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Abstract 
A new multi-axis positioning device capable of functioning in a synchrotron environment, as a high precision alignment table is 
presented. The device is conceived to be a stable and flexible support to perform all small high precision (alignment) motions for a 
heavy X-ray manipulation sub-system (beam tilter), working inside of LISA diffractometer system for liquid surfaces/interfaces 
investigations. The proposed kinematic structure is based on four points contact and symmetric closed-loop kinematic chains 
(QUADROPODs). The mechanism consists of a redundant (Rd=2) parallel kinematic principle, relying on simultaneous action of eight 
sliding actuation axes, where 2dof prismatic-prismatic (2P) actuators are located in the middle of each kinematic chain. The design 
concept is based on two parallel wedge type components, providing low center of gravity and an intuitive way to pose (translate & 
rotate) devices and instruments in all six-degrees-of-freedom (6dof), without being significantly affected by adjacent factors, as air 
pipes, electrical cables, etc. A robust rectangular table is helping to fix different devices on it, which can be fast mounted or 
dismounted, being in the same time itself easily relocated. The Parallel Alignment Table (P-AT) prototype has been successfully 
developed and delivered to a modern large-scale synchrotron (PETRA III) beam line (P08) at well-known facility (DESY). The paper 
presents the requirements regarding its integration, a kinematic analysis and the design process, together with several important 
manufacturing aspects related to precision. 
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1. Introduction 

Photon and neutron radiation sources offer a unique solution 
to investigate the nanoscopic structure of materials. By using the 
actual powerful synchrotron sources, it is possible to obtain 
unprecedented non-destructively information data for a variety 
of materials, from crystalline to amorphous. Using this 
approach, the spatial resolution can be improved several times 
compared with conventional laboratory techniques. 

X-ray diffraction (XRD) is the fundamental and most widely 
used experimental technique in synchrotrons. It can be 
successfully applied for a broad range of samples to probe the 
atomic structure [1]. Significant results have been obtained on 
the development of new techniques and the specific 
instrumentation [2]. 

Numerous studies have been focused on investigated 
materials and processes at the surfaces/interfaces of liquids 
(liquid-solid, liquid-liquid, liquid-gases), for various scientific and 
engineering purposes (semiconductors, energy, manufacturing, 
tribology, etc) [3], where the interface chemistry plays an 
important role [4].  

The dedicated machines for liquid-liquid experimental 
investigations (‘liquid diffractometers’) are generally built on a 
combination of at least three positioning (sub)systems, each 
with a clearly defined scope - sample, detector and beam (X-ray) 
manipulation, following the surface diffraction physics law 
(Bragg). As the sample (liquid) cannot be moved during the 
experiments, its location must remain fixed in the target 
position; perturbations are undesirable. If they occur, they affect 
the precision of the system and thus the results of the 
investigations; therefore, must be avoided or at least 
attenuated.  

   
 
However, perturbations (and, errors) arise from different 
sources, inducing small vibrations on the sample (surface) from 
machine own components (e.g., motors) as well as adjacent 
systems (machines, roads, etc). 

In the former case, the liquid diffractometers designers try to 
mitigate the influences, by separating the mechanical 
components. The proposed solutions are slightly different and 
are based on the chosen (or, not) interconnection between the 
main working subsystems (incident/scattered) beams.  

In the case of using two crystals (beam tilter) for manipulating 
the incident beam, three primary design methods applied. 

In a conventional solution, all three subsystems are located on 
a single platform unit and are strongly interconnected. This 
design provides a more compact solution, saving spaces in the 
cloudy experimental hutches, but may also increase the 
complexity of the system [5]. This solution is also prone to 
errors, even if some ways of suppressing them are applied (e.g., 
granite components).  

In another solution, the beam manipulation sub-system is uses 
a double crystal deflector (DCD), as a separate subsystem [6]. 
This approach has been shown to work well, but because the 
first two sub-systems are still strongly interconnected, in the 
case of frequent investigations, the waiting time for sample 
relaxation is significant (approx. 30s). 

A third solution involves the complete separation of the main 
components [7]. In this design, the motions are mechanically 
decoupled, decreasing the errors and the associated waiting 
time between experiments. However, the footprint size is 
increased. The design must also preserve the (total) accuracy of 
the experimental system, providing adequate solutions for the 
alignment of each subsystem.  

A group of research physicists [8] associated with a well- 
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known Germany university (CAU/IEAP) has been working for 
more than two decades on understanding the processes and 
their consequences at liquid-liquid surfaces and interfaces. A 
new diffractometer [9] has been proposed to work inside of a 
beam line [10], using a combination of X-ray surface techniques 
(XRR, GIXS, etc), benefiting from the use of a high brilliant 
radiation source [11] from the 3rd generation modern 
synchrotrons [12]. The new diffractometer has been developed 
following separate subsystems approach and installed in the 
experimental hutch (EH) of the high-resolution diffraction 
beamline discussed above.  

