Rolling friction in a linear microactuator
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In order to design a precise and repeatable microelectromechanical system, friction and wear
must be minimized in the surfaces of the microstructure. Rolling bearings are known to exhibit
lower friction over sliding contact bearings in precision macromechanical systems. Rolling
friction can be characterized on a microscale to facilitate the design of precision
microelectiromechanical systems. We have designed a test specimen utilizing stainless steel
microballs {285 pum in diameter) in contact with silicon micromachined v-groove surfaces (310
pm wide, 163 pm deep, 10 000 pm long}. Different thin films are deposited on the surface of the
siticon v grooves and their frictional properties are investigated experimentalily. We have shown
that at zero applied normal force, the adhesion is dominant and as the applied normal force is
increased, the friction coefficient reaches an asymptotic value below 0.01. The measured
frictional forces represent the total resistance at the onset of rolling motion for the bearing which
is generated at all the contacting surfaces. The measured values for the coefficient of friction will
allow designers to select optimum Iubricant surfaces to be used in microroller bearings using

microballs and silicon micromachined V-groove surfaces.

i INTRODUCTION

The design and optimization of microelectromechanical
systems (MEMS) requires a basic understanding of the
mechanical properties of materials used therein. Friction
and wear on a microscale are two of the major factors that
need to be thoroughly investigated in order for MEMS to
operate more efficiently.

Tai and Muller' studied the dynamic coefficient of fric-
tion in a variable-capacitance integrated circuit (1C) pro-
cessed micromotor. Friction coefficients in the range of
0.21-0.38 for silicon nitride-polysilicon surfaces were
reported.! Lim ef al.? used a polysilicon microstructure to
characterize static friction. They reported friction coeffi-
cients of 4.9 = 1.0 for coarse grained polysilicon-polysilicon
interfaces and 2.5+0.5 for silicon nitride-polysilicon sur-
faces. Mehregany, Senturia, and Lang3 measured both fric-
tion and wear using a polysilicon variable-capacitance ro-
tary harmonic side-drive micromotor. They report a
frictional force of 0.15 uN at the bushings and 0.04 uN in
the bearing of the micromotor. Both the bushings and
bearing surfaces were made of heavily phosphorus-doped
polysilicon. Noguchi e al® examined the coefficient of
maximum static friction for various materials by sliding
millimeter-size movers electrostatically. The value ob-
tained (0.32) for the static friction coefficient of silicon
nitride and silicon surfaces in contact is smaller by a facior
of 8 than the one reported by Lim er al? However, the
measured values for the dynamic coefficient of friction are
close to those reported in Ref. 1.

Suzuki er al.® compared the friction and wear of differ-
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ent thin films by applying them to riders and disks of mac-
roscopic scale and sliding them under the same loading
conditions. Larger values of the dynamic coefficient of fric-
tion (0.7-0.9) were obiained for silicon nitride and poly-
silicon surfaces than the ones reported by Tai and Muller.
Deng and Ko® examined the static coefficient of friction for
different silicon compounds in a high vacuum chamber and
under exposure to humidity and different gases. They ob-
served that an exposure to oxygen gas increases the static
coefficient of friction between the silicon compound me-
chanical contacts while an exposure to nitrogen gas often
decreases it. A number of the values for shiding friction
reported in the literature seem excessively large. This study
was undertaken to evaluate the frictional resistance at the
onset of rolling in microroller bearings and to provide a
basis for comparison.

The mechanical properties of rolling element bearings in
micromechanical systems have not yet been thoroughly in-
vestigated. Rolling element bearings are expected to be ex-
tensively used in MEMS because of their lower frictional
properties, improved lifetime and higher stability in carry-
ing loads when used in 2 microactuator. We have designed
and built 2 test specimen and measurement system to in-
vestigate the rolling friction and wear of different materials
on a microscale. Stainless-steel microballs are used to min-
imize friction between two silicon micromachined v-groove
surfaces. The values of the start-up coefficient of friction of
different thin films will be used to determine the best ma-
terials to be used as a solid lubricant to reduce the driving
force necessary to move a linear microactuator.
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FiG. 1. Schematic representation of the cross-sectional view of the test
specimen. Dashed lines show the width of the etched V groove (w) and
the angle 6 between the (100) surface and (111) plane.

