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1 Introduction 2 Experimental Apparatus and Previous Work

The field of microelectromechanical systeM®EMS) has The apparatus used in this study is shown in Fig. 2. It consists
shown great promise in the last 20 years with the emergenceadfa modified grinder where the grinding wheel is replaced with a
new manufacturing techniques. Nevertheless, these MEMS dwrooth steel disk. To this grinder, a specially manufactured
vices are not widely available in applications. Even though théearing stack” can be attached. This assembly holds a manifold
idea of acting on the environment at such a scale seems qufiat simulates a bearing paét actual one-to-one gap scales
attractive, useful applications have been slow in developing. Well as displacement eddy current sensors which measure the dis-

Many uses for MEMS have been suggested in fluid dynamickance between the pad and the wheel. Attached to the stack are
systems, both as actuators and as sensors as reviewed in Hot#yload cells that measure the forces parallel and perpendicular
Tai [1,2]. For example, they suggest using MEMS elements égthe_ wheel. The_force measurements can be used simply to char-
pressure sensors or controllers in fluidic systems. Part of the a@terize the bearing performance over time.

thetic appeal of fluid applications of MEMS comes from the con- A Nozzle drives a jet of synthetic dilSO 45 between the steel
tinuum nature of fluids, even at scales which are very small cofy€€! and the bearing manifold as the two surfaces are held be-

pared to everyday applications. One can imagine channdi¥€en 75#m and 100um apart. Since the surfaces are not paral-
orifices, valves, or pistons to act similarly at both micron an , the fluid pressure rises within the gap, thus generating a thrust

millimeter scales, provided the Reynolds numbers are sirhilar. ree.

) o . _ In Masser’s[9] experiments, the surface of the manifold was
nalgiéhéseggﬁe;’ vaﬁesr;u?hyethga??sp:g?é%n totfhg/fgﬁr:nsht)édéﬁgﬁmade up of one of three masks, each with different surface shape
. . 9s, theg rdap 9 AN Sracteristics. The three masks were etched in silicon. The first
in their operating environment. While hydrodynamic bearin

. : . ; . Ras completely smooth whereas the two others had grooves,

(e.g., journal, slider, and thrust bearingsork quite well in the 50 «m deep etched into them as shown in Fig. 3. He found that

range of parameters for which they are designed, they do NRE behavior depended on the mask as shown in Fig. 4.

respond very well to changes in the operating conditions. Th'SUsing the experimental apparatus shown in Fig. 2, Maiger

problem is most evident in rotating machines at startup, shutdowggteq 3 number of bearing surfaces, with the objective to match

and resonant frequencies, but it can also be important when vaigmin the experimental certainty the results predicted by Maddox

tions in rotation rate are required. Therefore, one would like PO]' For example, Fig. 4 shows the experimental results obtained

design a bearing that can sense its environment and adapt itse{05 fiat silicon surface and a fixed featured surface at a constant

It o . _angle of attacKinclination). The trends shown in the figure match
Surface roughess has a significant influence on the behaviorgé trends of the computational results. These data also indicate

a thin film bearing[3]. This roughness can take the form ofthat loads can be varied significantly for featured bearing surfaces

grooves and/or “bumps” with characteristic separations that aggd for different feature lengths. For a detailed discussion of the

small compared to the scale of the system. The effect of surfaggults obtained previously, the reader is referred to Wood et al.

roughness is different for different geometries, as discussed, fap.

example, by Hargreavdgl| and Gururajan and Prakagh]. We

can therefore imagine integrating an array of sensors and actuators

into the bearing surface that would evaluate the local environmen-

tal conditions and adapt the surface shape accordisgly Fig. 1 hi hydrodynarmic ho
Previous experiments studied the feasibility of such a system
from a design point of view6,7]. At the same time, Flagfg], S“"&"&Zﬁgﬁ;’)’es 5

Masser[9], Maddox[10], Chu et al.[11], and Wood et al[12] e
characterized the effect of rough surfaces on the behavior of a e

slider bearing. Their work and the basic experimental apparatus Sensor » Actuator
are described in the next section. In this paper, we significantly
extend the previous work by changing the bearing surface charac-
teristics dynamically while in operation. The experiments are de-
scribed in Section 3 and the results are given in Section 4.
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1The assumption here is that other forces, such as electrostatic or molecular
forces, are negligible. Fig. 1 Schematic of novel MEMS array
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Fig. 2 Bearing experimental assembly showing our experi-
mental setup
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Fig. 3 Masks used in previous experiments. Mask 1 is flat,
while masks 2 and 3 have 50 um grooves etched in them, ex-
tending all the way across only in mask 2.
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Fig. 4 Experimental results of thrust load versus film thick-
ness: fixed surface features on a experimental slider bearing.
From Masser [9].

