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Abstract

A fundamentally precise and simple linear motion axis design is discussed where the attractive force from the linear motor is used to
preload a carriage supported by six rigidly attached porous carbon air bearings. The air bearings are assembled by vacuuming the pads
two orthogonal planes, positioning the carriage above the pads, and then injecting epoxy between the bearings and the carriage. Control
flatness tolerances of the bearings and planes permits over-constraint of the carriage by the bearings, which leads to a high degree of accur:
and moment load capacity via elastic averaging. Good dynamic stiffness is also obtained because of large bearing area and squeezed-fi
damping. The two orthogonal planes represent an accurate and cost effective geometry that can be created to guide linear motion; and |
placing the open-face iron-core motor at the desired position and angle with respect to the bearings, preload forces with equal or otherwis
desired relative magnitudes are obtained. Because the attractive force is typically 3-5 times the axial force generated by the motor, the syste
is inherently stable even in the presence of large externally applied moments that might otherwise induce excessive pitch, yaw, or roll errors
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction placing the motor at a desired position and angle with respect
to the air bearing pads, a desired distribution of preload forces
Linear motion axes are ubiquitous in manufacturing sys- can be obtained on the pads; hence, when a new machine is
tems, where for high speed or high accuracy systems, rollingdesigned, the preload can compensate for large static weight
element bearings or pressurized fluid bearings are most of-distributions. Because the attractive forces are typically five
ten used. To reduce cost and increase simplicity, open-facetimes the axial force from the motor, the system is inherently
iron-core linear motors are desirable for high-speed systems,stable even in the presence of externally applied forces and
but they can cause excessive loading and premature failuremoments. This concept can also be used with angular motion
of rolling element bearings:ig. lillustrates a conceptfora  axes, particularly where partial rotary motion is required, as
fundamentally precise and simple linear motion axis where shown inFig. 2. An advantage of this type of design is that
the attractive force from the linear motor is used to preload a it can be rapidly assembled from modular components.
carriage supported by air bearings, although this arrangement |n a sense, the evolution of this concept started in the
could also preload other types of bearings depending on theearly 19th century when Joseph Whitworth championed the
application. The six air bearing pads are assembled by vacu-three-plate scraping method and described “the vast impor-
uming the pads to two orthogonal planes, positioning the car- tance of attending to the two great elements in constructive
riage above the pads, and then injecting epoxy between themechanics, namely a true great plane and the power of
bearings and the carriage. The resultis accurate and rigid supmeasurement]1]. Accordingly, for many years vee- and
port ofthe Carriage achieved by elastic averaging. In addition, flat ways and then double vee-ways used gravity to pre|0ad
the large bearing areas and small gaps provide squeezed-filninachine tool carriagef2]. Later, James Bryan of LLNL
damping so good dynamic stiffness is achieved. championed the use of DC direct drive motors for friction
A pair of orthogonal planes is a very accurate and low drives[3], and Anwar Chitayet, the founder of Anorad Corp.,
cost geometry that can be used to guide linear motion. By unwrapped DC rotary motors into linear electric motors for
direct drive of machine tool axgd]. Meanwhile, Rasnick
* Corresponding author. Tek:1-603-253-0012; fax+ 1-603-224-5369. &t ORNL developed a robust method for manufacturing
E-mail address: slocum@mit.edu (A. Slocum). porous carbon air bearings for machine tof#$, which
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injecting epoxy to accurately and rigidly anchor the bearings
. to the carriage. They used this method to create hydrostatic
\ Motor Coil bearing-supported carriages in a classic format where the
carriage supported by modular fluidstatic bearings wrapped
around the bearing rails. The first machine of this type was
an all-ceramic structure grinding machine with modular
self-compensating water hydrostatic bearif@jsDevitt also
used this method with porous air bearings he supplied for
many different types of machines. The next advance used this
method to make the bearings arigid integral part of a carriage,
Air Bearings but instead of using a wrap-around design for preloading
Bearing Rail them, an inclined, open-face, iron-core, linear electric motor
Fig. 1.' Motor-preloaded-bearing conceptwhere aniron-core open-_face quear ma:alrj?‘:gtl (;/r\:lt:harsrlgggatrrllnegssyggal-?r:yvva:scg\%?ié?lsstl;'l;?:()ar(; tgﬁ t
electric motor’'s permanent magnets are used to preload aerostatic bearings. ! . - !
allowably so because of the easily attained accuracy of the
two flat planes. This gave the carriage very high pitch, yaw,
and roll stiffnes$9,10]and the ability to resist heavy external
moment loads such as encountered when machining.

