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Abstract

The existing micro-spindle systems equipped with micro-tools compromise micro-machining accuracy and efficiency due to
their large error. In this study, the radial error of micro-tool tip was classified into static mechanical offset, thermally induced error,
and radial motion error. The micro-tool tip, having the smallest stiffness, was the major error source of radial mechanical offset. A
stiffness-based error model was proposed to predict the radial mechanical offset of micro-tool tip, and the predictions were well
consistent with the measured values. The front bearing, due to its large thermal loss, had lower temperature than the rear bearing
at nearly all rotational speeds. The difference of thermal growths between the two ball bearings resulted in the thermally induced
error. The thermally induced error increased rapidly with running time within the first hour and then entered into a relative stable
state, which was modeled by the least square method. The proposed model of thermally induced error also considered exponen-
tial characteristic of spindle thermal growth in nature. It agreed well with the measured values. The radial motion error increased
with the over-hang length of micro-tool, but decreased with the rotational speed. It was modeled by the least square method and
validated by the measurements. The micro-grinding tests were conducted to further verify the proposed predictive models of
static mechanical offset, thermally induced error, and radial motion error. With the error compensation, the micro-grinding
thickness was close to the required value, which showed the error predictive models and compensation scheme were effective.
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1 Introduction

The miniaturization of products not only decreases weight, but
also possesses more functions. This trend has created tremen-
dous demand for micro/mesoscale parts and components in
many fields such as aerospace, defense, optics, electronics,
and biomedicine. Therefore, researches and technological de-
velopments in micro-manufacturing and fabricating of preci-
sion micro-scale features on metals, polymers, ceramics,
glasses, and composites have attracted increasing attention
[1]. Techniques including laser beam machining, ion beam
machining, electro-discharge machining (EDM), and electro-
chemical machining (ECM) have been successively
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developed based on energy beam, physical, and chemical ef-
fects [2]. These methods mainly concentrate on the silicon
machining and are limited to plane geometries; therefore, they
are typically used as “silicon-based machining techniques” in
electronics industry. Another micro-manufacturing process is
mechanical micro-machining, including micro-turning, mi-
cro-milling, micro-drilling, and micro-grinding [3]. Their
micro-tools are in direct mechanical contact with the work-
pieces, which can provide a good geometric correlation be-
tween the micro-tool and machining surface. Therefore, the
mechanical micro-machining has advantages in machining
three-dimensional intricate micro/mesoscale features and parts
on a broad range of materials [4]. When the miniature machine
tools equipped with high-speed micro-spindle are adopted,
high material removal rates, small volume, and energy con-
sumption can be realized.

Since the micro-tools, such as micro-milling tools and
micro-grinding tools with a tool body diameter of 3 mm or
0.125 in. and a tool tip diameter of less than 1 mm, are directly
mounted into micro-spindles, their machining accuracy and
efficiency are closely related to micro-spindles. In recent
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years, in conjunction with higher performance, more func-
tions, and smaller size of products, the level of mechanical
micro-machining is expected to be further advanced. To this
end, efforts are being made to develop high-speed precision
micro-spindles. In terms of dimensional and form accuracy of
submicron, the micro-spindle should satisfy at least the re-
quirement of commensurate motion error. For micro-parts of
submillimeter, the motion error of less than 100 nm is required
[5]. In addition, the micro-tool is less than 1 mm in tip diam-
eter; therefore, the micro-spindle must provide ultra-high
speed to attain desired cutting speed. Miiller et al. [6] reviewed
a series of newly developed spindles for mechanical
micro-machining and compared their performances. Some
newly developed micro-spindles can be operated at a high
rotational speed up to 500,000 rpm [6, 7], but unfortunately,
the desired accuracy cannot be obtained. A few commercially
available micro-spindles, with a maximum rotational speed of
less than 200,000 rpm, achieve the spindle accuracy within
1 um. However, the radial motion error of the attached
micro-tools varies with the spindle speed and may exceed
1 pm. Our research team proposed a monolithic flexible cou-
pling to decouple the spindle shaft from micro-tool and then
supported the tool shank by aerostatic bearings. Due to the
limitation of manufacturing accuracy, the developed
micro-spindle reached 240,000 rpm, with a tool motion error
of 2.79 um [6, 8, 9]. Therefore, efforts are still needed to
further reduce the error motion of micro-spindles especially
at ultra-high speeds. This means that up to now, the large error
of high-speed micro-spindles during the design and
manufacturing phase has not been solved yet. Therefore, it is
of great significance to ascertain the error source and then
propose a corresponding compensation scheme for improving
the level of mechanical micro-machining.

