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Abstract substrate is achieved either by wire bonding, tape automated
assembly (TAB), or flip-chip bonding technologies [7]. As

A new method for on-substrate fine positioning of a result, the system reliability, which to a large extent de-
micro/meso-scale discrete components is proposed, whergends upon the integrity of each of the interconnecting sol-
component positions are finely adjusted using micro lin- der joints in the system, is reduced. In addition, the sol-
ear sliders and fixtures on the substrate. Each micro linear der joints are virtually permanent once they are established,
slider is actuated by vibratory impacts exerted by two pairs which renders the overall system leesdular For exam-
of micro cantilever impacters. These micro cantilever im- ple, the entire system must be discarded even in the event
pacters areselectivelyresonated by shaking the entire sub- of a subsystem failure. Decreased modularity also causes
strate with a piezoelectric vibrator, realizing forward and an entire system to be replaced even in the case of subsys-
backward slider motion to facilitatessembly and disas- tem upgrade. These technical problems would have high
semblyof a micro component on the substrate. An array environmental impacts with the increasing number of pro-
of the prototype externally-resonated linear micro viboromo- duction of the micro systems utilizing the bare chip inter-
tors is fabricated using the MCNC MUMPS service. These connection technologies. This motivates the development
prototypes are tested for forward and backward motion via of a high-precision assembly/disassembly method for meso-
external vibration applied by a piezoelectric stack vibra- scale components which require high-density electrical in-
tor. The linear micro vibromotor array is to be integrated terconnection. Although the size of the chips currently used
in a on-chip micro assembly device where the assemblyfor bare chip interconnection are typically 5-10 mm, the ad-
of micro/meso-scale discrete components (bare chips) on avent of such assembly/disassembly method would stimulate
common substrate is done by the combination of vibratory further disintegration of subsystem components to improve
palletization for gross positioning, and linear micro vibro- the overall system modularity, which in turn would reduce
motor for fine positioning. the sizes of the chips to be assembled.

Despite such motivation, no practical assem-
) bly/disassembly methods of micro/meso-scale components
1. Introduction suitable for automation has been developed so far. This is
mainly due to the surface adhesion forces causing sticking
The increasing demand for the size reduction in inte- among components and handling devices [5], which makes
grated micro systems has directed the higher density in-simple miniaturization of the conventional pick-and-place
terconnection among micro electrical components. This robotic assembly extremely difficult. Figure 1 illustrates
yielded the concept of bare chip interconnection, where un- pick-and-place assembly of a micro-scale component
packaged VLSI chips are interconnected directly on a com-using a micro gripper. Surface adhesion forces such as
mon substrate. Compare to the conventional printed circuitelectrostatic, van der Waals, and surface tension forces
board assembly, bare chip interconnection has advantagesause the component to stick to the gripper during the ap-
in not only the dramatic size reduction, but also in achiev- proach (Figure 1 (b)) and the release (Figure 1 (d)) phases.
ing high functional densities, lowest possible propagation Mechanical shock can be applied to the gripper to drop the
delays and improved reliability and system performance. stuck component (Figure 1 (e)), with the price of inaccurate
Currently, interconnections of bare chips on a common positioning of the released component (Figure 1 (f)).



a o) e)  shock Mg Linear slider Cavity for gross
positioning
] ! Anchored fixture

. v

b) Stick to gripper 9 S‘iCk\ﬁ f \nactcura(e ﬁ
W/ . positioning

Impacter mass\
Figure 1. Typical pick-and-place assembly in Folded cantieve 6

component

mleO Scale (mOdIerd from [5]) Forward Backward
\mpaclers |mpaclers
a) Inaccurately positioned b) Accurately positioned ) Disassembly . . 3
component 1\ <\ $ Figure 3. A schematic top view of the
— — = B externally-resonated linear micro vibromotor
Linear actuator  Anchored fixture for on-substrate precise positioning.

Figure 2. Precise component positioning and )
release with a on-substrate linear actuator the MCNC MUMPS service. These prototypes are tested

and a fixture. for forward and backward motion via external vibration ap-
plied by a piezoelectric stack vibrator.