A key element of any fluid film bearing is that large areas
and small gaps results in a large amount of squeezed-film
damping, which is inversely proportional to the third power
of the bearing gap. On the other hand, bearing stiffness is
inversely proportional to the gap; hence combined with the
mass of the system, dynamic performance can vary widely,
and it is impractical to generalize on what is the optimal
bearing gap. It has been proposed that machine performance
can be optimized in real time by dynamically controlling the
bearing pad position and/or the bearing gap. For example,
spindle designs have been tested that use piezoelectric actua-

Magnet Track

Fig. 2. Motor-preloaded-bearing angular motion design concepts where tors to radially adjust the position of fluidstatic bearing pads
fundamentally the rotor is an arc segment. Left view shows an iron-core

open-face rotary electric motor's permanent magnets are located on a coni-supporte‘;i by erxureELl] which in effect C_OerIS splndle .
cal surface and used to preload aerostatic bearings. Right view shows conicaITOr motion and also can affect the bearing gap. With this
bearings with magnets that would be on a cylindrical surface. design, dynamic radial motion of a spindle at 1000 rpm can

be reduced by 50%. Liquid bearings do not suffer from

Devitt of NewWay Bearings Inc. evolved to offer modular Pneumatic hammer caused by excessive volume downstream
off-the-shelf bearings. of the restrictor, and though this enables control of the pres-

In the late 1980s, Van Deuren from Philips Corp. created sure in the bearing pocket using a servo vali2-14] it
a kinematic arrangement of five air bearing pads mounted onleads to increased cost and complexity. A compromise is a
hollow stems connected to air supply ducts integrated with an diaphragm type restrictor, where the inlet flow resistance is
extruded carriage structure, and preloaded with an open-facemnade proportional to the flow using a diaphrafj].
linear electric motof6]. Because of its robust kinematic de- ~ Devitt of New Way Bearings uses a hybrid approach,
sign, this design would only require modest accuracy of the Where porous carbon bearings physically contact the rail sur-
flat bearing surfaces; however, the five bearing pads on ballface, while providing air pressure to counteract most of the
joints would limit the ability of the carriage to resist heavy static force the bearings must support. In this method, the
external moment loads. An example of application of this ar- effect of the gap is essentially eliminated, but the system
rangement is for high speed shuttles in semiconductor manu-does require a high mechanical impedance actuator, such as
facturing equipment_ However, such kinematic arrangementsa ballscrew, to overcome the static friction that is present.
of air bearings on pivot joints, which allow the carriagetorun ~ Bearing supply pressure affects the gap, which affects the
on what might not otherwise be a straight enough surface, system damping, which in turn may affect the process for
may not provide sufficient tilt stiffness and dampmg for a which the machine is used. As discussed lat&ention 3|f
carriage that must withstand heavy external machining loads.the supply pressure is too high, chatter can occurinagrinding

Meanwhile, Devitt and Slocurfi7] developed a method  application. It is therefore likely that as this machine design
for vacuuming fluidstatic bearings to flat bearing rail sur- €volves, supply pressure can be controlled in a quasi-static
faces, positioning and aligning a carriage atop them, and then

2Unpublished work, New Way builds and sells such systems, and the
Lwww.newwaybearings.com results appear promising. Ske#p://www.newwaybearings.cam
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fashion: The machine tool controller can change the supply sign region where the gap (lift) is 6—1%n. When the supply

pressure according to process requirements. Output-filteredporessure is increased, the stiffness decreases because the gap

accelerometers could also be used to sense the onset of chatncreases for a given load, and the dampjradso decreases.

ter and accordingly adjust the supply pressure. In either case Curves were fit to the data for these bearings at 4 bar supply

changing the supply pressure will change the bearing gap,pressure to provide design estimates for the gap, given the

which will change the tool offset; therefore, the machine con- applied load, and the resulting stiffness:

troller would need to incorporate either real time measure-

ment of the gap (expensive) or the use of a look-up table to F50x100= 0.0065:* — 0.4961° + 1459812

Compenzatel. o d bes the d J — 223351 + 1937,

Accordingly, this paper describes the design process an 4 3 2

analytical methods used to design a grinding machine based” ">*%0~ 0.0394" — 251" + 61.3%

on the motor-preloaded-bearing principle as it has evolved to — 78651 + 53063 (1)

this day: the rigid attachment of six aerostatic bearings to a

carriage such that its motion accuracy and stiffness on two hsox100= 8.0046x 10 12F* — 3583 x 10 8F3 4 6.937

orthogonal precision planes is enhanced by elastic averaging, % 1075 F2 — 0.0751F + 39,725

and it is preloaded by the attractive forces from an iron core 13,4 9 3
h75x150=1.271x 107 °F" — 1.096 x 10" °F° + 4.852

linear electric motor.
x 10°F2 — 0.0149F + 24.312 2)

Ksox100 = —0.0258:° + 1.48%2 — 29,1961 + 22335,

2. Design analysis
K75x150 = —0.1581° + 7.543h% — 1226441 + 78651

Porous graphite bearings were selected for the design be- @)
cause they are very damage resistant. Static performance of
porous carbon air bearings can be predi¢tdand for com- There are numerous references for calculating the