3 Current Experiment: Deformable Surface Features

Deformed Tape

ﬁ Pressure Inlet

Fig. 5 Schematic cut through the mask showing the tape de-
formation under pressure. The fluid flow is from the left to the
right in this figure.

then covered with adhesive taffzb um thick). By applying pres-
sure behind the masks from a nitrogen cylinder, the tape is de-
formed, thus changing the “roughnesgshape of the surface
while the bearing is running. Figure 5 shows a schematic of the
tape deformation under pressure. Even though the exact shape of
the tape is not controlled during a run, we are able to characterize
the behavior of the bearing with respect to the drive pressure.

Some tests were performed under a confocal microscope to
estimate the deformation of the tape due to the driving pressure.
Even though the actual shape of the deformed tape will be differ-
ent in the experiment, these tests give us an estimate of the
amount of deformation to be expected. In reality, the lateral forces
from the oil flow, as well as the interactions between the driving
pressure and the pressure of the flow, make the problem quite
complicated. However, as an order of magnitude estimate, we
found that for the pressure differences predicted by Maddok
the tape deformation is expected to vary between 10 andrb0

In Maddox’s work[10,12 the general Reynolds’ equation for
hydrodynamic lubrication is incorporated with a geometric
engine/interface to determine the relationships that exist between
surface design parameters and slider bearing performance param-
eters, such as load carrying capacity and drag force. Numerical
results of this modeling approach estimate that load capacity can
be increased by 100 percent for membrane surfésteady-state
and 60 percent for fixed surfaces etched in a bearing surface.
These results compare favorably with Masser’'s experimental re-
sults[9,12], and provide the basis for comparison in this paper.

The experimental procedure was implemented using a factorial
design technique. Using the previous experiments as reference, we
chose to study the effects of the following parameters:

* The minimum gap X;) separating the two surfaces: 75 and
100 um.

» The relative orientation of the two surfaces, characterized by
the ratio §,) of the two distances at the leading and trailing
edges. The two ratios were 1.5 and 2.0.

* The driving pressure deforming the tapr;): the values
were 0, 3.1 10°, and 5.1 10° Pascals.

e The width (x,) of the grooves in the masks: 80 and afh.

These variables are also shown in Table 1. The top line for each
variable gives the normalized valg@ahich will be used below in
the phenomenological modelwhile the second line gives the
actual physical value.

A total of 24 experiments is run to study the effect of varying

In the current experiment, the silicon masks are replaced wiglach of the parameters on the thrust and drag forces. The experi-
aluminum equivalents where the grooves penetrate all the wanents are run in random order so as to remove any bias intro-
through the mask thickness. The new masks are 2.54 cm squatesed by the experimental setup. Finally, replicates of the experi-
and the grooves extend 2.3 cm across them. The whole surfacensnts are also run to determine the overall magnitude of the
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Table 1 The variables and their modeling and experimental 50 T T T T T
values J
X1 Xmin [711 1] z ]
[75 wm, 100 um] & i
X2 Hx [711 1] é
[2.0,15 i
X3 Pressure [-1,0, 1 J
[0 Pa, 3.1e5 Pa, 5.2e5 Pa ‘ . ‘ . .
X4 Mask -1, 1 ) 1 2 s 4 5 s
[mask 1, mask P Pressure [Pascal] «10°
25 T T T T
2r 4
experimental error. This experimental design method is wez,s| J
documented in the works of Box and Drap&8] and DeVor et al. @
[24]. ar ]
0.5 4
4 Experimental Results . . . ‘
0 1 2 3 4 5 6
By taking the force at zero drive pressure as the reference, .. _ Pressure [Pascal] x10°

measured the change in the forces as the pressure was applied ) ) .
behind the bearing. The difference in the forces for both “drag¥id: 7 The thrust and drag differentials for mask 2, using the
and “thrust” was measured for both masks, in accordance wifii™e Symbols as for Fig. 6

the experimental design. The two masks differ only by the width

of their grooves.
The initial forces were also measured: the initial thrust force 4-1 The Thrust Force. The thrust force measurements were

varied between about 45 and 110 N, while the drag force was f@ind to be much more repeatatiind therefore more meaning-
the range 4.5 to 10 N. However, the absolute value for intial fordgl) than the drag force measurements. The reason for this result

was less repeatable than the change that was measured asV@pthat the level of the thrust force was well into the useful range
pressure was applied. of the instruments, while that of the drag force was relatively low.