One way to overcome this problem is to design a de- 2. Design
vice on the substrate that facilitates component positioning
so that gross positioning is done in the conventional pick- 2.1. Operational principle
and-place fashidn whereas fine positioning is done by the
on-substrate positioning device. This conceptis illustrated oy design of the externally-resonated linear micro vi-
in Figure 2, where a on-substrate linear actuator pushes &romotor for micro assembly is based on a linear micro vi-
inaccurately positioned micro componeetd, as a result  promotor reported by Danemanal. [4], where a micro lin-
of the “shock release” shown in Figure 1 (e) and (f)) against ear slider is actuated by vibratory impacts exerted by micro
a fixture anchored to the substrate (Figure 2 (a)), achievingcantilever impacters. Dissimilar to their design, however,
precise positioning of the component (Figure 2 (b)). The these micro cantilever impacters are selectively resonated
linear actuator also should be able to re-open to release thgy externalpiezoelectric vibration, requiring no need for
positioned component to facilitate the potential needs for jyjit-in driving mechanisms such as electrostatic comb ac-
disassembly (Figure 2 (c)). tuators.

This paper describes a design of such a micro linear ac-  ag jljustrates in Figure 3, it consists of a linear slider lo-

tuator for fine positioning of a micro/meso-scale discrete ¢ated between two pairs of folded cantilever impacters an-
component on a substrate. The design is based on a lineatnored on the substrate which can exert forward and back-
micro vibromotor reported by Danemanal. [4], where & \yard vibratory impacts to the sides of the slider, depending
micro linear slider is actuated by vibratory impacts exerted o1y which pair of impacters is resonated by external vibra-
by micro cantilever impacters. Dissimilar to their design, tjon. Figure 4 illustrates the three-step operation of the lin-
however, these micro cantilever impacters seectively  ear micro vibromotor. First, the substrate is shaken with
resonated by shaking the entire substrate with a piezoelecy piezoelectric vibrator at the frequengy. This exter-

tric vibrator, requiring no need for built-in driving mecha- 5| vipration resonatesnly the forward impacters, causing
nisms such as electrostatic comb actuators. This selectivghe |inear slider to move right (Figure 4 (a)). This motion
resonance of the micro cantilever impacters via an exter-.5ses the slider to push a micro component against an an-
nal vibration energy field [15] provides with a very simple  chored fixture, achieving precise positioning (Figure 4 (b)).
means of controlling forward and backward motion of the Next, the substrate is shaken at the frequefcyThis ex-
micro linear slider, facilitatingassembly and disassembly (grnal vibration resonatemly the backward impacters and

of a micro component on a substrate. An array of prototype moyes the slider to the left (Figure 4 (c)), releasing the po-
linear micro vibromotor are fabricated using the three-layer gjtioned component.

polysilicon surface micro machining process provided by  This selective resonance of the micro cantilever im-

Lor with other processes which are more effective for gross positioning PaCters Via.an external vibration energy field [15] provides
— see Section 4 for an example. with very simple means of controlling forward and back-
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cient, and spring constant of a impacter, respectively. As-
suming Coutette air flow between the substrate and the im-
pacter mass, and small lateral displacement of the folded
Figure 4. Three-step operation of the beams, these parameters are expressed as [2, 10]:

externally-resonated linear micro vibromotor.

s

m = pAt+ 2phwl (2)
A
b = p= 3
r 3)
ward motion of the micro linear slider, without explicit rout- v — Eh (E)B cosb (1 4 co8 ¢) )
ing to direct energy to each of the impacters. This prop- l 2

erty of the selective resonance would be particularly useful

in the situation where a number of linear micro vibromo- (polysilicon): A andt are the planer area (including the

tors are |mplementeq ina two-d|men5|9nal array in order area of the joining member of two folded beams) and thick-
to position multiple micro components simultaneously. By ness of the impacter mass, respectivélyw, and! are the

designing the forward and backward impacters to have dif- height, width, and total length of the two segments of a V-

