
�13
92

R}}=B
�'h

}QW
l}

v=mt
|U

Ovyt
9�3

"X
'2|

xQ=t
W'

29
�3

|xQ
wO

O
ri

gi
na

lA
rt

ic
le|}=wy u=k=D=} C=W=aDQ= Q@ QF-wt pt=wa |xar=]t

l} QDtwv=v |Q=mu}W=t QO
�OWQ= T=vWQ� � �xO=ROvwN; OtLt

R=wy= OL=w '|tqU= O=R; x=oWv=O '|UOvyt w |vi |xOmWv=O
�Q=}O=DU=� |DOLw O=OQyt

|Uw] u}Or=Q}Yv xH=wN |DavY x=oWv=O 'l}v�t |UOvyt |xOmWv=O

u=tDN=U x@ u=wD|t j}kO jwi Q=R@= |=yu}W=t QO xar=]t OQwt EL=@t u} QDsyt R=
'u}}=B C=W=aDQ= 'u; Q}O=kt w |m}v=mt w |DQ=QL |Q=O}=B 'u; |q=@ |=y|DiU w Q=R@=u}W=t
Q=R@= |=yu}W=t QO syt Q=}U@ |=RH= R= |m} "OQm xQ=W= j}kO Q=}U@ |DmQL |=yQwLt w
|Q=mu}W=t K]U C}i}m Q@ ,=t}kDUt u; C=W=aDQ= xm CU= u; |}=wy pOv}BU= j}kO jwi
|xwLv '|v=QwO CaQU x@ u=wD|t pOv}BU= C=W=aDQ= Q@ QF-wt |=yQDt=Q=B R= "OQ=O Q}F-=D xOW
xQ=W= """w =wy |kr QO OwHwt |=wy Q=Wi '|}=wy |xJ[wL pt=wa 'xOQWi |=wy |x}PeD

CaQU w |}=wy |xJ[wL O=OaD w jta 'xR=Ov= 'pmW |=yQDt=Q=B j}kLD u}= QO "OQm
QO "OW xDiQo Q_v QO K]U xU =yQDt=Q=B u}= R= l} Qy |=Q@ "CiQo Q=Qk |UQQ@ OQwt |v=QwO

|}=wy |=ypOv}BU= =OD@= =yv; R= l} Qy QO xm CiQo s=Hv= V}=tR; 243 O=OaD ẁtHt
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"OW sUQ MiniTab Q=Ri=sQv |xr}Uwx@
O=OaD w jta 'xR=Ov= 'pmW |=yQDt=Q=B QF= ?}DQDx@ 10 =D 6 |=ypmW QO
xO=O u=Wv |}=wy pOv}BU= C=W=aDQ= Q@ QwDwQ |v=QwO CaQU w |}=wy |xJ[wL
pOv}BU= C=W=aDQ= Q@ |}=wy |xJ[wL pmW QF= Q=Owtv |xar=]t R= TB "CU= xOW
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|DO
Lw

O=OQ
ytw

xO=R
OvwN

;Ot
Lt

"|}=wy |xJ[wL O=OaD w pmW u}@ QF= pt=aD "13 pmW

"|}=wy pOv}BU= |v=QwO CaQU w |}=wy |xJ[wL pmW u}@ QF= pt=aD "14 pmW

"|}=wy |xJ[wL jta w xR=Ov= u}@ QF= pt=aD "15 pmW

"|}=wy |xJ[wL O=OaD w xR=Ov= u}@ QF= pt=aD "16 pmW

"u; C=W=aDQ= Q@ |}=wy pOv}BU= |v=QwO CaQU QF= Q=Owtv "10 pmW

"CU= OwHwt QwOt |=yxJ[wL QO V=aDQ= Q=Okt u} QDsm xmCi=} QO u=wD|t |}=wy
=Q V=aDQ= u} QDsm '|}=wy pOv}BU= C=W=aDQ= Q@ |}=wy |xJ[wL |xR=Ov= QF= Q=Owtv

"OyO|t u=Wv 300mm2 CL=Ut =@ |=yxJ[wL QO
Ci=} QO u=wD|t|}=wy pOv}BU= C=W=aDQ= Q@|}=wy |xJ[wL jta QF= Q=Owtv R=
O=OaD QF= Q=Owtv |UQQ@ R= "OvQ=O |QDsm C=W=aDQ= QDt|r}t 3 jta =@ |=yxJ[wL xm
|=ypOv}BU= xm Ci=} QO u=wD|t R}v |}=wy pOv}BU= C=W=aDQ= Q@ |}=wy |xJ[wL

"OvQ=O |QDsm C=W=aDQ= xJ[wL wO =@
OyO|t u=Wv u; C=W=aDQ= Q@ |}=wy pOv}BU= |v=QwO CaQU QF= Q=Owtv u}vJty
'|v=QwO CaQU V}=Ri= =@ w xO=O MQ |QDsm C=W=aDQ= 'QDu}}=B |v=QwO CaQU QO xm