The test results are plotted in Fig. 6 for mask 1 and Fig. 7 for For both masks, the thrust force was found to have the follow-
mask 2. The pressure is shown on thaxis, while they-axis N patterr:
|Sh°WS the c.hk?r}ge n thLU.'St and cf;fag f(ércesf. This Iz:rrangr(emen; At 5.17x 10° Pa, the force was invariably higher than it was
eaves us with four combinations of, andx, for each mask. \in o driving pressure. The increase was between 10 and 60 N,

Figure 6 also shows error bars which are estimated based on {d§ yveen 20 percent and 120 percent from the force with zero

repetition of the experimental runs. From our observations, Weesgyre, for the first mask, and 10 percent and 60 percent for the
believe the error for mask 2 to be of similar order. Since thgs.qnd one Typically, larger changes are found in the cases
experiments were not repeated for the second mask, we ca . '

ticall timate th tainty. Instead | th re the initial forces are the lowest.
analytically estimate the uncertainty. instéad, we rely on th€ mod-, a4 3 10 106 pa, we measured either a small decrease in the
eling technique to determine the significance of the data, as sh

o) ; .
in Section 6. The drag value for mask(Big. 6) is treated as an Y(ch, or a small increase; the changes for the most part stayed

! X : ; ithin 20 percent of the forces at zero pressure.
outlier and its value is not shown, since we were unable to retake
the data point. These results are described below. 4.2 The Drag Force. The drag forces experienced by the
bearing runner also followed a distinct pattern:

« At 5.17x10° Pa, the drag force gained about 1.5-3 N, or
between 20 percent and 50 percent from its value with no

60l driving pressure.

« At 3.10X10° Pa, the drag force also showed a steady in-
crease, by about 0.2—1 N, or between about 5 percent and 10

20+ 1 percent.

80 T T T T

a0t .

Thrust [N]

5 Phenomenological Model and Discussion
2 . . . . .
0

1 2 Pressunjlpaseau 4 5 s By taking the results of the experiments shown above, we ap-

x10 plied an analysis of varianfANOVA) method in order to derive
4 , , a phenomenological model of the syst¢i®b,16. The ANOVA
method not only provides us with an expression which best fits the
3r 1 data, but it also gives a way to determine which of the measured
z quantities are significant compared to the measurement uncertain-
g2r 1 ties. Only the measurements above the noise level are retained in
e the final expression. In this technique, each of the above variables
is given the value-1 or +1 depending on whether it is high or
‘ ‘ l . low (except for the pressure which can also take on the value zero
0 1 SR 8 4 5 6 at 3.10<10° Pa). The final model can then guide us as to which

ressure [Pascal] x 10° L .
effects most significantly alter the physics.

Fig. 6 The thrust and drag differentials for mask 1. The *  x” The small experimental error came mainly from the instrumen-
corresponds to the case when  X,,,=75um and H,=2.0. “o” tation, such as the uncertainty in the measured forces, pressures,
corresponds to X, =100 pm and H,=2.0. “+” corresponds to

Xmin=75 pm and H,=1.5."*" corresponds to X, =100 um and 2Note that the force with no driving pressure was identically set to zero, since we
H,=1.5. are interested in its variations only.
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Table 2 Estimated uncertainty in the measurements. Figures facturing technology—which have also lead to the sudden prolif-

are based on the repeated runs and are used in the ANOVA to eration of integrable microelectromechanical devices. Such an in-
determine the validity of the model. tegrated system could reduce or eliminate the need for external
Variable Absolute variation Percent variation  actuator and sensory devices. This advantage saves space and re-

quired power, while increasing the possibilities of local fluid
Xenin +2 pm 2 control.

Because of the potential advantages of local surface control,
this research concentrates on creating microscale surface deforma-
Pressure <+35K Pa 7 tions on slider bearing surfaces to produce macroscale perfor-
mance variations. The ability to actively deform bearing surfaces
will allow for the design of bearings which may control one or
more of the following performance characteristics: stiffness,
or distances. Furthermore, the force readings had to be made sdamping, load capacity, power loss, cavitation, film thickness,
after the pressure was applied to avoid the effects of plastic diéearance, etc.
formation of the tape. Table 2 shows the uncertainty in each of theA specific experiment is considered in this paper: the effect of
measurements, as estimated from the repetition of the runs. Hagformable shapes on the bearing surfaces. Aluminum bearing
ever, the ANOVA method allows us to estimate the uncertainty plates with pressure actuated tape membranes provide the media
our data in a more analytical way. By comparing the results ofsr carrying out the experiment. Although not directly measured
tained for two separate trials, we can set a cutoff which dependsring the runs, we estimate that the tape deformation during the
on the repeatability of the measurements. experiment was on the order of 10 to pdn. Therefore, we can

We simplify the numerical model by subdividing the results fodeduce, from the experimental results, that for such small defor-
the two different masks into two separate equationg/taandy?, mations in the surface of a bearing, we can expect to affect its
respectively. We are then left with four equations of three varperformance significantly. This result is what we set out to show
ables(two for thrust and two for drag forgeThese equations are in the project, thus giving us confidence in further pursuing the
more informative than the complete four variable model. idea of embedding MEMS into the surface of hydrodynamic

For the thrust force, the model is shown in Ef). bearings. _
Future work, however, should consider the surface deforma-

y¢=6.55+13.8% +18.1%;+ 11.623+6.67,X3—7.16GX5  tions directly and relate the changes in the forces directly to a
2 2 1) particular geometric feature. Furthermore, one would want to un-
yr=—0.702+4.93&, +12.46%; +13.16¢:+6.78: %3 @ derstand the difference in forces between grooves and bumps, in
In the above equation, it is clear that the driving pressugpie  Order to better design the features and build actual structures in
silicon or other materials. Based on such extensions, fully inte-
grated systems may be advanced for hydrodynamic bearings.
énalogous applications may also be considered, such as self-
&djusting seals in centrifugal pumps and other rotating machinery.