ferent resonance frequencies, each linear micro vibromo-bearn respectively is the viscosity of the aird is the

tor in the array can be operated independently by the extery ertical gap between the substrate and the impacter mass;

nal piezoelectric vibrations driven by the sum of the signals 1 ;¢ Young's modulus of the beam material (polysilicon);
with appropnate resonance frfaquc-?-nmes [15]. ] and¢ is the half of the angle between the two segments of a
In Figure 4, note that the direction of the external vibra- \.peam. Assuming the substrate is shaken with the external

tion is not parallel to the direction of impacters’ oscillation yipration¢ = Z, cos(wt) in ¢ direction, the inertial force
(i.e., the direction of impact). Therefore, itis the component r_. (1) exerted to a impacter is:

of the external vibration parallel to the direction of impact
that causes the resonance in the micro impacters. Another Jeat(t) = mw®Zg cos 0 cos(wt) (5)
component of external vibration causes the impacters to de-
form perpendicular to the direction of impact, which is un-
desirable for efficient operation of the linear micro vibromo- v
tor. The micro cantilever im M¢=F(t) ©)

) pacters, therefore, should have
high stiffness in the direction perpendicular to the direc- Where)M is the mass of the slider anfd is a net force ex-
tion of impact, while keeping the relatively low stifiness in erted to the slider:

where p is the mass density of the impacter material

Similarly, the equation of motion of the linear slider is
given as:

the direction of'impact'. To achieve this gogl, the dguble-v o) — 0 if { =0 and| — B¢+ Foai(t)] < F,
peam suspension deggn [1Q] is e_mployed in the micro can- “BC + Fuge(t) — Fa(¢/IC]) otherwise
tilever impacters, which realizes higher transversal stiffness @)

than the conventional folded parallel beam design without \yhere B is the viscous damping coefficient of the slider:

affecting the lateral stiffness [10]. Fouu(t) = Mw?Zycos(wt) is the inertial force exerted
to the slider; F, and F; are static and dynamic frictional
2.2. Modeling forces, respectively. The parametdis and B are given
similarly to Equations 2 and 3.
An oblique impact of the impacter tips to the slider side
Equations of motions of a lumped parameter model of wall is modeled as an impact with restitutiomjrdirection,
the impacter-slider system illustrated in Figure 3 is derived and an impact with instantaneous momentum transfer in
in order to obtain an optimal design which maximizes trans- direction [8]. Letc be the distance between the impacter tip
lation speed of the linear slider at desired external input fre- and the slider side wall measuredardirection. Ifz < ¢,
guencies. Le{¢,~) be the coordinate system for the slider there is no impact. At = ¢, the impacter tip contacts the
position, with¢ being the direction of slider motion, and  slider sidewall. In iny direction, the following boundary
(x,y) be the coordinate system for the impacter position condition models the energy dissipation of the impacter at
with = being the direction of impact, rotated frajvy axes an impact:
by the impact anglé. An impacter can be modeled as a

_ m _
simple mass-spring-damper system with an external force Vi=v"+ 2M(1 +e)v™ cosf (8)
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Table 1. The physical constant values used in
the simulation Mo