mercially available bearings, design data (bearing gap as asqueezed-film damping coefficient, particularly for thin gas
function of area, pressure, and force) is typically directly ob- layers, many of which have been motivated by the design
tained from the manufacturer as shownHig. 3. Table 1 of MEMS structures seeking ever higher quality factQrs
shows data taken frorig. 3 and analyzed to give the ob- [16]. Much of the analysis of squeeze films for MEMS de-
served efficiency; which is obtained from stiffness: n x vices is based on early work for hydrostatic fluid bearings.
areax Psypply/(9apy2). The bearings have an “optimal” de- However, specific reference for a formula for estimating the
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Fig. 3. Load vs. gap height and pressure for 50 smh00 mm commercially available porous graphite air bearing padi.newwaybearings.com
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Table 1
Bearing performance data for 50 mm100 mm commercially available porous graphite air bearing pad, derivedrign3 (www.newwaybearings.com
Load (N) Lift (um) Stiffness (Njum) Efficiency,n ha/hs (gap) ka/ks (stiffness) £al¢s (damping)
Supply pressure (atm)
4 5
400 185 25.0 22 16 0.19 0.15 14 14 25
500 155 21.0 33 25 0.25 0.20 14 13 25
600 13.0 175 40 29 0.25 0.19 1.3 14 2.4
700 11.0 145 50 33 0.27 0.19 1.3 15 2.3
800 9.0 12.0 50 40 0.22 0.19 1.3 13 2.4
900 7.5 10.0 67 50 0.24 0.19 1.3 1.3 2.4
1000 6.3 8.5 80 67 0.24 0.22 14 12 25
1100 5.0 7.0 80 67 0.19 0.18 14 1.2 2.7
1200 3.8 55 80 67 0.15 0.14 15 12 3.2

squeezed-film damping of rectangular porous air bearings Senturig17] solved the Reynolds equation in the gap under
was not found, and it was not feasible at this stage to create aa long slender platel(>>> w), giving:
detailed analytical model or conduct a numerical simulation.

Since it is empirically known that the bearings can be well by = 96uefLw? 4
damped, and the pores feed the gas at all points, an experi- Y 743
ment was done to see if the known equations for estimating W
the squeezed-film damping between solid plates could beteff = 1+ 9.64(x/ h)L159 ®)

used as a design engineering tool for the porous air bearings.

The damping coefficienb (N/ms) for a rectangular plate  The effective viscosityiesr, Which accounts for slip flow in
bearing of widthw (shorter dimension), and lengthlonger very small gaps, is determined by VeijdlE8] based on the
dimension), gaf, and fluid viscosityu is determined from fluid mean free path. The value ofx is about 0.Jum for
the pressure distribution under a plate subject to a suddenair, reducing the viscosity by about 10% at typical bearing
vertical downward motion toward a stationary substrate. conditions.

X 105
18 T T T T T T T T T

—— Slender beam model
-—-— Square plate model
16| === Rectangular plate model (Hays) b

14} -

Squeezed-film damping coefficient [N/m-s]

1 | Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Bearing pad aspect ratio (w/L)

Fig. 4. Squeezed-film damping coefficients predicted by slender plate, square plate, and rectangular plate models.
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The solution for a long slender plate is a one-dimensional
model, where the flow only squeezes out under the long edge
of the plate. However, the flow under a truly rectangular plate
seeps from all four edges. Following Senturia and solving the
Reynolds equation in two dimensions for a square plate gives:

32ueffwl(w + L)?
bL%w = 7'[5]’[3 (6)
This assumes that the plate length and width are approxi-
mately equal, so the same amount of flow is lost out of each 'Y

side edge.
Alternatively, Hays[19] develops a series solution for X

damping of a rectangular plate, exactly modeling the pres-

sure distribution under the plate. Fitting a curve to values of

Hays’ solution tabulated by Full¢20], the expression fdp & g
of arectangular plate is of the same form as the slender plate

solution, but the leading constant depends on the aspect ratidi9- 5- Generalized forces on the carriage; note that the mass of the carriage
(w/L) of the plate' and its locationtf, Xc, Yc, Z:) and the spindlen(s, s, Ys, Zs) are not shown.

3
b= KSM (7 slender plate model agrees with Hays’ solutiondotL. <

hya 0.3, while the square plate model agrees with Hays’ solu-
Ks=0.991— 0.578w/L, w/L <1 8) tion forw/L > 0.75. Between these limits, both the slender

plate and square plate models predict damping values greater
Fig. 4 shows the damping coefficients predicted by each than the exact solution, so the curve fit to Hays’ solution is
model as the plate aspect ratio varies frep. = 0.001 to recommended as a simple model for predicting the damping
w/L = 1 (specifically forL = 0.1 m andh = 9um). The between parallel plates of any aspect ratio.

Inputs (N, mm) in BOLD, Outpus in RED
Ps (N/mm"2,p si) 0.55 80 Bearing supply pressure
gap, h (mm) 0.013 Nominal bearing gap
a( m/s"h2, g) 0.1 0.98 Axis acceleration
gravity, g 9.8
bearing efficiency, cta 0.2 |
Bearing 1 Bearing 2 Bearing 3
A_1{ mm"2) 11250 A_2 5000 A3 5000
K_1{ N/mm) 190385 K_2 84615 K_3 84615
X_1 50 X 2 100 X_3 250
Y_I 100 Y_2 175 X.3 175
z_1 -150 z_2 -150 z_3 -150
Bearing 4 Bearing 5 Bearing 6
A4 11250 A_S 5000 A6 5000
K_4 190385 K_5 84615 K_6 84615
X_4 50 X_5 100 X_6 250
Y 4 100 Y5 175 X.i6 175
z_4 150 z_5 150 7_6 150
Process Spindle Carriage
Fpx(N) 20 |Mass ms (kg) 0Mass me (kg) 30
Fpy( N) 20 Xs 200 Xc 175
Fpz( N) 2 Ys 300 Yc 200
Xp 150 Zs 50 Ze 0
Yp 300 Motor
Zp 225 Magnet preload Fmm (N) 3800
Kservo (N/mm) 500000
Xm 150
Ym 150
Zm 0
mount angle theta (rad, deg) 0.524| 30

