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ABSTRACT 
Mobility and artificial intelligence are the key 
drivers for the semiconductor industry. The 
requirements for high-performance chips are 
constantly increasing and technologies, such as 
ultra-precision machining, are necessary for this 
value chain of manufacturing. The exact bearing 
of rotating axes is one of the main tasks to 
produce precision workpieces. The influences 
that prevent these axes from perfect rotation 
originate from unbalance, gravity, dynamic 
elasticities of air in the bearing, and process 
forces. This paper aims to characterize these 
disturbances according to their origin and to 
describe the motion error. In this way, Moore's 
law can go on in chip manufacturing. 
 
INTRODUCTION 
Photonics is one of the largest growth markets 
worldwide. The digitalization of various areas of 
our lives requires ever faster and more efficient 
semiconductor components, which in turn can 
only be produced with the help of concentrated 
light. Precise mirrors and optics are central 
components of such systems, which in turn are 
manufactured on ultra-precise turning, milling, 
and grinding machines as described by 
Abdulkadir et al. [1]. Further developments in 
machine tool structures and controls, such as the 
federated learning of thermal errors described by 
Stoop et al. [2], require increasingly accurate and 
robust components. Due to these high demands 
on machining quality, bearings based on an air 
film are used almost exclusively. Such air 
bearings are contactless and allow a highly 
precise process without the stick-slip 
phenomenon. However, the mathematical 
description of the effects that occur is not trivial. 
On the one hand, dynamic and turbulent areas 
play themselves out in the air. On the other hand, 
the occurring tolerances and effects are in the 
micrometer range. This work analyses the 
dynamic effects of a rotating axis in physical 

terms. The aerodynamic properties of the 
bearings are distinguished from the influences 
regarding unbalancing and rotor dynamics. This 
detailed analysis makes it possible to optimize 
the rotating motion concerning synchronous and 
asynchronous radial errors. 
 
UNBALANCE IN ROTOR DYNAMICS 
Unbalance and the corresponding balancing are 
the main requirements for high-speed precision 
applications. Dynamic balancing with 2-plane 
correction is responsible for ensuring that the 
permissible residual unbalance is achieved as 
described in the DIN ISO 21940-11 [3]. These 
residual unbalances, in turn, remain present for 
the entire life of the rotor and result in a time-
dependent fingerprint of the rotor. If the bending-
elastic deformations on the rotor from the 
centrifugal forces remain smaller than the 
eccentricity, the rotor is called rigid. Another 
criterion is, according to Gasch et al. [4], the 
highest speed occurring during operation must be 
significantly below the first bending-elastic 
natural frequency of a rigidly mounted rotor. More 
than 90 % of all rotors are therefore rigid rotors, 
where balancing is the main dynamic problem. To 
get rid of the time dependence of the forces, the 
centrifugal force balance is introduced in the 
rotating coordinates and illustrated in FIGURE 1. 
This is thus a purely static task. Apart from the 
bearing forces, the distributed centrifugal forces 
from the eccentricity, which is not known in detail, 
occur as well as the local centrifugal forces from 
the two balancing planes in which test or 
compensation masses can be attached. 
The identification of a single unbalance in an 
element is very difficult, as the system used has 
a lot of different degrees of freedom. Tiwari et al. 
[5] proposed a least-squares solution to this 
problem, including the regularisation method 
according to Tikhonov et al. [6]. The drawback is 
that one must initialize an initial force estimate as 
a vector. However, this approach is not sufficient, 



since the solution to this minimization problem for 
each degree of freedom is always the initial 
vector, and therefore must know in advance 
where the unbalance is located and how strong it 
is. 

 
FIGURE 1. Centrifugal balance according to 
Gasch et al. [4]. 
 