In reality, the micro-tool tip is in direct mechanical con-
tact with the workpiece during mechanical micro-machining.
Accordingly, the dimensional accuracy, form accuracy, and
surface roughness are critically affected by the error of
micro-tool tip. In addition to the error motion of the
micro-spindle and the thermal error arising from heat-up of
build-in motor’s power loss and friction of bearings, the
centering error and profile error of micro-tool may also con-
tribute to the undesired error of the micro-tool tip during
mechanical micro-machining. Ashok et al. [10] proposed a
capacitive sensor-based measurement technique to assess the
radial errors of a miniaturized machine tool spindle, finding
that the asynchronous radial error motion exhibited a signif-
icant speed-dependent behavior which did not exist in syn-
chronous radial error motion. Murakami et al. [11] presented
an optical technique and measured the error motion of a
high-speed micro-spindle. Anandan et al. [12] presented a
LDV-based methodology for measurement of axial and ra-
dial error motions of ultra-high-speed miniature spindles and
concluded that the average radial motion, synchronous radial
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error motion, and standard deviation of asynchronous radial
error motion varied significantly with the spindle speed.
These different findings may contribute to the development
of different miniature spindles. However, further investiga-
tions beyond the scope of current work are still needed.
Bediz et al. [13, 14] investigated the dynamics of micro-
tools and miniature ultra-high-speed spindle, finding that
the spindle speed had a significant effect on dynamic re-
sponse whereas the collet pressure did not have. Creighton
et al. [15] ascertained the displacement of the micro-tool tip
caused by thermal error and presented a spindle growth
compensation scheme to reduce the thermally induced me-
chanical micro-milling error. Anandan et al. [16] investigat-
ed the effects of more factors including thermal cycling,
spindle speed, over-hang length, and repeatability of artifact
attachment on the radial and axial error motions of miniature
ultra-high-speed spindle. They pointed out the error motion
was strongly dependent upon the speed, thermal state, and
over-hang of the artifact (tool), and concluded that any error
arising from tool, collet, and spindle may all be reflected at
the micro-tool tip, which means that the error of micro-tool
tip may be the comprehensive embodiment of these errors.
Accordingly, comprehensive error analysis of the
tool-collet-spindle system can provide more quantitative un-
derstanding of the error effect of high-speed precision
micro-spindle equipped with micro-tool on mechanical
micro-machining accuracy. Establishing a compensation
scheme is very essential for improving the accuracy and
efficiency of mechanical micro-machining. However, there
have been few studies on performing comprehensive error
analysis to specifically understand and quantify the error
sources contributing to the error of micro-tool tip. Uriarte
et al. [17] established the error budget for the micro-tool
tip based on the stiffness chain including stiffnesses of ma-
chine, spindle, collet, and tool itself and concluded that the
micro-tool with a diameter of less than 0.3 mm was the most
flexible element. However, their study only aimed at static
offset error of micro-tool mounted into the conventional
spindle.

