
 

          
 
 

 

euspen’s 22nd International Conference & 
Exhibition, Geneva, CH, May/June 2022 

www.euspen.eu  

Ultra-precision high performance cutting of nickel silver using a magnetically 
levitated feed axis 
 
Lars Schönemann1,2, Timo Dörgeloh1,2, Oltmann Riemer1,2, Per Schreiber3, Heinrich Klemme3, 
Berend Denkena3 

 
1Leibniz Institut für Werkstofforientierte Technologien IWT, Laboratory for Precision Machining LFM, Badgasteiner Straße 2, 28359 Bremen, Germany 
2MAPEX Center for Materials and Processes, University of Bremen, Germany 
3Leibniz Universität Hannover, Institute of Production Engineering and Machine Tools (IFW), An der Universität 2, 30823 Garbsen, Germany 
 
schoenemann@iwt.uni-bremen.de  

  
Abstract 
High speed cutting offers the possibility to significantly speed up diamond milling processes. It not only increases the economic 
efficiency but also has a positive impact on the material removal mechanisms and the resulting tool wear. Electromagnetic feed axes 
provide the potential to enable the required precision and reduction of vibration at the increased feed velocities and axis dynamics. 
This paper comprises first results obtained by combining diamond fly-cutting on a high-speed air bearing spindle with an 
electromagnetic feed axis on a custom-built 3-axis machining setup. After balancing the spindle with a fly-cut-head (Dfly = 160 mm), 
two sets of experiments were conducted: first, the cutting speed was varied by setting the respective spindle speed between 
n = 4,000 and 7,500 min-1 (i.e. vc = 33 to 63 m⋅s-1). During these runs, the feed velocity was adapted to maintain a theoretical surface 
roughness of Rkin = 10 nm. In the second set of experiments, the feed velocity was varied for a constant spindle speed of 
n = 7,500 min-1 between vf = 600 mm⋅min-1 and 4,800 mm⋅min-1 in order to observe the behaviour of the magnetic axis at very high 
speeds. In both cases, live data (e.g. axis position/velocity/acceleration) was captured during machining and measurements of the 
machined surface were taken by coherence scanning interferometry. The results show that the setup including the magnetically 
levitated axis is capable of producing high precision surfaces with sub-40 nm RMS surface roughness. No significant deterioration of 
the performance at high feed velocities is observed. However, deviation occurring at higher speeds tend to affect long-wave surface 
features, i.e. the waviness. 
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1. Introduction to ultra-precision high performance cutting 

Ultra-precision machining is an established technology for the 
production of optics and other high precision surfaces [1,2]. The 
high flexibility and precision of the applied processes, however, 
results in typically long processing times of the produced parts 
[3]. For example, milling an optical freeform surface can easily 
take several hours [4] or even days [5] of machining time. One 
reason for this is the restriction to a single cutting edge during 
the process to achieve the required precision (“fly-cutting”). 
Another reason is the usage of comparably low spindle speeds 
of around 1000 min-1 to 2000 min-1 and the associated 
restriction in feed velocity to achieve an optical surface finish. In 
recent years, significant progress has been made in the German 
research unit FOR1845 to introduce high speed cutting (HSC) 
techniques to ultra-precision cutting processes [6]. It has been 
shown that applying high spindle speeds allows for an increase 
in feed velocity and thus machining efficiency. Moreover, the 
resulting high cutting speed also is favourable in terms of cutting 
mechanics, i.e. results in lower process forces and tool wear (see 
[7] and [8].  

In order to utilize the full potential of high spindle and cutting 
speeds, the feed velocity needs to be increased accordingly. 
Commercially available ultra-precision machine tools typically 
rely on hydrostatic bearings which, at high sliding velocities, 
become more susceptible to fluidic friction and thermal issues. 
Thus, the maximum slide velocities are usually limited to around 

2000  to 3000 mm⋅min-1 [9,10] as a trade-off between motion 
dynamics and positioning accuracy. Electromagnetic levitation 
guides are a promising technology to mitigate this trade-off due 
to their absence of friction and additional capabilities such as 
fine-positioning in auxiliary directions. However, known 
levitation guides for precision applications, e.g. [11], often lack 
in stiffness and are thus not suited for high performance cutting. 
Therefore, a novel electromagnetic levitation linear guide was 
developed in the context of the FOR1845 [12]. The guide allows 
for contactless force transmission and thus friction-free motion 
at a positioning accuracy of < 300 nm. Additionally, no 
resonance frequencies are prevalent below 2.3 kHz which 
contributes to a smooth feed motion. So far, the feasibility of the 
levitation guide was shown for shaping [13] as well as for 
manufacturing precision grooves [14].  