Balancing can also be carried out without test 
weights using force-measuring balancing in stiff 
bearings, as described by Gasch et al. [4]. With 
the help of a single run or zero run with the 
unbalanced rotor, the information necessary for 
setting the correction unbalances can be 
obtained. In this zero run, the bearing forces are 
determined only at one speed. Assuming that the 
bearing forces caused by the original imbalance 
and the settlements disappear together, the result 
is a linear system of equations for the 
compensation settlement. 
The rotor described in this paper has the 
characteristics shown in TABLE 1. It is not a rigid 

rotor according to the definition of Gasch et al. [4]. 
The ratios of diameter, length, and mass are 
characteristic of it. The rotor consists of the main 
part and a part mounted with a measuring artifact. 
This also results in a relatively large length. 
Furthermore, a relatively large unbalance is 
induced as the main excitation in this 
construction. This allows a good observation of 
the effects of the high-frequency and contactless 
distance measurement on the measuring artifact. 
FIGURE 2 shows the Campbell diagram for the 
rotor setup with the corresponding natural 
frequencies. It can be seen that there are two 
critical horizontal areas. As soon as the rotor 
frequencies, shown with the dashed lines, 
intersect these areas, instabilities can occur. 
These areas serve as dynamic excitation of the 
rotor together with the given unbalance. 
 
TABLE 1. Main rotor parameter 

Parameter Value Unit Description 

D 38 mm 
The outer 

diameter of the 
main rotor 

d 5 mm 
The inner 

diameter of the 
main rotor 

L 430 mm 
Length of rotor 

and test 
mandrel 

m 2.39 kg 
The total mass 
of the rotor and 

test mandrel 

U 36 gmm 
Simulated 
unbalance 

 
 

FIGURE 2. Campbell diagram for the first five natural frequencies and the important first natural 
frequency. 



CHARACTERIZATION OF AERODYNAMIC 
EFFECTS 
In past work, the whirl orbit in journal air bearing 
of precision applications has been studied to 
some extent. Thus Yin et al. [7] analyzed a single 
aerostatic journal bearing in terms of whirl orbit 
effects for bearings up to 60’000 rpm and can be 
used as guidance for designing this type of 
bearings. Huang et al. [8] focused on this 
description for an aerostatic diamond turning 
spindle with the dynamics of the aerostatic effects 
in combination with a first-order unbalance up to 
2600 rpm. Schönemann et al. [9] described the 
iterative automatic balancing of a UP diamond 
turning spindle with 16 iterations to a residual 
unbalance of 0.065 gmm at 1500 rpm. But a real 
decomposition of the occurring effects into their 
origin and subsequent analysis of the 
dependencies on the target variables has not yet 
been carried out. 
The following work is based on the analysis of 
Stoop et al. [10] about the aerostatic stiffness and 
damping analysis. The influences are therefore 
subdivided according to FIGURE 3 into their 
components unbalance (Fu), gravity (Fg) and the 
aerostatic and aerodynamic restoring forces (Fx, 
Fy). Furthermore, the eccentricity (e0) and the 
attitude angle (ϕ0) are important influencing 

factors at a given speed (Ω). 

 
FIGURE 3. Resulting in a whirl orbit with the 
dynamic forces acting on the rotor. 
 
MEASUREMENT SETUP 
To measure the radial and axial error movements 
and the misalignment of a rotating axis, a setup 
with 5 sensors is used according to ISO 230-7 
[11] and Böhl [12]. As shown in FIGURE 4, two 
sensors are arranged on each of the planes X1, 
Y1 and X2, Y2 to measure the radial 
displacement on the corresponding planes. 
These sensors are offset by 90 degrees. The fifth 
sensor is arranged in the Z direction to measure 
the axial displacement. Furthermore, with this 

setup, the angular errors in the A (EA) and B (EB) 
directions can also be detected. For this 
measurement capacitive and thus contactless 
sensors are used. According to Fleming [13], the 
advantage of a capacitive sensor over an 
inductive sensor is, for example, the lower 
temperature sensitivity, the good resolution in 
small measuring ranges, and the good linearity 
up to 0.001 % under ideal conditions. Another 
advantage is that the diameter of the measuring 
circle on the test object is much smaller than that 
of an inductive sensor. A disadvantage of the 
capacitive sensor is that a rough surface 
generates an inhomogeneous electric field. The 
measurement can therefore be distorted as 
described by Bluth [14]. 