In this study, the comprehensive error analysis was
conducted to quantify various error sources contributing
to the error of micro-grinding tool tip driven by
high-speed precision micro-spindle. The stiffness model
of the tool-collet-spindle system was established to ob-
tain the mechanical offset of micro-tool tip. The ther-
mally induced error and motion error of the
micro-spindle were measured, and their relations with
rotational speed and over-hang length of micro-tool
were modeled. Then, an error analysis-based compensa-
tion scheme was proposed. Finally, such compensation
scheme was applied to mechanical micro-grinding to
verify its effectiveness in improving the accuracy of
mechanical micro-machining.
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2 Error analysis of micro-tool tip

The factors affecting the offset of micro-tool tip are gen-
erally regarded as the error sources, which should be first
identified and then quantified. The micro-spindle used in
this study is HTS1501S-BT40 air turbine spindle
(Nakanishi Inc.), which achieves a maximum rotational
speed of 150,000 rpm and a spindle runout within 1 pm,
as shown in Fig. 1. The micro-tool used in this experi-
ment is a commercially available micro-grinding tool,
with 0.3 mm in tool tip diameter, 3 mm in tool body
diameter, and 35 mm in overall length, as shown in
Fig. 2. During micro-grinding, the grinding force causes
the offset of micro-tool tip due to the small stiffness of
tool-collet-spindle-bearing system, which was classified
into the mechanical offset in this study. After long-time
running, the micro-spindle generates heat and results in
thermally induced error. Moreover, the spindle runout
and resulted machining error are also inevitable.

2.1 Mechanical offset

The micro-spindle system consists of spindle rotor, bearings,
collet, and micro-tool. The radial offset of any of these com-
ponents can cause the offset of micro-tool tip. Therefore, the
radial offset of micro-tool tip is a systematic accumulative
error. According to related theory of material mechanics, the
radial error diagram of micro-tool tip can be drawn, as shown
in Fig. 3. The corresponding radial offset of micro-tool tip U,
can be expressed as Eq. (1).

Ug = Y0i = dp + ¢ + 6 (1)

where dgp, d;, and J; are radial offsets of micro-spindle, collet,
and micro-tool, respectively. The model above directly reflects
the radial offset of micro-tool tip. However, it is inconvenient to
evaluate the radial offset of micro-tool tip at various grinding
forces using this model. As this tool-collet-spindle-bearing sys-
tem is actually a series system, the stiffness-based model for
evaluating radial offset of micro-tool tip was proposed as Eq.
(2). Since the radial offset of micro-tool tip attracts more con-
cern, the radial offset and corresponding stiffness were deeply
analyzed in this study.
1 1 I 1

K, kg + ke + ki @)
where K,, kg, k., and k are stiffnesses of tool-collet-spindle
system (i.e., global stiffness), micro-spindle, collet, and micro-
tool, respectively.

2.1.1 Deflection of micro-tool and its stiffness

Although the micro-tool body is typically 3 mm in diameter, its
tool tip is less than 1 mm. At present, the commercially avail-
able micro-grinding tools have a minimum tool tip diameter of
0.3 mm, as shown in Fig. 2b. As the deflection is large relative
to the precision requirement of submicron, the deflection of the
micro-tool is an important error source. The micro-tool tip was
loaded by small weights and its deflection was measured by
MTI-2100 fotonic sensor, as shown in Fig. 4. This sensor is a
fiber-optical measuring system, with maximum resolution of
2.5 nm and maximum frequency response of 50,000 Hz.
Figure 5 shows the measured results, from which it can be seen

?0.3

(a)

Fig. 2 Micro-grinding tool (a) and its dimensions (b)

that the radial displacement linearly increased with the load,
2 25
s
35

(b)
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Fig. 3 Radial error diagram of micro-spindle system 08 0.5 1 1.5 2

and the maximum displacement reached 10.3 um under a load
of 2 N. The stiffness of micro-grinding tool tip is 195.0 mN/
pum. It should be noted that during measuring the stiffness of
tool tip, the whole tool body was fixed. The conical part of the
tool (Fig. 2) did not get in touch with the fixture and thus was
not fixed. Consequently, the obtained stiffness of tool tip in-
cluded that of the conical section of the tool.