This work aims to investigate the performance of the levitation 
guide in fly-cutting processes. To this end, fly-cutting 
experiments are conducted at different feed and cutting 
velocities. Surface measurements are then compared to 
simulation results and axis data in order to estimate the impact 
of levitation axis control deviations. The following sections first 
describe the machining setup of the experiments. Subsequently, 
the results are analysed and discussed.  

2. Machining setup 

The developments of the research unit FOR1845 were 
integrated into a common test stand that serves as the basis for 
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the cutting experiments of this study. The test stand is designed 
in an YC-Tool-WP-XZ configuration (Figure 1). It incorporates a 
high speed air bearing spindle type ISO3.375B (Professional 
Instruments) that is mounted on a mechanical infeed axis (Y) 
attached to a portal machine frame. The spindle holds a 
peripheral milling head (fly-cutter) of 160 mm in diameter. The 
workpiece is fixed on a cross table that comprises of a 
magnetically levitated feed axis (X) and an air bearing slide that 
can perform a crossfeed motion (Z). A 3-axis dynamometer 
(Kistler 9119AA2) is attached in between the workpiece fixture 
and the electromagnetic slide to enable a measurement of the 
cutting forces. Relevant axis data (position/velocity/control 
deviations) were captured at a sampling time of 50 µs.  

After careful balancing of the fly-cutter to a balancing grade of 
below G0.064, two sets of experiments were performed for the 
current study (Table 1). The kinematics of the fly-cutting process 
can be seen in Figure 2. In the first set, the spindle speed was 
gradually increased from n = 4000 min-1 to 7500 min-1 in order 
to analyse the influence of the cutting speed vc on the machining 
process. With the given fly-cutter diameter of 160 mm this is 
equivalent to cutting speeds between 33.51 m⋅s-1 and 
62.83 m⋅s-1. The feed velocity vf was chosen for each spindle 
speed so that a targeted value of Rkin = 10 nm was achieved. 
Therefore, kinematic process conditions remained 
approximately constant while the feed-velocity was only varied 
within relatively low range between 320-600 mm⋅min-1. Thus, 
changes in actual surface roughness can predominantly be 
attributed to the increased cutting speeds. 

In the second set of experiments, the spindle speed was kept 
constant in order to eliminate the effect from variation in vc. For 
technical reasons, the rotational speed limit was 7500 min-1. 
Here, variable feed velocities of the magnetic axis between 
vf = 600 mm⋅min-1 and 4800 mm⋅min-1 were selected in order to 
assess the impact of the linear axis dynamics on the surface 
generation.  

In both sets of experiments, surfaces with a length of 
lcut = 20 mm (feed direction) and a width of wcut = 0.2 – 0.3 mm 
were generated in a raster fly-cutting process with a line spacing 
of s = 5 µm (crossfeed direction). The depth of cut was set to 
ap = 10 µm. A coolant was not used in order to not damage the 
electromagnetic guide. 

 
Figure 1. Test stand with HSC air bearing spindle, 160 mm fly-cutter and 
electromagnetic feed axis 

After the experiments, the machined surfaces were measured 
using a coherence scanning interferometer Talysurf CCI HD 
(Taylor Hobson Ltd.) at a magnification of 10x. For each 

experimental run, five approx. 80 µm x 490 µm large sections 
were extracted along the length of the cut to determine the 
average surface roughness. All sections were levelled and 
filtered with a morphologic filter (opening and closing operation 
with a sphere of 100 µm diameter) to remove unwanted noise. 
The root mean square (RMS) surface height was selected as the 
parameter for an initial analysis. A nesting index of λc = 80 µm 
was used to separate between roughness (Sq) and waviness 
(Wq).  