"O@=}|t V}=Ri= R}v |}=wy pOv}BU= C=W=aDQ=
|xR=Ov= w pmW |=yQDt=Q=B QF= pt=aD |=yQ=Owtv?}DQDx@ 20 =D 11 |=ypmW QO

"|}=wy |xJ[wL xR=Ov= w pmW u}@ QF= pt=aD "11 pmW

"|}=wy |xJ[wL jta w pmW u}@ QF= pt=aD "12 pmW
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"""|
}=wy

u=k=
D=}C

=W=a
DQ=Q

@QF -w
tp

t=wa
|xa

r=]t'|}=wy |xJ[wL O=OaD w pmW '|}=wy |xJ[wL jta w pmW '|}=wy |xJ[wL
'|}=wy |xJ[wL jta w xR=Ov= 'pOv}BU= |v=QwO CaQU w |}=wy |xJ[wL pmW
'pOv}BU=|v=QwOCaQU w|}=wy |xJ[wL |xR=Ov= '|}=wy |xJ[wL O=OaD w xR=Ov=
'pOv}BU= |v=QwO CaQU w |}=wy |xJ[wL jta '|}=wy |xJ[wL O=OaD w jta
x@ |}=wy pOv}BU= C=W=aDQ= Q@ pOv}BU= |v=QwO CaQU w |}=wy |xJ[wL O=OaD w

"Ov=xOt;QO Q} wYD
=@ |r}]DUt |xJ[wL QO |}=Hx@=H =} V=aDQ= u} QDsm '11 pmW T=U=Q@
200 mm2CL=Ut =@|FrFt|xJ[wLQOu; Q=Oktu} QDW}@ w200mm2CL=Ut
=@ |r}]DUt |xJ[wL xm OyO|t u=Wv 12 pmW |UQQ@ "CU= xO=O MQ
Q=Okt u} QDW}@ 1 mm jta =@ |r}]DUt |xJ[wL w u} QDsm 3 mm jta
QO ?}DQDx@ V=aDQ= Q=Okt u} QDW}@ w u} QDsm 13 pmW QO "OvQ=O =Q V=aDQ=
"CU= xOW xO=O u=Wv 2 O=OaD =@ |FrFt xJ[wL w 2 O=OaD =@ QwOt |xJ[wL
|xJ[wL w 1800 rpm CaQU =@ QwOt |xJ[wL 14 pmW |UQQ@ =@
=Q V=aDQ= Q=Okt u} QDW}@ w u} QDsm ?}DQDx@ 3600 rpm CaQU =@ |FrFt

"OvQ=O
w 300 mm2 CL=Ut =@ xJ[wL QO =Q V=aDQ= Q=Okt u} QDsm '15 pmW
jta w 400 mm2 CL=Ut =@ xJ[wL QO =Q u; Q=Okt u} QDW}@ w 3mm jta
|}xJ[wL xm CiQo xH}Dv u=wD|t 16 pmW |xar=]t =@ "OyO|t u=Wv 1 mm

400 mm2 CL=Ut =@ |}xJ[wL w u} QDsm 2 O=OaD w 300 mm2 CL=Ut =@
"OQ=O =Q V=aDQ= Q=Okt u} QDW}@ 3 O=OaD w

300 mm2 CL=Ut =@ |xJ[wL xm OwW|tG=DvDU=u}vJ17pmW|UQQ@ R=
CaQU =@ 400 mm2 CL=Ut =@ |xJ[wL w 'u} QDsm 1800 rpm CaQU =@

"OQ=O =Q V=aDQ= Q=Okt u} QDW}@ 3600 rpm

'V=aDQ= u} QDsm |=Q=O =Q 4 O=OaD w 3 mm jta =@ |=yxJ[wL '18 pmW
"OyO|t u=Wv V=aDQ= u} QDW}@ |=Q=O =Q 3 O=OaD w 1 mm jta =@ |=yxJ[wL w
QO 3mm jta =@ |=yxJ[wL xm CiQo xH}Dv u=wD|t 19 pmW |UQQ@ R=
3600 rpm CaQU QO 1 mm jta =@ |=yxJ[wL w 1800 rpm CaQU
u}vJ 20 pmW |xar=]t =@ "OvQ=O =Q V=aDQ= Q=Okt u} QDW}@ w u} QDsm ?}DQDx@
xJ[wL 3 O=OaD w 1800 rpm CaQU =@ xJ[wL 2 O=OaD xm OwW|t G=DvDU=
=Q V=aDQ= Q=Okt u} QDW}@ w u} QDsm ?}DQDx@ 3600 rpm |v=QwO CaQU QO

"OvQ=O

|Q}oxH}Dv "5
%R= Ov=CQ=@a j}kLD u}= R= pY=L G}=Dv

C=W=aDQ= Q@ j}kLD OQwt |=yQDt=Q=B |t=tD DOE C=W}=tR; VwQ T=U= Q@ "1
"OvQF-wt |}=wy pOv}BU=