In this experiment, it was difficult to apply a load onto the
micro-tool tip. There was a distance a between the measured
point where the force was applied and the free end; therefore,
the obtained stiffness needed to be further corrected [17].
According to material mechanics theory, when the cantilever
beam is subjected to a concentrated force F, its deflection y ata
distance b is

_ FV’(3L-b)

6EI ®)

where E is elastic modulus, / is inertia moment, L is length,
andb=L—a.
Accordingly, the correction coefficient can be obtained by

Fb?
5 B p31-w)
a= = (4)
FL? 273
3EI

The measuring parameters are shown in Table 1.
According to above correction model, the stiffness of

Fig. 4 Measurement for the stiffness of micro-grinding tool
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Load (N)

Fig. 5 Radial displacement of micro-grinding tool tip

micro-grinding tool tip was 171.6 mN/pum. In addition, the
stiffness of the tool body was also measured in the same
way. The radial displacement under a load of 2 N was
0.8 pm. The stiffness of tool body was about 2524.3 mN/
pum, which is much larger than that of tool tip, indicating that
the tool tip is a dominant factor for evaluating the mechanical
offset of micro-tool.

2.1.2 Stiffness of collet

In the micro-spindle system used for micro-milling or
micro-grinding, the collet is typically attached to the spindle
rotor (Fig. 1); therefore, the spindle/tool shank section was not
considered in this study. Since it was inconvenient to apply a
load on the end of the collet, the load was applied to the tool
body which is very close to the collet. Moreover, the spindle
rotor near the other end of the collet was supported. When a
load of 0—4 N was applied, the resultant radial displacement
was 0-0.55 um. Therefore, the radial stiffness of the collet &,
is approximately 7157.5 mN/pm.

In addition, the angular deformation resulting from the ro-
tation of the collet can also cause the radial offset of the tool tip
(Fig. 3). Since the deformation can be amplified by the dis-
tance between the collet and tool tip [18], its angular stiffness
needs to be ascertained. To calculate the angular stiffness of
collet, a load F was applied onto the tool body, and the radial
displacements at two points were measured, as shown in
Fig. 6. Based on the theory of material mechanics, the angular
stiffness kg is given by Eq. (5).

M.
ko = 7
M.=FLp (5)
0, = arctan (ud—uc)
¢ d—c

Table 1 Parameters for stiffhess calculation of micro-grinding tool tip
Tip, @ (mm) L (mm) a (mm) « Stiffness (mN/pm)
0.3 6 0.5 0.88 171.6
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Fig. 6 Measurement diagram (a)
and photograph (b) for angular

stiffness of collet

LF

U

Ud

(a)

where the torque M, was obtained by the applied force F at
distance Ly and the angle 6. was obtained by the measured
displacements u, at distance ¢ and u4 and distance d. The
related measured data was summarized in Table 2.The exper-
imental angular stiffness of the collet was 195.0 N-m/rad. To
obtain the radial offset of tool tip, the angular stiffness was
transformed into equivalent radial stiffness. Given that the
distance from the tool tip to the center of collet L, was
25 mm in experiment, the equivalent radial stiffness k.o was
given by Eq. (6). Accordingly, the equivalent radial stiffness
in this study is 312.0 mN/um, which is far smaller than the
radial stiffness.

ke

2 (6)

kco =

2.1.3 Stiffness of micro-spindle

The spindle rotor of micro-spindle is supported by angular
contact ball bearings. Due to the integrality of the
micro-spindle, there is no need to differentiate the stiffness
of the rotor from that of the bearings. Their integral stiffness
(i.e., stiffness of the micro-spindle) was measured by applying

Table 2 Parameters for calculation of angular stiffness of collet

Measurement Load F Displacement Displacement
parameters N) U (Um) ug (Lm)
(mm)
c=175 2.0 0.15 0.30
Le=14 2.5 0.20 0.40
b=16 3.0 0.25 0.50

35 0.35 0.70

4.0 0.45 0.90

a load on the spindle rotor. A maximum displacement of
0.37 um was obtained at a load of 2 N. The stiffness of the
micro-spindle is 5480.0 mN/um. It should be noted that the
micro-spindle was mounted onto the conventional jig grinding
machine. The measured stiffness can be approximated to the
stiffness of micro-spindle due to the large size and high stiff-
ness level of the machine tool.