Table 1. Process parameters for diamond milling studies 

Parameter set 1 set 2 

Dfly 160 mm 

rϵ 0.76 mm 

n 4000 – 7500 min-1 7500 min-1 

Rkin 10 nm (const.) 10 – 640 nm (var.) 

vf 320 – 600 mm⋅min-1 600 – 4800 mm⋅min-1 

lcut 20 mm 

wcut 0.200 – 0.300 mm 

s 0.005 mm 

ap 0.010 – 0.015 mm 0.010 mm 

workpiece German silver N37 (CuNi18Zn19Pb1) 

coolant none 

 
Figure 2: Kinematics of the fly-cutting process 

3. Experiments and results 

3.1. Variation of cutting speed 
The results of the surface measurements for the variation of 

the cutting speed are shown exemplarily for the mid-section of 
the cut (lcut ≈ 15 mm) in Figure 3.  

 
Figure 3. CSI surface measurements for varying cutting speeds vc 

All measured surfaces have a similar topography, regardless of 
the selected cutting speed. Feed marks are visible, both in 
cutting and in step direction, as expected for the rastering of the 
surface with the selected parameters. As there is no 
synchronization between the spindle rotation and the linear axis 
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position, the subsequent cuts are not equally aligned, but exhibit 
an offset in cutting direction. The height of the cuts varies by 
about 300 nm with no visible systematic trend. The root mean 
square surface roughness was determined to be in the range of 
Sq = 20 nm to 40 nm, as shown in Figure 4. No significant trend 
can be determined that correlates the cutting speed to the RMS 
surface height. 

 
Figure 4. Root mean square surface height as a function of cutting 
speed vc (mean and standard deviation of 5 measurements, 
λc = 80 µm). 

In conclusion to the first set of experiments, no significant 
influence of the cutting speed on the surface generation 
appears, as expected due to the constant value of Rkin. This also 
implies that the magnetic feed axis is able to provide constant 
engagement conditions and yields a performance that is 
adequate for ultra-precision optics machining. In this context, it 
has to be taken into account that all experiments were 
performed in a normal laboratory, i.e. without a sophisticated 
climate control and without means for vibration isolation. The 
room temperature was measured infrequently along the 
experiments using a BME-280 temperature sensor and showed 
a total spread of Tmax – Tmin = 0.46 K with an average of 
Tavg = 22.27 °C. 

 
3.2. Variation of feed velocity 

The surfaces machined with increasing feed velocity and 
constant spindle speed were measured analogous to the first set 
of experiments and are depicted in Figure 5. While feed 
velocities up to 3000 mm⋅min-1 show similar homogeneous 
surface patterns, increasing distortions are noticeable above this 
speed. 

 
Figure 5. CSI measurements of generated surfaces at selected feed 
velocities vf 

The measured RMS surface heights are shown in Figure 6. The 
values increase from 55.3 nm to up to 90.8 nm with higher feed 
velocity. 

To further assess the surface measurement results, a 
reference value is calculated. The reference value reflects the 
surface values that would result only from process kinematics 
under otherwise perfect conditions. Because the calculation of a 
reference value for Sq is not as trivial as for Rkin, numerical 
simulations (see [15]) of the surface generation under idealized 
conditions have been performed and evaluated with the same 
procedure as for the real CSI measurements. Idealized 
conditions imply here that both the fly-cut radius and the tool 
edge radius inscribe perfect circles of the nominal geometry and 
no dynamic variation of the infeed, feed or step motion occurs. 
The only variation considered is a random offset of subsequent 
raster lines in cutting direction due to the unsynchronized 
spindle motion. 

 
Figure 6. Root mean square (RMS) surface height as a function of feed 
velocity vf at a constant spindle speed of n = 7,500 min-1 (mean and 
standard deviation of 5 measurements, λc = 80 µm) and RMS height of 
reference surface (mean and standard deviation of 10 simulations, 
λc = 80 µm) 

Table 2: Coefficients of polynomial fits to the RMS surface height   
c2⋅ vf² c1⋅ vf c0 R² 

Sq 
measurement - 0.00475 53.40 0.44 

reference - 0.00712 -1.09 1.00 

Wq 
measurement 1.77E-06 -0.00105 59.01 0.53 

reference 5.36E-07 0.00372 -2.34 1.00 

 
The values for the machined surfaces exceed the numerical 

simulations significantly. This is the result of several factors 
contributing to the overall surface generation, among which are: 