il. EXPERIMENT
A. Test specimen

The test specimen is a parallel plate linear displacement
element made of silicon micromachined V grooves with
stainless-steel microballs in between. Figure 1 shows the
cross-sectional view of the test specimen. The 54.74° angle
is imposed by the crystalline structure of the silicon sub-
strate and cannot be varied by using this micromachining
technique. The use of a 54.74° angle, rather than the stan-
dard 45° angle, yields higher contact stress and large dif-
ferential slip which may lead to an increase in friction
coefficient for the rolling elements reported here. Figure 2
shows the top view of the parallel plates. The V grooves are
163 um deep, 10000 pm long, 310 um wide, and 14 000
pm edge to edge. The stainless-steel microballs are 285 pm
in diameter and positioned on the surface of the etched V
grooves. This results in a uniform gap of approximately 23
pm between the silicon parallel plates. The stainless-steel
microballs were obtained commercially.” Different thin
films were deposited on the surface of the silicon microma-
chined V grooves and the coefficient of friction between the
deposited material and the stainless-steel microballs at the
onset of movement was measured.

The silicon micromachined V grooves are made using 3
in., 0.1 Q@ cm (100) p-type silicon wafers 508 pum thick.
The wafers were cleaned using a standard RCA procedure.
A thin layer (700 A) of thermal oxide was grown at
925°C. A 3000 A low-pressure chemical vapor deposition
(LPCVD) silicon nitride was deposited on the thermal
oxide. The samples were patterned photolithographically.
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FiG. 2. Top view of the parallel plates. Each plate contains two V
grooves. Dashed lines show the dimensions of the bottom of the V
grooves.

A plasma etch (CF,/0,) was used to etch the silicon ni-
tride and thermal oxide to form the anisotropic etch mask.
The photoresist was removed using a chemical resist re-
mover. The samples were then cleaned in a solution of
NH,OH:H,0,:H;0 1:1:6 in an ultrasonic bath for 5 min.
Prior to micromachining, the samples were put in a dilute
HF bath for 10 s to remove the native oxide. The patterned
samples were immersed in a quartz refiux system contain-
ing an anisotropic etchant solution of KOH:H,O (40% by
weight) at 60 °C constant temperature for 12 h. The mi-
cromachined samples were then immersed in a reflux sys-
tem containing concentrated phosphoric acid at 140 °C for
2 h in order to remove the silicon nitride and then in a
buffered-oxide-etch (BOE 1:20) bath for 10 min to remove
the thermal oxide. The samples were rinsed with deionized
H,O and blow dried with nitrogen gas.

Three sets of microstructures were fabricated for this
study. All three test structures have etched silicon micro-
machined v grooves. For the second and third structures, a
1-um-thick thermal oxide was grown at 1100°C on the
surface of the silicon v-groove samples. A 0.3-um-thick
PECVD nitride was deposited on the thermal oxide of the
second structure and 0.5 gm of sputtered chromium was
deposited on the thermal oxide of the third structure.
These test structures provide information on the interac-
tion between the microballs and semiconductor, metallic

TABLE I. Measured and calculated values of friction for silicon/stainless-steel contacts for (a) left to right direction, (b) right to left direction, and (c)
average of (a) and (b). The data for & in {(a) and {b) are the average of ten measurements.

(a) (b} ¢
Applied ©
load (g) Q 5 10 20 50 0 5 10 20 50 0 S 10 20 50
& 303 091 0.7 0.60 056 338 079 0.5% 0.58 0.41 3.21 0.85 0.65 Q.59 0.49
s.D.? .15 017 0.11 0.13 0.04 122 015 0.20 0.15 0.09 1.1$  0.i6 .16 0.14 0.07
Fy(2) 0.360 5.360 10.360 20.360 50.358 0.360 5360 10.360 20360 50.360 0360 5.360 10360 20360 50.360

Fr(g) 0019 0085 0128 0213 0492 0021 0074
@w=F./Fy 00528 00158 00124 0.0105

0.0058 0.0583 0.0138

0.107 0.206 0.360 0.020 0.080 0.118 0210 0.426
0.0103 0.01C1 0.0071 0.0560 0.0i49 0.0114 0.0103 0.0085

*Standard deviation.
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TABLE II. Measured and calculated values of friction for silicon nitride/stainless-steel contacts for (a) left to right direction, (b} right to left direction,
and (c¢) average of {a) and (b). The data for @ in (a) and (b) are the average of ten measurements.