 
FIGURE 4. Schematic of the ISO 230-7 setup 
 
DYNAMIC SIMULATION 
The simulation starts with the initialization and 
accordingly at the origin. FIGURE 5 shows the 
results of the transient rotor dynamics simulation 
with the implementation of the mentioned 
influences of unbalance, gravity, and 
aerodynamic reaction forces. The rotor starts 
immediately with the set speed of 11'000 rpm and 
the corresponding whirl orbit is set with a certain 
time and given rotor dynamics and 
aerodynamics. The steady state of this is shown 
accordingly in FIGURE 6. This shows the external 
influences mentioned. Among other things, the 
synchronous error of approx. 10 µm is 
recognizable. Furthermore, the elliptical shape 
also shows the characteristic features of an air-
bearing application. The corresponding attitude 
angle here is approximately 45° to the normal 
axis. 



 
FIGURE 5. Simulated time transient whirl orbit at 
11’000 rpm 

 
FIGURE 6. Simulated steady-state whirl orbit at 
11’000 rpm 
 
Furthermore, the fully parameterized simulation 
allows a fast and efficient calculation for 
parameter analyses and corresponding 
sensitivity considerations. The behavior can be 
simulated at any point on the rotor and at any 
speed and force. In this case, however, only the 
foremost point on the measuring mandrel is 
considered and without the influence of other 
external forces apart from gravity and unbalance, 
as shown in FIGURE 4. 
 
MEASUREMENT RESULT 
The measurements are carried out in the 
measurement setup already described. The 

current focus is on validating the simulation. The 
whirl orbits shown in FIGURE 7 and FIGURE 8 
were measured at 9,000 rpm and 11,000 rpm and 
plotted in polar coordinates. It is observed that on 
the one hand, the shape of the orbit is different 
and on the other hand, the alignment in phase is 
also dependent on the speed. At the speeds 
selected here, there is no great difference in the 
maximum amplitude, which is almost certainly 
because there should be a natural frequency in 
between that influences this. 

 
FIGURE 7. Measured whirl orbit at 9’000 rpm 

 
FIGURE 8. Measured whirl orbit at 11’000 rpm 
 
FIGURE 8 illustrates the measured whirl orbit 
measured in X1 and Y1 direction at 11’000 rpm. 
The motion shows a synchronous error of 10.8 
µm and an asynchronous error of 0.52 µm. The 



significantly larger synchronous error compared 
to the asynchronous error can be explained by 
the dominant effects of air bearings and 
unbalance. The small asynchronous error, on the 
other hand, indicates a robust and reliable 
measurement chain. 
 
CONCLUSION AND OUTLOOK 
The field of bearing technologies in terms of 
dynamic and precision is as relevant as ever. 
Remaining unbalances and existing aerodynamic 
effects are dominant in high-speed air-bearing 
applications. By simulating the rotor dynamics 
and aerodynamics in an air bearing, the 
experimental whirl orbit is validated for this rotary 
axis of medium size. Furthermore, by extracting 
the unilateral influences on the entire shaft, a 
detailed description becomes possible. This 
allows the prediction of the corresponding rotor 
behavior outside of the previously known 
variables. In further work, the variability of the 
unbalance itself can certainly still be considered. 
Thus, the model can be compared and validated 
with the classical procedure of balancing by 
placing test masses. In addition, the 
electromagnetic forces of the drive can also be 
integrated into the consideration, which will 
certainly also play a role. However, this 
consideration will have to be carried out even 
more in the high-frequency range, for which the 
measurement technology used now still offers a 
few possibilities. All this will further advance the 
development of drives and bearings in the field of 
ultra-precision manufacturing and thus provide 
the necessary basis for other industries. 
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