2.2 Thermally induced error

The micro-spindle is driven by an air turbine, which generates
extremely low amount of heat. However, the friction of ball
bearings generates more heat. Although the ball bearing can
be cooled by airflow, thermal growth may occur, which results
in the axial and radial error of spindle rotor and attached
micro-tool. The axial error caused by spindle thermal growth
was studied by Kim [19] and Creighton [15] et al., and the
corresponding spindle growth models were given. However,
there have been few studies reporting on the radial error of
micro-spindle system. In this study, the thermal growths at
front bearing which is close to the collet and rear bearing were

Fig. 7 Measurement of thermally induced radial error

@ Springer



604

Int J Adv Manuf Technol (2018) 97:599-609

25.8

LA |

—=— Rear bearing
25.6 - —*— Front bearing

25.4

—TT

252
25.0 -

248

Temperature (C)

246 -
244

24.2 [ ! ] ] ) ! !
0 20 40 60 80 100 120

Time (min)

(a) 60,000 rpm

19.2 .
—=a— Rear bearing

—— Front bearing
19.0

18.8 -

18.6 |

18.4

Temperature (C)

18.2 |

180 1 " 1 " 1 " 1 " 1 " 1 " 1 N
0 20 40 60 80 100 120

Time (min)

(c) 100,000 rpm

25.0
—a— Rear bearing
248 L —&— Front bearing
o
~ 246 |
g
3
®
© 244
Q
£
9
242
240 1 2 1 " 1 2 i " 1 " 1 " 1 N
0 20 40 60 80 100 120
Time (min)
(b) 80,000 rpm
194
19.2 |-
19.0 |- <
—~ —a— Rear bearing
‘8 18.8 |- —e— Front bearing
[
‘;: 18.6 |-
E L
2 184 |
£ L
L 182
18.0 |-
178 [ 1 A 1 i 1 " 1 " 1 " 1 A 1

0 20 40 60 80 100 120

Time (min)

(d) 120,000 rpm

Fig. 8 a—d Temperatures of front and rear bearings at different rotational speeds

measured by thermocouples, as shown in Fig. 7. The mea-
sured temperatures are not the actual temperatures of the front
and rear bearings. However, they can reflect the thermal
growths of two bearings to some extent and thus qualitatively
explain the thermally induced error of micro-spindle. It is
worth noting that the low rotation speeds of air turbine
micro-spindle are seldom used due to large speed loss at low
air pressure. In addition, the ultra-high rotational speeds such
as 140,000—150,000 rpm are difficult to achieve due to the
cutting load and performance degradation after long-term
use. Therefore, the thermally induced error at rotational speeds
of 60,000-120,000 rpm (corresponding to air pressures of
0.2-0.5 MPa) was analyzed.

Figure 8 shows the temperatures at different rotational
speeds. The temperatures of the front bearing and the rear
bearing both went down to a minimum within the first 5 min
and then rose up, which is attributed to the airflow cooling.
The airflow goes past the flow channel and cools the bearings
nearby. At the beginning, the heat generation from the bear-
ings is very small and the airflow can effectively lower the
temperature. With the running of the spindle, the heat amount
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gradually increases, and the temperature consequently begins
to rise and finally remains to be stable. Unlike ball-bearing
electric micro-spindles [16], this micro-spindle’s temperature
does not increase with the rotational speed. The stable tem-
perature of front bearing decreased with the increasing

55
50
45
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35
3.0 F
25
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1.5
1.0 |
0.5
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—%— 60,000 rpm
—*— 80,000 rpm
—4—100,000 rpm
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Radial error (um)
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Fig. 9 Thermally induced radial errors of micro-tool tip at various
rotational speeds
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Fig. 10 Radial motion errors of micro-tool tip

rotational speed. However, the stable temperature of rear bear-
ing did not follow such change law because of the influence of
airflow change. With the increasing rotational speed, more
heat is generated from the bearing, and the air pressure and
airflow are also increased. Therefore, its cooling action inten-
sifies and the temperature does not progressively increase. In
addition, the temperature of the front bearing was lower than
that of the rear bearing, which is due to airflow cooling effi-
ciency. All the airflow outlets of the micro-spindle are located
in the free conical end and near the front bearing, which makes
the front bearing receive more thermal loss.