Fig. 6. Motor-preloaded-bearing design spreadsheet input parameters.
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The value ofb can then be combined with the total stiff- ™ From SiNG + Fpy 7
ness and mass of the system to estimate the quality factor —Fmm COSO — mcg — msg + Fpy
(amplification at resonance). For a second-order model of —mea — msa + Fpy
a carriage supported by air bearings, with a total nmass$ — Fimzm COSH — mcQZe — msQzs
the carriage and attached components, and total system stiff{ B] = + Fpyzp — Fpzy) (11)
ness, the second order system damping fagtand quality — Fromzm SiN@ — Fpzz, + Fpzx)
factorQ (7 is the % damping) can be determined: — FrmXm €086 4+ Frmmym SiNO 4 msgXs
mE + bi 4 kx = 0 5&+2§a),156+a),21x=0 ) 0 + mcQ%c + Fpxyp — Fpyx)
gzzbﬁ szg 11_{2:%) - -
[Fp1Fp2Fp3FpaFgsFeeFm])” = —[A]7YB] (12)

If ¢ is greater than 0.7, the system will be critically damped, ) ) ]
although in practice it is very difficult to achieve critical These equations are easily solved using an EXtel
damping. This is the source of the misnomer that a system carSPréadsheet, which makes it convenient to input the design
have too much stifiness; on the contrary, a system can haveParameters, as shownlfig. 6. Here it was assumed that the
too little damping. In the case of a magnet-preloaded bearing Paring stiffness was equal to the product of the efficiency,
system, if the supply pressure is increased in the belief thatbear!”g area and supply pressure d'V'd?d by th.e nominal
it will yield greater stifiness, as is the case for the bearings Pearing gap. Note that to accurately predict machine perfor-
preloaded by geometric constraints, the stiffness can actuallymance, a detailed error budget should be perforfaigfi or
decrease because of the resulting gap increase. In additioni,dea”y a study of the probabilities of combinations of errors
since the squeezed-film damping coefficient is a function of @nd their net effect on work volume accurd2g] should be
the gap cubed, the damping will drop significantly. However, conductedEig. 7shows the outputs, where the spread_shegt's
as will be discussed in the results, these formulae predictSolver function can be used to vary parameters to minimize
damping values which do not match the experiments, indi- €ror motions at the tool point. The effect of varying magnet
cating that a damping prediction formula for modular porous preload forces _could also be studied, as well as the effect on
air bearings is needed. system dynamic performance.

In order to obtain the desired effect of preloading the bear-
ings evenly using the linear electric motor's permanent mag-
nets, a simple force balance can be used as shoWwiyirs. 3. Experimental systems
Each force is located at appropriatey, z coordinates rep-
resenting the center of stiffness of the bearing; for example, 1o verify the ease of construction and assembly hypothe-

the coordinates of the center of stiffness of beafiagex;, SIS, simple prototypes were built using machined steel rails
yi, andz;. There are six unknown bearing forces and an un- With carriages supported by cam followers and preloaded by
known motor actuation forceF(,). The preload forcémm permanent magnets were built. The simple prototypes for lin-

provided by the magnets is assumed constant. These seveRar and angular motion systems are showhig 8 These
unknowns can be solved for using force and moment balanceSimple “sketch” models verified the robustness of the design
about all three axes and a constraint equation requiring bear2nd the ease with which the systems could be manufactured.
ings 2, 3, 5, and 6 to remain in a plane as they deflect, even The next step was to build a precision bench level experi-

though in actuality they are overconstrairfetissuming lin- ment to evaluate the manufacturing process and to determine
ear bearing stiffnesg = Fgi/k;, the following equilibrium the effect of the motor’s iron core passing over the permanent
equations result; magnets. The bearing rails were made from granite to ensure
-1 0 0 -1 0 0 0 7
0 1 1 0 1 1 0
0 0 0 0 0 0 1
0 22 23 0 25 6 —Ym
Al = 1
[4] 21 0 0 Z4 0 0 Xm (10)
- ) —X3 —Y4 —X5 —X6 0
1 -1 -1 1
L ka(x2 — x3)  k3(x2 — x3) ks(xs — x6)  ke(xs5 — x6) -