In the second phase of its development, an upgrade of the 
alignment table for beam tilter was included, in order to offer a 
more suitable support for full alignment of precision optics 
compared with the previously provisional one (optical table), 
being heavy, large and providing less degrees of freedom, only.  

An overview of the development of the device, including the 
integration aspects, topology analysis, design solution and 
manufacturing aspects for the prototype, related with precision 
are presented below. 

2. LISA Diffractometer 

The diffractometer dedicated for Liquid Interfaces Scattering 
Analysis (LISA) [9] consists of three sub-systems: 1) Beam tilter 
(B), 2) Sample (S), and 3) Detector (D) towers, as shown in Fig. 1. 

  

Figure 1. Parallel Alignment Table integration  
 
The first subsystem manipulates the incoming X-ray beam 

toward the sample. It consists of a heavy high precision gonio 
stage (C3) and two smaller high precision gonio units (C1, C2), 
holding a Si111 and Si220 crystals, respectively. The rotational 
C1, C2 (air bearing) and translational (Y) motions are used to 
move the optical Center of Rotation (CoR) towards the sample. 
Based on modifications of its geometrical parameters - length 
(g1) and height (h), small variations of incident angle (θi) can be 
obtained. The above assembly is located on top of a high 
precision optical table (T1) through several air pads. T1 should 
provide adequate means to stably support and roughly align the 
main axis of rotation (horizontal) regarding the X-ray beam. The 
weight of the beam tilter, including optics and closure is 
approximately 400 kg. 

The second subsystem manipulate the sample (and 
instruments) towards the deviated / incident (Xi, i-incident) X-
ray beam. It consists of several stacked positioning units 
(linear/XYZ and rotation/C5) devices arranged on the top of the 
second table (T2).  T2 provides means to align (translate and 

orient) the devices above it with required precision, including 
the ancillary instruments(UHV chamber, Langmuir trough, etc).  

The last subsystem manipulates the detector(s) D to catch 
the X-ray beam (Xs-scattered). It consists of a robust support 
(granite) table (T3), with a column on top, holding – linear (Z) and 
rotational (C6), positioning units. With this configuration, the 
system can be adapted for various investigation, including - 
positioning several D types (1D, 2D), towards the scattered or 
reflected beam. It is supported on several air pads. The height of 
the beam line H is 1m.  

3. Parallel Alignment Table 

Alignment of diffractometers is a complex task that it involves 
various technical disciplines (physics, mechanics, control, etc) 
and practical skills. The results (and, time) are directly 
proportional with the experience of those involved and the 
complexity of the equipment. However, dedicated components, 
such as alignment tables are helpful in accomplishing this task. 

In the first step of the LISA diffractometer design, T1 was a 
large size (1.5x3x0.6m) standard optical table (IDT/UK), having 
three (3) pillars and 5dof (Y,Z,Rx,Ry,Rz) alignment capabilities 
(open loop), only. As the beam tilter was necessary to be located 
nearby of the sample tower, it stands at one of smaller sides of 
the table. However, this was not a perfect integrated solution. 

In the second step, a more suitable solution was envisaged, 
with the ability to increase the adaptability and flexibility of the 
alignment, working in a relatively small allocated space 
(A1xB1=H1/1x1x0.6m). A specialised positioning company [13] 
was chosen to be directly involved in the development. An 
overview of the required motion parameters for the new 
alignment table, including the precision values (with load 400kg) 
are presented in Table 1. 

 
Table 1 Motion specifications* 

      * plus/minus (±) 

 
3.1. Kinematics 

Parallel kinematic mechanisms (PKMs) are proving to be 
alternative viable solutions in many applications involving heavy 
load, precision and/or dynamic manipulations [14] compared 
with serial kinematic mechanisms(SKMs). A good example of 
PKMs are the Hexapods [15]. They are now being increasingly 
used in synchrotron positioning as both, sample positioning 
(inside) and alignment tables (outside) of diffractometers. 
However, the actual standard existent portfolio is not an infinite 
number, and the adaptability to the specific requirements of the 
customers for an application is also limited, especially, when the 
space (height) is small. Then, conventional motor-coupling-ball 
screw, etc actuation located in-between base and table will be 
difficult to be accomplished. The available space for LISA is small, 
particularly H1 (0.6m).  