Applied () (b) (c)

Load (g) 0 3 10 20 50 0 5 i0 20 50 0 5 10 20 50

2 1.62 0.91 0.82 (.68 0.58 1.67 0.87 0.80 3.60 0.51 1.65 .89 0.81 0.64 0.55
S.b.? 0.3¢ 0.12 0.36 0.07 0.16 0.35 0.14 3.14 0.12 0.08 0.33 0.13 0.25 0.10 0.12
Fy(g) 0.310 5309 10.309 20.309 50.307 O.310 5309 10309 20.309  50.308 0.310  5.309 10309 20.309  50.308
Fr(g) 0.008 0.084 0.148 0.241 0.509 0.009 0.08% 0.144 0.213 0.44% 0.009 0.083 0.146 0.227 0.479
u=Fp/Fy 0029 0.0158 0.0144 00119 00101 0.0290 00153 00140 00105 00089 0.0250 0.0156 0.0142 0.0112 0.0095

“Standard deviation.

and insulator materials. The thermal oxide serves as an
electrical insulation layer when the structure is used as a
linear actuator. The friction of ali three structures is mea-
sured in contact with the stainless-steel microballs.

B. Test setup

The coefficients of friction for silicon/stainless steel,
silicon-nitride/stainless-steel, and chromium/stainless-
steel contfacts at the onset of motion were found by mea-
suring the inclined angle at which the slider of the linear
displacement element starts to move. The coefficient of
friction is equal to the tangent of the angle at this condi-
tion. Prior o measurement, samples were rinsed with
deionized water and blow dried with nitrogen gas. Eight
stainless-steel microballs were positioned in each of the two
silicon micromachined V grooves of the lower plate. This
configuration was selected to represent a conventional con-
figuration commonly used in linear bearings. It takes into
consideration over constraint due to the use of two grooves
as well as any maldistribution of load due to elastic defor-
mations and differential slip caused by four-point contact.
The slider of the linear displacement element was aligned
with the bottom plate through both V groove races. A
tilting table with 1/100 of a degree accuracy was posi-
tioned on a precision granite plate. The linear displacement
element was positioned on the middle of the tilting table.
The table was tilted at increments of 1/10 of a degree. The
tilting was stopped once the movement of the slider was
observed. Twenty measurements were made for each test
structure. This included ten left to right and ten right to
left directions. Loads of 5, 10, 20, and 50 g were then
applied by placing weights at a marked position on the

linear displacement element. These loads were considered
to determine the effect of normal forces on the coefficient of
friction.

Hi. RESULTS AND DISCUSSION

The frictional resistance force F; and the nominal co-
efficient of friction y at the onset of movement for silicon/
stainless-steel, chromium/stainless-sieel, and silicon
nitride/stainless-steel contacts were calculated from the tilt
table angle measurements. All measurements were made at
room temperature. The average tangential force at the on-
set of movement is

Fp= Wsin 6, (1)
where 8 is the inclination angle causing movement and W
is the applied force. Note that W is the mass of the upper
plate and any additional added weight. The corresponding
normal load is calculated as '

Fy=Wcos 0. (2)

The nominal coefficient of friction at the onset of motion is
calculated as

p=Fp/Fy=tan 8. (3)

Tables I, II, and III summarize the test results for
silicon/stainless steel, silicon nitride/stainless steel, and
chromium/stainless steel, respectively. Each table shows
the results of (a) left to right measurements, (b) right to
left measurements, and (c} average of (a) and (b). & is
the angle at which the slider moves. The values in parts (a)

TABLE IIE. Measured and calculated values of friction for chromium/stainless-steel contacts for {a) left to right direction, (b) right to left direction, and
{c) average of {a) and (b). The data for & in (a} and (b) are the average of ten measurcments.