3Itis assumed that the porous carbon air bearings, which have beenrigidly that the bearings would not be damaged should they slide
epoxied in place as opposed to being mounted on swivels like feet, are in across the rails in case something were to dI‘Op on them dur-

effect vast arrays of springs and since they must comply with the same flat . . . . Lo . . .
surfaces, errors in the bearings and the surfaces will average out by theIng handllng orin the lab; in addition, it was easier to obtain

elastic quality of the air bearings' stiffness as they are preloaded by the motor finished granite components. In anticipation of high speed
magnet attraction force. application, and to increase the ease with which the carriages
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Deflections at Process Point (microns, microradians)
Process only Mass, Accel. Angular
Ox 0.466 -0.12 Pitch (g,) 0.001
By 0.242 -1.00 Yaw (e,) -0.001
o -0.12 0.07 Roll (g7) [ -0.002)
Results of Bearing Force and Deflection analysis
All Loads Preload only Process Forces only
Forces (N) Defl. (microns) Forces (N) Defl. (microns) | Forces (N) | Defl. (microns)
FB1 960| 1 -5.04|FB1 950] 1 -4.99|FB1 1! 0.03
FB2 833| 2 -9.85|FB2 780| 2 -9.22|FB2 -13| 2 0.15
FB3 948| 3 -11.21|FB3 865| 3 -10.22|FB3 17| 3 -0.20
FB4 960| 4 -5.04|FB4 950| 4 -4.99|FB4 25| 4 -0.13
FB5 834| 5 -9.86|FB5 780] 5 -9.22|FB5 27| 5 0.32
FB6 949[ 6 -11.22(FB6 865] 6 -10.22|FB6 3] 6 -0.04
Fm 27|dservo -0.05|Fm 0]dservo 0.00[Fm -2|dservo 0.00
Location of Pitch, Yaw, Roll Axis
Pitch Axis Yaw Axis Roll Axis
[Xya 50|Xra 175
Ypa 1750 | |Yra 175
Zpa 0[Zya 0 | T
Deflections (microns, microradians) at approximate center of stiffness
Mass, Acceleration, Process Preload Only Process Only
Ox 0.05|Pitch (g;) 0.000(dx 4.990(Pitch () | 0.000(8x 0.053|Pitch (g;) | 0.001
Sy -0.81|Yaw (&) 0.000 {5y -9.723|Yaw (g,) | 0.000{5y 0.059|Yaw (g,) | -0.001
oz -0.05|Roll (g7) -0.002( 5z 0.00{Roll () | -0.007|8z 0.00|Roll (g7) | -0.002

Fig. 7. Motor-preloaded-bearing design spreadsheet outputs.

the pockets within the carriage. After the bearings were potted
in place with epoxy, the air supply was turned on, the carriage
rose, and the shim was removed.

3.1. Bench level experiment results

The Bench level prototype carriage was made from a mag-
nesium casting, as shownhig. 10 and had a mass of 20 kg.
Fig. 11shows the average carriage displacement for various
supply pressures when the air is turned on, and for differ-
ent loadings applied by adding weights to the center of the
carriage. The measured nominal gap @fr@ at 0.4 N/mn
(60 psi) indicates frontqgs. (1)—(3)a stiffness of 62 NAm
per bearing at a total load per bearing of 800 N to 123/
per bearing at a total load per bearing of about 1200 N. Ap-
Fig. 8. Proof-of-concept “sketch” models for linear and angular motion parently, although the magnesium carriage was light, for
concepts. the initial intended application of shuttling silicon wafers,

its low modulus allowed for greater-than-desirable deflec-
could be moved around the lab, the carriages were cast fromtions under heavy external point loads. Looking ahead to the
magnesium. For a precision machine tool, however, a magne-measurements of natural frequency showfidhle 2 with a
sium carriage would require even tighter temperature control measured frequency of 607 Hz, and a mass of 20 kg, the car-
than usual. riage stiffness is calculated to be 2911 for the mode cor-

The bearings were installed by holding them to the granite responding to vertical bearing deflection. This is in general
rail surfaces using vacuum, and then the carriage was placethgreement with the predicted stiffness values. The average
over them and held so its precision surfaces were parallelmeasured carriage stiffness valdem the other hand, were
to the rail using fixtures as shoin Figs. 9 and 10Then,

the proper motor gap was set with a shim. Epoxy was thensi _ _
injected in the region between the backs of the bearings and It should be noted tr_]at_one ofthe bearings had I_es_sthan half the deflection
than the others. The air lines were checked and it did not appear that there

_ was any restriction, and it was unlikely that the bearings themselves had
4The original thought was to make modular “L” shaped elements that significantly different porosity; thus, when the next system is constructed,
could then be bolted together to form a small machining center. the bearings will be evaluated individually prior to installation.
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Fig. 10. Bench level prototype system with bearings being replicated in-place, and during metrology tests.
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Fig. 11. Average displacement of the carriage when the air is turned on.
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Table 2 Experimental modal analysis was conducted on the system
Experimental modal analysis on the bench level experiment system to address concerns that magnet preloaded air bearings (i.e. a
Frequency (Hz) Damping  Q Mode shape carriage not supported by “wrap around” preloaded bearings)
n (%) might notbe damped well enough for machining applications.
Air on (4 atm supply) Fig. 12shows the experimental modal analysis test points, and
362 3.8 26 Twisting o Fig. 13shows typical frequency response functions obtained
487 19 53 ?"r’]‘_"'ag,? spreadinglike 4t the center of the carriage with the air on and off. This
607 33 30 aM;i:g:arriage mode shows that the modes seen with the air on are very much
with center oscillating dependent on bearing performan€able 2summarizes the
inz modal data. In particular, note that the damping of the 3rd
Air off mode (607 Hz, where the carriage moves perpendicular to the
501 1.3 77 Whole carriage moves rail) is 3.3%. On the other han#jg. 14shows output from
up and down irg the design spreadsheet that uses the simple squeezed-film
1430 06 167 Olgm;?:gter ofcariage  gamping relations given i&gs. (7) and (8) The measured

damping is respectable, better than for typical rolling element
bearings and not as good as for hydrostatic bearings; however,
it is far from the predicted values.