The thermal growth discrepancy between the front and rear
bearings may result in the radial errors of the spindle rotor and
attached micro-tool. To validate this inference, the radial error
of micro-tool tip was measured by MTI-2100 fotonic sensor,
as shown in Fig. 7. The micro-tool was replaced by a cylin-
drical artifact, and the same point of artifact tip was measured
to obtain accurate radial error of micro-tool tip. To exclude the

Fig. 11 Micro-grinding tool (a)
and machined micro-slot (b)

radial motion error of the micro-spindle, the radial error was
measured after the micro-spindle stopped, and each measure-
ment was completed as quickly as possible to minimize the
effect of thermal dissipation. Thereby, the measured radial
error can be regarded as thermally induced radial error of the
micro-tool tip. Figure 9 shows the measured thermally in-
duced radial error of the micro-tool tip at different rotational
speeds. It is obvious that the radial error increases rapidly with
running time within the first hour. Subsequently, the increas-
ing rate is gradually lowered and finally enters into a stable
state. The maximum radial errors for 60,000, 80,000, 100,000,
and 120,000 rpm are 4.2, 4.8, 4.4, and 5.1 um, respectively.
Moreover, there is no positive or negative relation between the
thermally induced radial error and rotational speed, which is
different from the ball-bearing electric micro-spindle. The
temperature change is caused by the interaction between air-
flow cooling and bearing frictional heating. The effect of air-
flow cooling on the front bearing is different from that on the
rear bearing. As a result, the temperature difference between
front bearing and rear bearing does not increase or decrease
with the rotational speed, as shown in Fig. 8. Accordingly, a
positive or negative relation between the radial error and ro-
tational speed does not appear.

2.3 Radial motion error of micro-tool tip

The motion error of the micro-spindle is another important
element that affects the machining accuracy and surface
roughness. Although the spindle runout is within 1 pum, the
radial motion error of the micro-tool tip may be larger due to
the misalignment between micro-tool and collet chuck as well
as the performance degradation after long-term use.
Moreover, radial motion error may be aggravated by the
over-hang length and the imbalance of micro-tool and collet.
The micro-tool is 35 mm in overall length and 25 mm in tool
body length, as shown in Fig. 2. Given that the minimum

@ Springer
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Fig. 12 Comparison of experimental and predicted radial errors

clamping length is 10 mm, the over-hang length of the
micro-tool ranges from 10 to 25 mm. Therefore, experiments
on the radial motion error of the micro-tool tip with over-hang
lengths of 10, 15, 20, and 25 mm were performed at rotational
speeds ranging from 40,000 to 120,000 rpm. In the experi-
ments, the measurements were completed as quickly as pos-
sible to exclude the influence of thermally induced error.
Figure 10 shows the radial motion errors of the micro-tool
tip measured by MTI-2100 fotonic sensor. The radial motion
error of the tool tip decreases with the rotational speed. For an
over-hang length of 15 mm, the radial motion error was about
18.7 um at a rotational speed of 40,000 rpm. As the rotational
speed increased to 60,000, 80,000, 100,000, and 120,000 rpm,
the radial motion error decreased to 12.4, 8.9, 7.2, and 6.7 pm,
respectively. The radial motion error of the tool tip increased
with over-hang length of micro-tool. At a rotational speed of
80,000 rpm, the radial motion errors were 8.6, 8.9, 14.1, and
19.5 um for the over-hang lengths of 10, 15, 20, and 25 mm,
respectively. Accordingly, to decrease the radial motion error
of the micro-tool tip, the over-hang length should be short as

14} %7

12 — Prediction %
£ I * Experiment * 1
310} ]
s al i
° 8 « *
T 6 1
: -
@ 4r 1

o *
2t * 1
*
0 1 1

0 02 04 06 08 1 12 14 16
Grinding force (N)

Fig. 13 Comparison between experimental and predicted radial offsets
caused by grinding force
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possible. On the other hand, the micro-tool needs to have
certain over-hang length in order to machine miniature work-
piece with deep micro-feature, such as micro-wall and micro-
cylinder. As shown in Fig. 10, the decreasing range of radial
motion error gradually became small with the decreasing
over-hang length. For instance, the radial motion error of
micro-tool with over-hang length of 15 mm was not much
bigger than that with over-hang length of 10 mm, especially
within rotational speed from 60,000 to 120,000 rpm.
Therefore, considering the radial motion error and require-
ment of machining range, the over-hang length of 15 mm
was adopted in the micro-grinding experiments below.