Hy +0.08 4

the most important factor, since both tkeand thex§ terms have

large multiplicative constant&oefficients before them. This re-
sult supports our claim that the deformation of the tape—which
directly related to the driving pressure—is a very important fact
in the thrust force of the bearing. Other important factors are the

distance &) and the interaction between the distance and tfdomenclature

deformation. These observations are reasonable since the defofy _ 440 of distance at bearing leading edge over trailing
mation of the membrane changes the effective distance between * edge

the runner and the pad. These observations hold true for bggh _ | inimum distance separating two surfaces
masks, to within reasonable uncertainty in the coefficients. min

. . X1 = normalizedX;
The model for the drag force is shown in Eg). x; — normalizedH.
X

yi=0.744+1.13%5+0.38%3+ 0.284, X3+ 0.265¢; X,X3 x3 = normalized drive pressure _
) ) @ X, = mask descriptofalternative layoutsfor bearing surfaces
yd:0.522+ 0.9475(34‘ 0.425(3+ 0.284(1X2+0.15]X2X3 yéL = thrust force for mask 1

—0.30%X,X2 yZ = thrust force for mask 2
o yg = drag force for mask 1
In these equations, the driving pressure texmandx; are still y2 = drag force for mask 2

found to be very important in affecting the drag force. The coef-
ficient of x5 is as much as an order of magnitude larger than so
of the other coefficients, which means that this term has the gre&eferences

est effect on the data. However, the relatively low importance off1] Ho, C.-M., and Tai, Y.-C., 1996, “Review: MEMS and Its Applications for

i i i i Flow Control,” ASME J. Fluids Eng118, pp. 437—446.
X1 (which only appears in interaction terjreso makes the terms (2] Ho. C.M. ‘and Tai Y.C. 1998, “Micro.Electro-Mechanical-Systems

in X, - X3 less important. (MEMS) and Fluid Flows,” Annu. Rev. Fluid Dynang0, pp. 579—612.
Furthermore, it is interesting to note the presence of the cros§3] Christensen, H., 1970, “Stochasatic Model for Hydrodynamic Lubrication of

; 2 ; _ Rough Surfaces,” Proc. Inst. Mech. Entg4, pp. 1013.
termsx,xs, and, to a.less important degre@x3' While X3 r?p [4] Hargreaves, D., 1991, “Surface Waviness Effects on the Load-Carrying Ca-
resents the deformation of_the membramg,co_rrelates the “ef- pacity of Rectangular Slider Bearings,” We245, pp. 137—151.
fective surface area” that is seen by the fluid. The cross termgs] Gururajan, K. and Prakash, J., 1999, “Surface Roughness Effects in Infinitely

then signify that the two quantities interact to increase the drag. _ Long Porous Journal Bearings,” ASME J. Tribdi21, pp. 139-147.
[6] Koeneman, P. B., 1995, “Conceptual Design of a Micro Power Supply for a

. . . . . MEMS Smart Bearing,” Master’s thesis, The University of Texas at Austin,
6 Discussion, Conclusions, and Future Directions pustin, Toxas, Y

; ; Koeneman, P., Busch-Vishniac, |., and Wood, K., 1997, “Feasibility of
Geometric design parameters have an effect on the performanéé] MEMS Micro Power Supplies,” IEEE J. Microelectromech. Systpp. 355—

of hydrodynamic bearing systems. These variations in geometric 3¢5

form could be accommodated through macroscopic or micro{8] Flagg, S. W., 1995, “Design and Construction of an Apparatus to Test Active

scopic methods of actuation and sensory control. This research Hydrodynamic Bearings,” Master's thesis, The University of Texas at Austin,
R : . : . Austin, Texas.

e.ffort .eXplores the p055|b|I|ty of |mplementlng mICI’O_SCODIC d.e_(gg] Masser, D. I., 1995, “An Experimental Investigation of Hydrodynamic Bear-

vices In the. role of sensors and actuators. The choice of MiCro ™ ings with Micromachined Surfaces,” Master's thesis, The University of Texas

over macro is based upon the recent advancements of VLS| manu- at Austin, Austin, Texas.
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