Itis interesting to consider the effect of the compressibility
of the air film on the damping equations. If we assume no
temperature effects and no additional leakage out the side
of the pad during the dynamic excitation, which is probably
reasonable given the large area/gap in this case, then from
starting with P1V1 = P,>V>, an estimate of the stiffness of
the air column is simply:

Kair = w'—Pgap pressure (13)
h

However, if the air film compressibility had the effect of low-

ering the effective stiffness of the system, then the damping

value¢ would actually increase as given Byg. (9) If we take

_Fig. 12. The carriage_and the 8 points used for modal a_nalysis. Pointlisthe g5 starting point the damping predictecEns. (6) and (7)

impact point, and Points 2-7 are the measurement points. shown inFig. 14to be far greater than critical damping, and
increase the stiffned§to yield a damping value observed in

125Njum at 80 psi, 151 Ndm at 70 psi, 157 Nim at 60 psi,  the experiments, thefwould have to be over 100,000 times

and 129 Njum at 50 psi. Itis not unusual for amachine tool's  greaterEq. (13) however, yields stiffness values that are es-

structure stiffness to be on the order of the stiffness of the sentially equal to the aerostatic stiffness of the bearing. Thus,

bearings, and hence, these values seem reasonable. clearly the issue seems to be the model for how air is being
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Fig. 13. Frequency response functions for the center point (point 8) of the carriage with the air on and the carriage floating (left) and the §ir off (righ
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Estimated System Dynamics (squeeze film damping)
Supply pressure (N/mm*2) 0.4
INumber of bearing pads 4
Bearing width, w (mm) 50
Bearing length, L (mm) 100
IAir viscosity, mu (N-s/m"2) 1.84E-05
Knudsen number 1.11E-02
Corrected air viscosity (N-s/m”2) 1.75E-05
|gap (mm) 0.009
Ks 0.702
[Total mass, m (kg) 20
Measured first mode (Hz) 607
IFrequency predicted carriage stiffness, k (N/micron) 291
[Equation predicted carriage stiffness, k (N/micron) 222
Full plate | Reduced plate
PPredicted natural frequency (Hz) 531 531
w and L reduction factor for porosity 4.4
corrected bearing width 11.31
icorrected bearing length 22.62
IDamping, b (N/(m/s) 842024 2205
Damping factor, zeta 6.315 0.017,
Quality (dynamic amplification) factor Q N/A| 30.2
[Percent damping N/A| 3.3%

Fig. 14. Estimated carriage dynamic performance for the main carriage vertical translation mode.

squeezed out of the gap. Accordingly, it is hypothesized that Squeezed-film damping from a 11 mm22 mm flat plate
the squeeze film pressure is not as predicted by the model forcombined with the stiffness from the 50 nxa00 mm porous
solid plates, and instead some of the air is being forced backcarbon air bearing yields the observed damping of the sys-
through the porous surface. tem. It is interesting to note that in general, for compensated
As a very rough estimate to test this hypotheBig, 14 bearings the flow resistance into the bearing is on the order
shows how a correction factor is used to scale the width and of the flow resistance out of the bearing. Thus, if we assume
length of the bearing to see what size bearing would yield the that for a porous bearing each gas molecule has the option of
observed damping, given the stiffness of the actual bearing.traveling all the way to the bearing perimeter, or back through
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Fig. 15. Pitch motion of the carriage; the period is equal to the magnet pitch.
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Fig. 16. Straightness measurements taken with a moving straightedge as siagvrithhence, straightness includes product of pitch error and axial distance
from center of carriage.

a local pore, it seems reasonable that the effective dampingof 1/4 arc second. For better performance, two motor coils or
area is only a fraction of that of the actual bearing. Numeri- additional iron could be spaced apart to balance forces and
cal simulations of damping of perforated MEMS structures, reduce pitching moments. The straightness was also mea-
such as those presented by Veijola and Maffilg] provide sured using a moving straightedge and the results are shown
insight into this effect. Hence, we conclude that a damping in Fig. 16 In the center, where there is no pitch compo-
model of the porous carbon bearing should include not only nent, the straightness is on the order ofn3, which is the
the classic squeezed-film effects, but also the effects of back-tolerance of the granite surfaces.
flow through the pores; and further research will be required
to develop an engineering formula for predicting the damp-
ing coefficient for porous flat pad air bearings. 4. Manufacture and testing of the bench

With respect to error motion measurements, the pitch, mea-level prototype grinder
sured as shown iRig. 15using a laser interferometer and a
moving straightedge, was found to be a respectatilarc Spindles were mounted to the test carriages to create the
second over 300 mm of travel, with repeatability on the order Bench level prototype Grinder, shown fifg. 17, to deter-

