
to for protect the system from environmental vibrations. 
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Figure 11: Metrology frame setup during SAT. Here por-
traying the interferometers targeting the cube mirror. 

Results 
Table 4 summarizes the FAT and SAT results against the 

contractual pass criteria. Overall, the MagLev manipulator 
consistently met — and in most cases exceeded — the pro-
ject specifications. 

During the FAT, the system already demonstrated excel-
lent stability and control, with standstill performance be-
low 2 nm and step-scan settling times of less than 30 ms 
with sub-nanometer precision. At the SAT, these results 
were further improved: standstill stability was confirmed 
below 1 nm, and thermal drift remained under 8 mK, en-
suring long-term stability for extended experiments. 

Functional strokes in X/Z (±250 µm) and Rz (infinite ro-
tation) were confirmed in both tests, while the controller 
bandwidth exceeded 120 Hz, well above the required 
50 Hz, validating the responsiveness of the control system. 

The only limitation was observed in fly-scan mode, 
where errors after 30 ms settling time (during SAT) reached 
a few nanometers (~5 nm in X, ~2.5 nm in Z) — slightly 
above the original requirement of 2.5 nm.  

CONCLUSION 
In conclusion, the MagLev manipulator not only met but 

often exceeded the contractual performance criteria. The 
only significant limitation observed during continuous 
(fly-scan) motion was traced to the Attocube sensors [4], 
which inherently produce cyclic errors with a periodicity 
of ~750 nm due to technological constraints. This was 
clearly verified during the FAT and SAT by comparison 
with the quTools interferometers (see Section Metrology 
Bench), which did not exhibit such non-linearities. 

The FAT/SAT campaigns also provided SOLEIL with 
the opportunity to deploy the external metrology frame, 
strengthening the validation process. These results open 
the door for potential improvements to the prototype in fu-
ture work by SOLEIL and the WP5 partners. 
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Table 4: FAT and SAT results in respect to the pass criteria identified in the project. Green signifies a pass, yellow signifies 
a partial pass. 

Description Pass Criteria FAT Result SAT Result 

Functional stroke in X- & Z-direction ≥ ±200 µm ± 250 µm ± 250 µm 
Functional stroke in Rz-direction ±360° ±∞° ±∞° 
Controller bandwidth of entire system 
(0 dB crossing of Open Loop (Plant*Con-
troller) 

> 50 Hz > 120 Hz > 120 Hz

Standstill performance in (X,Z) dur-
ing one minute up to 200 Hz  
(1σ repeatability) 

< 10 nm < 2 nm < 1 nm 

Settling requirement for step-scan X < 2.5 nm (within 30 ms) 
Z < 2.5 nm (within 30 ms) 

X < 1 nm (within 30 ms) 

Z < 1 nm (within 30 ms) 
X < 2.21 nm (within 30 ms) 

Z < 0.54 nm (within 0 ms) 
Settling time requirement fly-scan X < 2.5 nm (within 30 ms) 

Z < 2.5 nm (within 30 ms 
X = 20 nm (within 30 ms) 
Z < 2.5 nm (within 30 ms) 

X=5.03 nm (within 30 ms) 
Z=2.51 nm (within 30 ms 

Thermal stability sensor frame during 
1 minute 

< 30 mK < 3 mK < 8 mK 
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