3 Error compensation strategy

According to above analysis, the radial error of the micro-tool
tip AU is a comprehensive embodiment of mechanical offset
AU, thermally induced error AU, and radial motion error
AU,,. The mechanical offset AU can be calculated by

a=t g (L L] (7)
PUKy  \ky ke K

The predictive model of thermally induced error can be
obtained by fitting measured radial errors, as shown in
Fig. 9. It can be seen that the radial error has a quadratic
function relationship with the time. With the increase of
rotation speed, the thermally induced error shows a
changing tendency of increasing first, and then falling,
increasing again, and then falling again; therefore, the
sine function was used to simulate their relationship.
The mean values of radial errors were regarded as target
values, and the relationship between thermally induced
error and time was fitted using the least square method
with the software Matlab. Since the spindle thermal
growth is exponential in nature [15, 19], this law also
accounts for the thermally induced radial error.
Accordingly, the predictive model of thermally induced
error AU, is expressed as

AU, = —4%10742 + 853*107%s + 143*107*
+ 1.5sin(1.001—¢ ") *sin(~0.5*10"*7n + 4.57) (8)

where ¢ is time (min) and 7 is rotational speed (rpm).
The calculation results obtained according to Eq. (8) have a
large fitting error near 30 min. Nevertheless, the coefficient of
determination R? is 0.96, which indicates a good fitting of the
thermally induced error with the time and rotational speed.
The radial motion error of micro-tool tip with an over-hang
length of 15 mm is showed in Fig. 10. The fitting between the
radial motion and rotational speed was conducted according to
least square method with the software Matlab. The predictive
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Fig. 14 Micro-grinding of
duralumin 6061

model is given by Eq. (9). The coefficient of determination R*
is 0.99, which indicates a good fitting between the radial mo-
tion error and rotational speed.

AU, = 24.02%107'0%7%—52.96*107 *n + 35.84 (9)

It was worth noting that the motion error in actual machin-
ing may be smaller than that at idling running, which was
verified by micro-grinding of micro-slot, as shown in
Fig. 11. The tip diameter of the micro-grinding tool was
261.7 um, whereas the width of the machined micro-slot at
a rotational speed of 60,000 rpm was 270.7 um. This meant
that the width difference of 9.0 um was resulted from the
radial motion error of the micro-grinding tool tip. However,
according to Fig. 10, the radial motional error of the tool tip
was 12.4 pum, which was larger than that of actual
micro-machining. The micro-grinding process, which is usu-
ally applied to single-side grinding, has small effect on radial
motion error compared with micro grinding of micro-slot.
Therefore, the proposed predictive model (Eq. 9) can be used
for the prediction of radial motion error of micro-tool tip.

4 Experiments and verifications

The radial errors of the micro-grinding tool tip were measured
and compared with results predicted by the model, as shown
in Fig. 12. The micro-spindle was at idling running state, so
the mechanical offset was not included. It can be seen that the

Fig. 15 Machined micro-faces. a
No grinding thickness at 45°-
inclined plane, b 30-um grinding
thickness at 45°-inclined plane, ¢
30-um grinding thickness at 75°-
inclined plane, and d error
compensation at 45°-inclined
plane

experimental maximum radial error exceeded 10 um, which
verifies the necessity of error compensation of ultra-high
micro-spindle system in mechanical micro-machining. The
predicted radial error had a maximum deviation of approxi-
mately 1 pm, which agreed well with the experimental data.

Figure 13 depicts the experimental and predicted radial
offsets of the micro-grinding tool tip caused by grinding
forces. The predicted values agreed well with the experimental
results.