Fig. 17. Bench level prototype system.
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Fig. 18. Test parts ground on the bench level prototype system. Part: roller bearing inner ring; material: AISI 52100; hardness: 57—-62 Rc; mekimum sto
removal: 0.300 mm on diameter. Required process: grind the bore diameter and maintain 0.4 Ra or better surface finish and 0.005mm or less taper and
straightness. Incoming part condition: back face (locating surface) and OD were ground.

mine if the linear motor driven axes could be servo controlled speed) and the grinding spindle had a resin bonded vitrified
to produce coordinated motion suitable for grinding. In order grinding wheel (20 mm diameter and the length was equal to
to set up the servos, the two identical axes from the benchthe part length); and was belt driven at 30,000 rpm (31 m/s
level experiments were placed on an available wooden work- surface speed). The grinding process was done by using a
bench so their actuators, encoders, and spindles could be con*dress before finish” and oscillating grinding method during
nected to the servo amplifiers and the PC-based machine tooftough and finish grinding. Rough grinding was done with a
controller. fast feed rate (0.005 mm/s oscillating at 8 Hz) until 0.050 mm
A MachineMatéM MM1 PC-based controller was in-  of stock was left to the finish size. The grinding wheel was
stalled with position feedback from Heidenhain LS403 then dressed with a single point diamond and started for fin-
and Renishaw RGH22 tape-type encoders which had A&B ish grinding the remaining stock. At the end of the finish
quadrature output (5V TTL). The actuators were Anorad grind the grinding wheel was allowed to spark out for 6s.
LCK-2 open-face linear motors, connected to Ultra 3000  The coolant was a 5:1 water/oil mixture and the pressure
Allen-Bradley servo amplifiers. Current and velocity loops was 2 bar.
were closed within the servos, while the position was closed The process was very smooth and quiet which meant the
using the PC controller. The system integrated with the elec- wheel was cutting free and the feed rate could be increased
tronics was actually ready long before a base was to becomefor more aggressive grinding. However, the clamping system
available; hence, it was decided to proceed and rough ID was not strong enough and the part became loose when the
grind the sample parts shownhig. 18 The results for this ~ feed rate was increased. Therefore, it was not possible to op-
quickly assembled system, as showrable 3 are actually timize the grinding cycle to minimize cycle time. However,
quite reasonable given that the modular axes were placed orthe machine was stiff enough to grind a part chatter-free and
a maple wood workbench. remove stock better than a similarly sized and equipped pro-
The part was clamped by a collet chuck, which was ground duction machine. It should be noted that as anticipated, when
in place on the spindle. The work spindle was driven by a the bearing supply pressure was increased by several bar,
belt drive motor at 600 rpm (approximately 0.8 m/s surface chatter was encountered; hence, there is an optimal bearing

Table 3

Roundness and surface finish of rough ground test parts: (1) R1 (reading 1) is at the step end, R2 middle, R3 opposite end; (2) roundness measimesnent cond

filter 50 cpr, 3 mm stylus, least squares circle evaluation; (3) surface finish measurement conditions: (6) 0.8 mm cut offs, measured on a S-GfavithTalysu
a 0.2 mm tip radius stylus

Part Roundness at Riluifn) Roundness at RZu(n) Roundness at R3um) Ra at R1gm) Ra at R2 gm) Ra at R3 gm)

1 6.2 6.7 6.6 0.43 0.43 0.62
2 6.1 4.6 51 0.47 0.42 0.48
3 11.0 101 11.4 0.26 0.31 0.38
4 10.9 10.5 9.5 0.35 0.27 0.27
5 10.9 8.1 7.6 0.51 0.35 0.36
6 8.3 14.9 6.2 0.80 0.49 0.48
7 8.8 7.0 6.4 0.65 0.45 0.43
8 14.2 19.7 17.7 0.73 0.52 0.51
9 18.3 22.3 26.3 0.88 0.52 0.53
10 19.2 22.9 24.5 0.87 0.35 0.43
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supply pressure which enables the bearing gap to achieve amrumper and Eric Varady for their editorial input. Dr. Layton
appropriate level of damping and hence dynamic stiffness. Hale of LLNL provided valuable input on modeling issues
associated with porous aerostatic bearings.

5. Conclusions
References
The machine performed in accordance with predictions, ish and ) | Build | o
and in particular the principle of using flat planes of sufficient [1] E?:Sif E ngg's and American Tool Bullders, © 1916 vale University
aCCl;'raCy to en?-ble SIX bear'_ngs to be_ rigidly mounted to the [2] Moore W. Foundations of mechanical accuracy, Moore Special Tool
carriage to achieve an elastic averaging effect and good dy-  co., 1800 Union Avenue, Bridgeport, CT 06607, 1970, p. 21-46.
namic stiffness proved to be very successful; however, a more [3] Bryan JB. Design and construction of an ultra precision 84 inch dia-

accurate damping model is required that would consider the __mond tuming machine. Precision Eng. 1(1):1979.

effects of compressibility and porous media. [4] gz&ag’taj Qéz\’\glzfp'lezciufyosl'ggg'ng table with air bearing pads. US
The pitCh error caused by the magnets was very low, onthe [5] Rasnick WH,’et a;. Porous: grapHite air-bearing components as applied

order of an arc second, and was repeatable to 1/4 arc second.  to machine tools. SME Tech. Report MRR74-02.