 
- control deviations of the levitating axis 
- oscillations of the test setup caused by the movement of 

the linear axes and spindle rotation 
- spindle runout and balance state 
- thermal drift 
- tool wear / dry cutting conditions 
- transmission of external vibration 
- the physical limits of the workpiece material 

 
Nevertheless, the expected trend of increasing RMS surface 

height with increasing feed velocity can be observed in the 
measurements. It can also be deduced that the performance of 
the magnetic axis does not deteriorate with higher feed velocity. 
A linear fit was applied to the Sq values and a quadratic fit to the 
Wq values. The coefficients are shown in Table 2. The polynomial 
fits to the Sq datasets have rather low R² values, which is 
attributed to the influencing factors mentioned above. 
Nevertheless, the progression of the measurements has a 
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smaller gradient c1 than the simulations. This indicates that the 
magnetic axis is capable of producing better roughness values at 
higher speeds. However, errors are not reduced overall, but 
shifted to longer wavelengths, as it can be deduced from the fits 
to the Wq datasets which feature a significantly higher quadratic 
term (c2) for the measurements than for the references. 

These assumptions are supported by the live axis data of the 
magnetic axis collected during the experiments. Figure 7 shows 
the RMS-value of the control deviation qy of the magnetic axis in 
vertical direction (infeed). The deviation qy was chosen for this 
analysis as deviations in infeed direction can be expected to be 
most significant for the surface roughness and waviness. For 
comparison with the Sq and Wq values, qy was pre-processed 
with similar parameters as the CSI-measurements: high and low 
frequency components were separated by the use of a linear 
Gaussian filter (λc = 80 µm). RMS-values of qy were then 
calculated for segments with a length of ca. 489 µm. It can be 
seen that with increasing feed velocity, deviations of qy rather 
tend to affect waviness instead of surface roughness. However, 
it is to mention that this effect is expected to appear on its own 
due to the shift of time-frequency components of qy to lower 
spatial surface frequencies with increasing vf. Moreover, due to 
the undersampling-like effect of the brief tool-workpiece 
contact at a frequency of 125 Hz (7500 min-1), frequency 
components of over 62.5 Hz can be expected to contribute not 
only to surface roughness but also to waviness. Thus, this simple 
analysis of the RMS-values can only show that deviations of the 
levitation axis in the higher frequency range, which would likely 
deteriorate the surface roughness, do not increase with higher 
vf. To further elicit a transmission behaviour of the levitation axis 
deviations on the manufactured surface, more sophisticated 
analysis based on surface simulation will be conducted.  

 
Figure 7. Root mean square of qy as a function of feed velocity vf during 
experiments with parameter set 2. High- and low frequency 
components separated by Gaussian filter with λc = 80 µm. Mean and 
standard deviation of RMS. 

4. Summary and outlook 

This study aimed at evaluating the performance of a 
magnetically levitated feed axis for high performance diamond 
milling of optical surfaces. In a first set of experiments, spindle 
speed and feed velocity were increased alongside each other to 
produce optical surfaces of a defined quality (here: Rkin = 10 nm) 
with increasing effectivity. It was shown that a surface 
roughness of Sq ≤ 40 nm was produced, regardless of the 
applied speed. Thus, it is concluded that the magnetic axis is able 
to provide constant engagement conditions throughout.  

The second set of experiments was performed with a fixed 
spindle speed of n = 7500 min-1 and variable feed velocity. The 
results show a progressive increase in surface roughness as 
expected from the selected parameters. However, the increase 
in RMS surface roughness Sq was found to have a smaller 
gradient than that of the simulations taken as reference.  

For further analysis, live axis data of the magnetic axis was 
evaluated. It indicates that axis deviations are shifted towards 
longer spatial wavelengths, i.e. have an increasing impact on the 
waviness and less on the roughness. 

In further research, the availability of high frequency axis 
position data in all six degrees of freedom will be utilized to 
conduct surface simulations. Based on this, it will be investigated 
how control deviations of the magnetic levitation axes map onto 
the manufactured surface. Moreover, it will be investigated to 
what extent the axis data can be used to predict surface 
characteristics and to derive optimized machining parameters.  
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