The error compensation was used in micro-grinding of du-
ralumin 6061, as shown in Fig. 14. The error compensation
was fulfilled by real timely moving the worktable in this study.
The machined workpiece has two planes inclined at 75° and
45°, respectively. To achieve exact tool adjustment, the
micro-grinding tool firstly approached as close as possible to
the workpiece and then slid along the workpiece, and the
whole process was monitored by the industrial microscope
JT-1400B. The tool adjustment was not completed until some
bright traces were found in the workpiece. Subsequently, the
side micro-grinding was carried out at a rotational speed of
60,000 rpm, and the actual grinding depth was measured as
shown in Fig. 15. Due to the radial motion error of the
micro-grinding tool, one surface was machined at 45°-in-
clined plane, with actual grinding thickness reaching
5.6 um. Then, under the grinding thickness of 30.0 um, two
surfaces were machined at 45°-inclined and 75°-inclined
planes, respectively. The actual grinding thickness at 45°-in-
clined plane was 33.2 wm, which was larger than that at
75°-inclined plane by around 1.1 um. Through experiment,
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the tool radial offset caused by grinding force has been veri-
fied to have an important effect on the mechanical
micro-machining. The predicted tool offset at a grinding
force of 0.3 N was 2.7 um whereas the predicted radial error
was 5.7 um. It should be noted that the radial offset of
micro-grinding tool tip reduces the machining amount, where-
as thermally induced error and motion error enlarge the ma-
chining amount. Thereby, the grinding thickness should be
reduced by 3.0 um. With this error compensation, a side sur-
face was machined at 45°-inclined plane, with actual grinding
thickness of about 30.7 wm, which shows the machining error
was reduced to 0.7 pum.

5 Conclusions

The radial error of a high-speed precision micro-spindle sys-
tem equipped with micro-tool was deeply analyzed in this
study, and the following conclusions were drawn:

1. The radial error of micro-tool tip is a comprehensive em-
bodiment of mechanical offset, thermally induced error,
and motion error. In side micro-machining, the mechani-
cal offset reduces the actual thickness whereas the ther-
mally induced error and motion error enlarge the actual
thickness.

2. The micro-tool tip, having the smallest stiffness, is the
major error source of radial mechanical offset. The angu-
lar stiffness of collet should be also concerned. Its equiv-
alent radial stiffness is 312.0 mN/pm, which is larger than
that of micro-tool tip by 117 mN/um. The radial stift-
nesses of micro-tool body, collet, and micro-spindle are
far larger than the radial stiffness of micro-tool tip and
equivalent radial stiffness of collet.

3. The temperatures of two bearings went down to a mini-
mum within the first 5 min due to air cooling and then
gradually rose up. Since higher rotational speed demands
higher air pressure and thus brings better cooling effect,
this air-turbine micro-spindle’s temperature does not in-
crease with the rotational speed, which is different from
the ball-bearing electric micro-spindle. The front bearing
receives more thermal loss and thus had lower tempera-
ture than the rear bearing at nearly all rotational speeds.

4. The different thermal growths between two ball bearings
of the micro-spindle result in the thermally induced error.
The thermally induced error increased rapidly with run-
ning time within the first hour and then entered into a
relative stable state. In addition, there is no positive or
negative relationship between thermally induced error
and rotational speed due to different airflow cooling ef-
fects on the front and rear bearings.

5. The radial motion error increased with the over-hang length
of micro-tool, but decreased with the rotational speed. To

@ Springer

reach a balance between the machining range and accuracy,
an over-hang length of 15 mm was adopted and its maxi-
mum radial motion error was 12.3 pm at a rotational speed
of 60,000 rpm. As subjected to machining load, the radial
motion error of micro-tool tip in actual micro-machining is
normally smaller than that at idling running state.

6. The radial mechanical offset, thermally induced error, and
motion error of micro-tool tip predicted by the proposed
error models were in good consistent with the measured
values, which showed good reliability of the proposed
models. The micro-grinding tests also verified the ratio-
nality of the proposed models. With the error compensa-
tion, the experimental micro-grinding thickness was close
to the required value. This indicated the error compensa-
tion scheme improved micro-machining accuracy greatly.
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