Note, however, that the 330 mm long carriage is modestly [6] Van Deuren FH. Guiding device. US Patent 4,817,930, 9 November,

sized, and hence, these are very respectable values. Future_ 1987. _ _

work will focus on modeling the pitch error as a function of [ Es;/:ti;g,assg:qr&ig.sMjéhggtgtrginguga;;linngiﬁfJgslylg;egsunzed

motor coil/magnet interaction, and strategies will be devel- (g1 5iocum AH, Scagnetti PE, Kane NR. Briinnner C. Design of self com-

oped to further reduce this error. pensated water-hydrostatic bearings. Precision Eng 1995;17(3):173—
When considering the application of this design as an al- 85.

ternative to ballscrew systems, one must consider the total [9] Slocum AH. Linear motion carriage system and method with bearings

force required for the system, which includes process and preloaded by inclined linear motor with high attractive force. US Patent

. . . 6,150,740, November 2000.
acceleration loads. Many small machine tools or material [10] Slocum A, Basaran M, Cortesi R. Linear motion carriage with bearings

handling applications end up requiring a linear motor with preloaded by inclined open-face iron core linear electric motor. In: Pro-
modest force requirements on the order of 500 N. Consider- ceedings of the European Society for precision engineering (EUSPEN)
ing that a typical water-cooled linear electric motor can ob- annual meeting, 27-30 May, 2002.

tain an effective motor force/motor-forcer-area on the order [11] Horikawa O, et al. Vibration, position, and stiffness control of an air
journal bearing. In: Proceedings of the 1989 international precision

of 30 kPa, this results in a modest sized motor forcer. Motor engineering symposium, Monterey CA, p. 321-32.

forcer length/width ratios are typically on the order of 4:1, SO [12] Zeleny J. Servostatic guideways—a new kind of hydraulically operating

this means the motor force will be about 65 nx1260 mm. guideways for machine tools. In: Proceedings of the 10th international

However, if this design were to be applied to larger OD . ?aCh'”s tEOI $ei!9” fezealmh cor:erenc_g_, September 1969. 5

grinders with reciprocating wheel heads for grinding ec- [ Tsumaki N, Tokisue H, Inoue H. Guiding apparatus. US Patent
. . 4,630,942, 23 December, 1986.

centrics, the forces requw_ed can b(—:-_ on t_he order of thoqsandqm] Marathe S, et al. Servostatic bearing system with variable stiffness.

of Newtons and are dominated by inertial loads; thus, it can 4,080,009, 21 March, 1978.

be imperative to minimize the mass of moving components. [15] Degast J. Hydrostatic bearings. US Patent 3,442,560, May 6, 1969.

[16] Vemuri S, Fedder GK, Mukherjee T. Low order squeeze film model for
simulation of MEMS devices. In: Proceedings of the 2000 international
conference on modeling and simulation of microsystems MSM 2000,
San Diego, CA, 27—29 March 2000.

. . [17] Senturia S. Microsystem design. Boston: Kluwer; 2000. p. 332-9.
The authors would like to thank Andrew Devitt of New [18] Veijola T, et al. Circuit simulation model of gas damping in microstruc-

Way Bearings Inc. for supplying the porous carbon air bear- tures with nontrivial geometries. In: Proceedings of Transducers ‘95,
ings and for assistance in installing them; Anorad Corpora- Stockholm, Sweden, 25-29 June, 1995; p. 36—40.

tion for their generous donation of the linear motor for the [19] Hays DF. Squeeze films for rectangular plates. Trans Am Soc Mech
first test system; Gerry Parrot of Rock of Ages Corporation __ ENg. J Basic Eng, June 1963. p. 243-6.

. . . [20] Fuller D. Theory and practice of lubrication for engineers. 2nd ed. New
for manufacturing the granite; and Phil Greene of Dover York: Wiley: 1984, p. 181-5.

m_Strumem Corporation for helping us integrate a antm”er [21] Slocum AH. Precision machine design. Eaglewood Cliffs, NJ: Prentice
with the motor and perform the metrology experiments. Hall; 1992.

Overbeck Machine Tool of Long Island NY provided the [22] FreyD, OttoK, Pflager W. Swept envelopes of cutting tools inintegrated
resources for Creating and testing the bench level prototype; machine and workpiece error budgeting. Ann CIRP 1997;46(1):475-
and Jeff Roblee and Fred MISpel of Precitech Inc. of Keene, [23] Veijola T, Mattila T. Compact squeezed-film damping model for perfo-
NH measured the parts that were g_round on the bench |e_V9| rated surface. In: Proceedings of Transducers ‘01, Miinchen, Germany,
prototype. The authors would also like to thank Prof. David 10-14 June 2001, p. 1506-9.

Acknowledgments



	Linear motion carriage with aerostatic bearings preloaded by inclined iron core linear electric motor
	Introduction
	Design analysis
	Experimental systems
	Bench level experiment results

	Manufacture and testing of the bench level prototype grinder
	Conclusions
	Acknowledgements
	References