Based on these constraints, designers have sought alternative 
designs. A new alignment table has been built around the 
general concept of quadropods structures [16]. It consists of four 
legs (pods), in contrast with three (Tripods) or, six (Hexapods) 
points of contact. This is a fine balance between stability and 
mobility. In addition, its shape fits the standard (rectangular) 
shape of tables.  

In fact, the actual proposal was the second in a row, being the 
next member of the more general family (1,2,3) succeeding the 
first one (123) released before [17] for high- precision dynamic  
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tasks. The proposal maintains the main characteristics of the 
family - increased power (redundant), stability (four points 
contact), compactness (height), intuitive motion (along/ around 
main axis), easy control (spherical joint last level). In addition, it 
has an increased symmetric behaviour. The internal (reactive) 
forces being uniformly distributed (up and down) between the 
components in a chain [18].  

 
Figure 2. Parallel Alignment Table structure   (6-4-123) 

 
As the kinematic scheme shows (Fig. 2) it has on the base (0), 

at the first level (I), four unactuated (passive) simple pairs 
(f=1dof) and four identical actuated pairs with two degrees of 
freedom (f=2dof) on the second level (II). On the top level (III) 
four identical pairs (f=3dof) are linking the table (9).  

This 4-123 symmetric structure of arranged joints (Jij, i=1,…,4, 
j=I,…,III) is composed from four identical kinematic chains 
(Ki=123, i=1,…,4) on only three levels (L=III), each with identical 
joints (Lj=1 or2 or 3, j=I,…,III).  

This structure produces increased power over six motor 
actuation, being redundant (Rd=2) and with increased stability 
over the three (3) points contact (A4>A3, A-contact area), 
delivering full mobility (F=6dof), with a relative small number of 
links (l=8 / lij/j+1, i=1,…4, j=I,…,III) and active/passive pairs 
(J=12/Jij=i=1,..,4, j=I,…,III). 

A corresponding mechanism based on the above kinematic 
structural scheme is proposed in Fig. 3. It consists of two pairs of 
identical kinematics chains (Ki, Ki+2, i=1,2) perpendicular to each 
other, comprising the same type of joints.  On the base (B) are 
horizontally arranged passive P (Prismatic) joints, supporting the 
inclined (α) active Pl (Planar) joints with 2dof, which in turn  
support the passive S (Spherical) joints supporting Table (T). The 
first joints in a pair (P) are colinear, and the second (Pl) joints 
opposed to each other are inclined with the same angle (α).  

 
Figure 3. Parallel Alignment Table mechanism  [6-4-P(Pl)2S] 
 
In this 6-4-P(Pl)2S pyramidal architecture, all six-degrees-of-

freedom (X,Y,Z,Rx,Ry,Rz) at (T) can be obtained through a 
combination of collaborative working actions of actuated joints, 
along the horizontal (X/Y) and vertical (Z) inclined  lines (α), 

expecting a good stiffness. An overview of the number and 
displacement values of actuation axes for the most important  
displacements (X,Y,Z,Rx,Ry,Rz) of the table are presented in 
Table 2. The displacements are considering the mechanism 
starting from nominal position (X=Y=Z=0 mm, Rx=Ry=Rz=0°), and 
for a specified displacement, the actuators not involved blocked. 

As resulting from the table, by simultaneously actions of a 
fewer than eight active linear motion axis, simple linear motion 
(X,Y) and rotations (Rx,Ry) can be performed by a couple (2) or  
two couple (4) of axes as in (Z,RZ) motions.   
 

 Table 2. Motion specifications 

 * Zi=li[sin(αi)], li - inclined length  

 
3.2. Design 
In a modular design concept, as shown in Fig. 4, the alignment 

table consists of a base(B) and a table(T) linked together by four 
pillars, each having 2 dof (Linear-Linear) motion capabilities, 
being guided on the base by pairs of two fixed guides (gi). A 
compact spherical joint (Gui) on each pillar guides the table. 

 
Figure 4. Parallel Alignment Table concept [6-4-L(LL)S] 

 
Using Direct Drive (DD) planar motors for actuation units 

seems to be very a very interesting choice. However, from safety 
reason it was not chosen. The reason is related with 
electromagnetic interferences generated by the motors and the 
X-ray itself fields.  

A more classical solution (motor+ball screw) which is still 
preferred by the facilities’ technical staff was chosen instead. In 
general, this can be accomplished using either: a) in-parallel 
actuated (2L) or b) serial stacked (LL) positioning units. Due to 
familiarity and experience with using in-house simple and 
standard units, the second option was chosen. However, this 
solution re-defines the mechanism (and structure), transforming 
it into a hybrid (parallel/serial) one.  