'|}=wy pOv}BU= C=W=aDQ= u=R}t Q@V}=tR; OQwt |=yQDt=Q=B |rY= QF= |=yQ=Owtv "2
CaQU QO 2 O=OaD w 3mm jta '300 mm2 CL=Ut 'QwOt |xJ[wL

"OvyO|t u=Wv C=W=aDQ= Q=Okt u} QDsm |=Q=O =Q 1800 rpm

,=twta 'xar=]t OQwt |=yQDt=Q=B QF= pt=aD w |rY= QF= |=yQ=Owtv x@ xHwD =@ "3
QO 2 O=OaD w 3mm jta w 300 mm2 CL=Ut =@ |}=wy |=yxJ[wL
pmW ^=Lr R= u}vJty "Ov=V=aDQ= Q=Okt u} QDsm |=Q=O 1800 rpm CaQU

"|}=wy pOv}BU= |v=QwO CaQU w |}=wy |xJ[wL xR=Ov= u}@ QF= pt=aD "17 pmW

"|}=wy |xJ[wL O=OaD w jta u}@ QF= pt=aD "18 pmW

"|}=wy pOv}BU= |v=QwO CaQU w |}=wy |xJ[wL jta u}@ QF= pt=aD "19 pmW

"|}=wy pOv}BU= |v=QwO CaQU w |}=wy |xJ[wL O=OaD u}@ QF= pt=aD "20 pmW
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|DO
Lw

O=OQ
ytw

xO=R
OvwN

;Ot
Lt 1 mm jta w 400 mm2 CL=Ut =@ |FrFt |xJ[wL xU =@ |}=wy pOv}BU=

"OvQ=O =Q V=aDQ= u} QDW}@ 'q=@ |v=QwO CaQU QO

QmWDwQ}OkD
QO CyH x@ R=wy= OL=w |tqU= O=R; x=oWv=O |WywSB sQDLt C} Q}Ot w Cvw=at R=
"OwW|t QmWD |y=oWv=O OL=w u; CNC w Q=R@=u}W=t |=yx=oQ=m uO=O Q=Qk Q=}DN=

=Q V=aDQ= Q=Okt u} QDsm |r}]DUt w QwOt |=yxJ[wL '|}=wy |xJ[wL
"OvQ=O

OwW|t xOy=Wt 'V}=tR; OQwt |=yQDt=Q=B QF= pt=aD |=yQ=Owtv |xar=]t R= "4
4 O=OaD =@ |}=wy pOv}BU= '�3600 rpm |va}� QDq=@ |v=QwO CaQU QO xm
C=W=aDQ= R= 3 mm jta w 300 mm2 CL=Ut =@ |wQ}=O |}=wy |xJ[wL

"CU= Q=OQwNQ@ |QDsm
'j}kLD OQwt |=yQDt=Q=B QF= pt=aD w |rY= QF= |=yQ=Owtv |xar=]t R= ' ẁtHt QO "5

=yCWwv=B
1. nuclear energy
2. ultra precision machining (UPM)
3. optical mirrors
4. air gap
5. air hammer
6. Reynolds equation
7. Navier-Stokes
8. continuity equation
9. design of experiment (DOE)
10. analysis of variance (ANOVA)
11. main e�ect plot
12. interaction e�ect plot
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rotational speed have minimum vibrations. Also, for air
pad shape, circular and rectangular air pads have mini-
mum vibrations.

Key Words: Ultra precision machining, air spindle,
nanomachining, air pad, vibrations.
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Abstract
The increasing demand for precision manufacturing of
components for computers, electronics, nuclear energy
and defence applications has caused the appearance of
ultra precision machining processes. Ultra precision ma-
chines are made in order to create very �ne and accurate
products. The main features of ultra precision machine
tools can be classi�ed as: High loop sti�ness, high ther-
mal and mechanical stability, low vibration, and high
precision axis of motion. Guide ways, air spindles and
drive systems are important parts of ultra precision ma-
chine tools. The air spindle is an important element of
the ultra precision machine tool, whose vibrations di-
rectly a�ect the quality of the work surface. In order to
achieve nanometer accuracy, the low vibration of the air
spindle is vital. Pressurized air is injected into the gap
of the spindle in order to make it operative. Some of the
parameters a�ecting air spindle vibrations are rotational
speed, the air compression method, input hole diameter,
air pad conditions, and air gap pressure, etc. In this
study, the air pad shape, size, depth and number, and
rotational speed have been experimentally investigated.
3 levels are selected for each parameter in experiments.
Totally, 243 experiments have been committed. For ac-
complishing these experiments, air spindles were made
using various production processes. The VibroTest 60
was used for studying air spindle vibrations. Then, ex-
periment results were analyzed by the design of experi-
ment, DOE, method. The results show that the spindles
with 2 air pads of 300 mm2 area and 3 mm depth at low


