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Abstract 
The miniaturization of structures and parts necessitates tools of extremely small diameters. This in turn demands for ultra-high 
speed spindles to reach the required cutting speeds. In addition, higher rotational speeds of the spindles enable higher material 
removal rates with the same quality by keeping the feed per tooth constant at rising feed rates. This can only be maintained when 
the tool run-out and the concentricity of the tool to the tool shank is as low as possible (< 1 µm). The run-out of the micro tool is 
linked to the quality of the tool shank itself (surface quality, cylindricity, etc.), the accuracy of the manufacturing of the micro tool’s 
geometry and the accuracy of the tool clamping system. Thereby a high clamping accuracy for both the tool manufacturing as well 
as the tool application is required. The research described in this paper presents a novel rotational air bearing axis for the precise 
manufacturing of ultra-small micro end mills. Thereby the tool shank of the micro end mill is directly guided by air bearings. The air 
gap of the air bearing provides a balancing against deviations in shape and size of the tool shank, resulting in a very high rotational 
accuracy. Thus, a high rotational speed and a low run-out error is achieved during micro milling. High quality structures at high 
material removal rates are possible with ultra-small micro end mills manufactured with this novel air bearing axis. 
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1. Introduction 

Micro parts and micro structured components are an integral 
part of our daily lives. They are needed for omnipresent 
consumer goods (e.g. optics in mobile phones or micro 
electronic devices), hence the optimization of the processes to 
manufacture them has become a field of high scientific and 
economic importance [1, 2]. 

Among the processes that exist to manufacture micro parts 
and structures, micro machining with ultra-small micro end 
mills (USM) is one of the most promising. It provides the 
advantage of a comparably high material removal rate and at 
the same time allows for the manufacture of complex three 
dimensional structures and parts [3]. 

The USM demands for ultra-high speed spindles to reach the 
required cutting speeds, especially when machining with tools 
< 50 µm in diameter [4]. An increase of the rotational speeds 
beyond the required speeds can also be beneficial. Keeping the 
feed per tooth at a beneficial, constant value, rising rotational 
speeds enable higher feed rates and thus enable higher 
material removal rates with the same structure quality. This 
can only be maintained when the tool run-out and the 
concentricity of the tool to the tool shank is as low as possible 
(< 1 µm). The run-out of the micro tool is directly linked to the 
quality of the tool shank itself (surface quality, cylindricity, 
etc.), the accuracy of the manufacturing of the micro tool’s 
geometry, and the accuracy of the tool chuck or clamping 
system. This means, a high clamping accuracy for both the tool 
manufacturing as well as the tool application is required to 
reach a low run-out error. 

To optimize the manufacturing of the USM tool a novel air 
bearing axis is presented in this paper. 

2. Rotational air bearing axis and tool grinding 

Fig. 1. shows the developed air bearing axis. A stepper motor 
with a maximum rotational speed of 4500 rpm is applied for 
driving and positioning the tool shank in rotational direction. A 
magnet is used for coupling the tool shank with the motor. The 
radial guiding, which is crucial for the run-out, is an inlet 
compensated air bearing with two rows of 6 feed holes 
(d = 100 µm) a length of 16 mm and a clearance of 4 µm [5]. As 
the bearing is stiffer than the magnetic coupling, only the 
rotational movements from the stepper motor are transmitted 
to the tool shank, no vibrations or run-out errors of the motor.  

 
Figure 1. rotational air bearing axis (half section) 
 

Fig. 3 shows the process steps for grinding an USM. The first 
step a) is blank grinding on a conventional tool grinding 
machine. A peak with a cone angle of 40° is ground onto a 
cylindrical cemented carbide tool shank. The geometry of the 
USM’s cutting part (step b) and c)) was manufactured with the 
grinding module presented in earlier works [6]. With a sintered 
diamond grinding wheel a cylinder at a high removal rate is 
ground. The last step is grinding the geometry on the cylinder 
with a fine grinding wheel. This last step is of high importance 
for good surface quality and high precision. The second and 
third steps (geometry of the cutting part) are performed while 
the USM is clamped on the novel developed air bearing axis. 
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Figure 3. grinding an USM tool 

3. Performance evaluation 

To evaluate the performance of the air bearing axis, run-out 
measurements were performed. First, the roundness of the 
tool shank was measured with a roundness measurement 
system on three planes (Taylor Hobson Talyrond 365

1
). The 

measurement results are listed in Tab. 1. With these 
measurements, the roundness of the tool shank can be related 
to the total run-out of the air bearing axis. 

 
Table 1 measured tool shank roundness 

 
The rotational accuracy of the tool shanks in our axis is 

compared to the accuracy achieved in a commercial air bearing 
spindle for Printed Circuit Board (PCB) drilling with a collet 
chuck. Fig. 4 shows the measured run-out. The measurement 
was performed with a capacitive probe (LION Precision 
CPL190

1
) on the same tool shank with two different arbitrary 

tool clamping positions (red and blue). 

 
Figure 4. measured run-out: a) developed air bearing axis (< 0.7 µm for 
both) b) conventional air bearing spindle (ca. 1µm and 2.25 µm) 
 

Two results are evident: the direct guiding of the tool shank 
in our air bearing axis without a collet results into a better 
rotational accuracy (run-out < 0.7 µm for both positions) 
compared to a commercial air bearing spindle. And the same 
accuracy is achieved for both clamping positions, whereas 
those differ significantly for the commercial one (1 and 
2.25µm). 

As seen in Tab.1, the surface of a tool shank is not 
homogenous. When a collet chuck is used for clamping, as in 
common commercial systems, the line contact is depending on 
the surface quality of this area. Because the exact same spot 
cannot be found again, there is always a misalignment of the 
tool when reclamping. In contrast, air bearing spindles 
compensate surface defects and thus our spindle is not depend 
on a homogenous surface quality of the shank’s surface. This 
means when grinding a USM, not only the concentricity of the 
tool to the tool shank is improved, but also the precision when 
reclamping the USM, compare Figure. 4. 

4. USM tool manufacturing 

Fig. 5 shows a USM manufactured in our air bearing spindle, 
the grain size of the cemented carbide of the blank was 0.3 µm. 
The resulting geometry closely matches the ideal geometry 
(input parameters for tool manufacturing). Additionally, the 
direct guiding of the tool shank in the air bearing results in 
damping of the process forces and thus a very smooth rake 
face of the tool [7]. 

 
Figure 5. ground USM mill 

5. Conclusion and outlook 

In this paper a novel air bearing for the precise 
manufacturing of micro tools was introduced. The main feature 
of this axis is the direct guiding of the tool shank by air bearings 
to minimize run-out and clamping errors. The air gap of the air 
bearing provides balancing against deviations in shape and size 
of the tool shank, resulting in a very high rotational accuracy. 
Thus, a high rotational speed and a low run-out error can be 
achieved during micro milling with USMs fabricated in our 
spindle. 

Future research will aim at the application of the produced 
USMs for micro machining and to enhance of the geometric 
variability of the tools (e.g. ball and profiled end mills). 
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