Applicd (a) (b) (c)

load(g) 0 5 10 20 50 0 5 16 20 30 0 s 10 20 50

& 1.56 0.75 0.59 0.54 0.46 1.10 0.83 0.63 (.53 0.49 1.33 0.79 0.61 0.54 0.48
s.D.# 0.26 0.16 0.18 0.12 0.05 0.30 017 0.17 .16 0.09 0.28 0.17 0.18 0.14 0.07
Fy(g) 1.450 6.450 11450 21450 51450 1.450 6450 11450 21450 51.450 1.450 6.450 11450 21450 51450
Frig 0.040 G.084 0.118 0.202 0.413  0.028 0.093 0.126 0.198 0.440 0.034 0.089 0.122 0.200 0.427
u=Fy/Fy 00276 00130 00103 00094 ©.0080 0.0193 0.0144 00110 00092 0.0086 0.0235 0.0137 0.0107 0.0093 0.0083

*Standard deviation.
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FiG. 3. Tangential force vs normal force for silicon nitride/stainless steel
contacts for both left to right and right to left directions. Each point in the
graph is the average of 10 measurements. The extrapclated lines coincide
at the same point (0.06 g).

and (b) for & are the average of ten measurements and a
standard deviation is provided. Results are given for ap-
plied loads of 0, 5, 10, 20, and 50 g.

A sample plot of the average tangential force versus the
normal load at the onset of rolling motion for the silicon
nitride/stainless steel material is given in Fig. 3. Both left
to right and right to left motions are provided. It can be
seen that the frictional resistance at the higher normal
loads is approximately 10% greater for the left to right
than the right to left motion. This difference maybe attrib-
uted to the micromachining process or the variable condi-
tions at the initial location of the slider. The values of F
at the lower normal loads are essentially the same. It can
also be seen that the extrapolated value for Frat Fy =0
(which can be considered as the theoretical adhesive resis-
tance) is equal to0 0.06 gm in this case and is the same for
both directions of motion.

Figure 4 shows a comparison between the average val-
ues for the frictional resistance at the onset of rolling in
both directions of motion for the considered three materi-
als. It can be seen that all three materials exhibif similar
behavior and the results can be expressed by the following
equations:

Fy=0.046 4 0.0076F y (silicon/stainless steel), (4)

F;=0.059 4 0.0083F y (siliconnitride/stainless steel)},

(5)

{chromium/stainless steel)

(6)

for normal loads greater than 10 g. It is interesting to note
that the average values for the extrapolated adhesive resis-
tance (Fy at Fy=0) are 0.046, 0.059, and 0.036 for the
silicon/stainless steel, silicon nitride/stainless steel, and
chromium/stainless steel, respectively.

A plot of the average nominal coeflicient of friction
(Fy/Fy) for all three materials is shown in Fig. 5 as a

Fy=0036 4 0.0076Fy
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FIG. 4. Tangential force vs normal force for all three test specimens. The
data represent an average of 20 measurements. The extrapolated lines
show the theoretical values of the tangential force for all three cases on
the vertical axis.

function of the normal load. It can be seen that due to the
adhesive component of the frictional resistance, the coeffi-
cient of friction is relatively high when the slider rolls with-
out any added normal load (under its own weight). The
averaged value at zero added force for both directions of
motion is 0.0560 for silicon/stainless steel, 0.0290 for sili-
con nitride/stainless steel, and 0.0235 for chromium/
stainless steel. The asymptotic values for the average coef-
ficient of friction (at very high normal loads) are 0.0076,
0.0083, and 0.0076 for the three materials, respectively.

IV. CONCLUSIONS

This article presents results on the tangential forces nec-
essary to initiate rolling motion of stainless-steel microballs
in micromachined silicon V grooves with and without de-
posited thin films. The use of a tilting table with 0.01°
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FIG. 5. Coefficient of friction vs normal force for all three test specimens.
The data represent an average of 20 measurements.
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incremental movement proved useful in generating reliable
data on the frictional resistance at the onset of rolling for
the considered roliing models. The coefficients of friction
reported here are significantly lower than the published
data on shiding friction in micromotors or microactuators
as would be expected. This article provides the baseline
information necessary for the design and optimization of
MEMS using rolling bearings with the conventional two
groove structures.
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