The implementation of the above concept was accomplished  
by designing (or, outsourcing) the adequate components. As 
shown in Fig. 5, two polygonal plates, one of which is made from 
a stronger material (steel) and another from aluminium (Al) form 
a stiff base (1). The upper plate has a central hole (aperture) for 
cable (or, pipe) management. the first pair of high precision 
linear roller guides (2) of type MX/LRX15C2 (IKO) are integrated 
on the upper plate, supporting the motion of the intermediate 
plate (3). This plate holds the second pair of precision linear 
guides (4) of type MX/ LRX15C1/IKO, perpendicular to the first 
guides, carrying pillars.  

Each of the pillars are composed off two parts in relative 
motion (5,7) powered by 2-phase high torque motors (8,10) of  
type PK266JDB (OrientalMotor) through linear guides (6) of type 
LRX/LRXH20C1 (IKO). The lower part (5) is driven by a planetary 
roller screw (RGT12.2 /INA) and customised gear box (9) of type 
H2083.10 (HUBER) with 20:1 ratio; the upper part (7) is driven 
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by a harmonic drive (11) of type CPU17A100 (HarmonicDrive) 
with 100:1 ratio, and a  conventional trapezoidal screw (Tr14x2). 

A heavy load spherical plain bearing (GE10AW/INA) is located 
on the upper part which supports the table (12). The table is a 
stiff block of material (Al) with numerous (>250) mounting screw 

 

 Figure 5. Parallel Alignment Table design(CAD) 

 
holes (M6) arranged in an array (50x50mm) to allow the 
necessary positioning devices and/or instruments to be 
mounted to it. Eye bolts (13) to enable easy movement of the 
whole the device (or, the table only) from one place to another 
are also provided. For the whole assemble, the center of gravity 
(C) point distance (d=283mm) is under half of the total height. 

 For fast and safe holding the target position, which is 
decreasing the time between investigations, the device is 
equipped with pneumatique breaks on the first axes 
(LKP1501AS2/ZIMMER). All motorised axes are controlled in a 
closed loop, through a dedicated control box  (SMC Galil) and 
dedicated software for which absolute encoders (RESOLUTE 
/RENISHAW) are provided. In addition, electrical limit switches 
and mechanical stopend are also included. The key design 
parameters for the basic components are presented in Table 3.  

 
Table 3. Design specifications (components) 

   C0-Static Load  T0-Holding Torque M0-Static Torque 
 

3.3. Prototype   
The alignment table prototype owing a mass of 450 kg was 

manufactured at the end of 2017, tested during 2018 and then 

Figure 6. Parallel Alignment Table (P-AT) prototype 

shipped to the designed location (Fig. 6). Most of the 
components were in-house manufactured for which available 
technology already existed.   

For assembly and testing purposes an additional table (light 
frame) to hold the mechanism in nominal position was 
manufactured. The obtained results (factory test) under 400 kg 
load, as stability (static/motion) and positioning accuracy 
(absolute/repeatability/resolution: linear - 7.4/3.8/0.15µm, 
rotation - 3.2/2.9/0.2 arcs) has met the customer expectations. 
The precision values above are the maximum values for all axes. 
Graphical and numerical values in details will be presented in the 
near future.  

4. Conclusions      

A research project has led to the development of a new system 
(diffractometer) for X-ray synchrotron investigations of liquids 
which incorporates a new dedicated alignment table device.   

The Parallel Alignment Table (P-AT) supports and manipulates 
a specific instrument with high precision, carring the appreciable 
load. The compact and robust device consists of a stable parallel 
structure with four active pillars (2dof) and two stiff (base & 
table) plates, performing all small positioning motions 
(translation/ rotations) for alignment purpose regarding the X-
ray beam, through a wedge type mechanism. The preliminary 
tests performed proved the viability of proposed concept and 
the design and manufacturing solutions chosen for components.  

This development can be used for heavy load highly precise 
manipulations in small spaces of synchrotron environment 
(diffractometers). Other potential applications could be 
envisaged for which a more customized design will apply. 
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Part Type Size (mm) Load (N/Nm) 

Guides  MX/LRX15C2HP 15x310 12000 (C0) 

HD 
Gearbox 

Screw 
Break 

CPU-17A-100 
H2083.20 
RGT12.2 
LKP1501AS2 

Ø88x37 
□83x77.5 
Ø12x182 

49x34 

276 (M0) 
3.2 (To) 

7200 (C0)  
2.8 (T0) 

Bearing  GE10-AW Ø30x10 122000 (C0a) 

Table 

Base 

Pilars 

Break 

Mounting Holes 

3 
1 

5
8
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799 

7 8 13 9 11 
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10 12 
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1000 
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G=4500N 
45° 
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