[Paramete]  Value[uni] | \/\AN\/\N\}{\N\ J\N MW\}\AMAM J\MJ\N\
p 2.33 [g/cm?] i E RS R R et | VWV IRIRVRIvEITY
[ 1.79x 107 [Pa - 5] —
E 169 [GPa]
Fs 20 [uN]
Fy 5[] Figure 5. The simulated vibromotor perfor-
e 0.5 mances.
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whereV~ andV* are slider velocities in: direction right ' | ' | EE—
before and right after the impact. B O gy ppRs &I
The equations of motion defined as Equations 1 through ' | ' |
8 are numerically integrated with the forth-order Runge
Kutta method to evaluate the performance of the externally-
resonated linear micro vibromotor. The values of ¢hend
# used in the numerical simulation arg® and45°, respec-
tively. The values ofd, h, andt¢ are constrained by the
MUMPs process provided by MCNC used for device fabri- condition(x(to), (o)) completely changes the frequency
cation discussed in Section 3. They are set t0.G8 um, response of the system [14, 13, 6, 3]. Our previous inves-
2.0 um, and 3.5 um, respectively. The physical constant tigation [12] discussed that such instabilities could in fact
values used in the simulation are shown in Table 1. The occur in the impacter-slider system as defined in Equations
values of F; and F; account for not only the friction be- 1 through 8, since it is likely that the initial position of the
tween the substrate and the slider but also the slop betweeimpacter mass varies at every operation of the device due
the slider and its guide, and are estimated based on [4] sincéo the sticking between the impacter mass and the substrate,
the slider size and its fabrication process are virtually iden- and between the impacter tips and the slider side wall. The
tical. impactor-slider systems, therefore, must be designed for
Figure 5 shows results of numerical integration of the maximum slider speed, as well as for stable operation at
above equations of motion 1 through 8 in the time period desired external input frequencies [12].
fromty = 0.0 [msec] to t; = 3.0 [msec]| with two exter-
nal input frequencies: (a) = w/27 = 5.2 [kHz] and (b) 3. Fabrication and testing
v = w/2r = 6.2 [kHz]. For each input frequency, the
top figure shows the time plot of the slider position, and
the bottom figure shows the time plot of the impacter posi-
tion. The parameter values common to both figuresiate
1.5x 104 [um?], w = 4.0 [um], I = 600 [um], ¢ = 3.0[um)],

Figure 6. A basic flow of the MUMPS process.

An array of prototype externally-resonated linear micro
vibromotors is fabricated using the three-layer polysilicon
surface micro machining process provided by the MCNC
and the slider area i8.0 x 10* [um]. These values give MUMPS service, where the bot-tom polysilicon Iayerse_ryes
the impacter natural frequeney, = w, /2 — 5.2 [kHz), as a ground plane, aqd the mlddlg and the top polysmcon
wherew,, = \/W The initial condition(:(to ), &(to)) is !ayers are used' for micro mechanical structures.' Figure 6
(0.0,0.0) in both cases. Note that the slider moves approx- |!Iustrates abasic flow of the MUMPS. procésa series of
imately four timesfaster when driven witt.2 kH » (Fig- flgures shows tra_msversal_cross sections of the_mlcro linear
ure 5 (b)) than when driven with.2 kHz, a natural fre- slider being fabricated. First, the bottom polysilicon layer

quency of the impacter (Figure 5 (a)). This increase in the (referred to as Poly0) is deposited and patterned on a sili-

) . B con substrate using low pressure chemical vapor deposition
system resonance frequency is due to the nonlinear “hard-

. e : ; . (LPCVD), as shown in Figure 6 (a). This is followed by
ening spring” behavior observed in many dynamic systems . g . e
. T the deposition and patterning obar5 um thick sacrificial
involving impacts [14, 13, 6, 3].

As manv nonlinear oscillatory svstems. the svstems in- layer of LPCVD phosphosilicate glass (PSG). Dimples are
- y . ; ory Sy o Y wet etched on this PSG layer to reduce friction between the
volving the nonlinear “hardening springs” are known to ex-

hibit instabilities where a small perturbation of the initial 2Seehttp://mems.mcnc.org/mumps.html for details.




Figure 7. SEM of an array of the externally- Figure 8. SEM of a close-up view of the
resonated micro vibromotors with “dummy” externally-resonated micro vibromotor.
micro components of 500 pum x 500 pm.

bottom and middle polysilicon layers at the completion of Piezo stack vibrator  Chip

the fabrication process (Figure 6 (b)). On top of the PSG
layer, a2.0 um thick LPCVD polysilicon layer (referred to

as Polyl) is deposited and patterned. Figure 6 (c) shows the
cross sectional pattern of the slider made of Poly1. After the
deposition and patterning of another PSG sacrificial layer Alminum block
(shown in Figure 6 (d)), and &5 pm polysilicon layer (re-
ferred to as Poly2: shown in Figure 6 (e))), the PSG layers
are dissolved in an etching solution (HF), releasing the me-
chanical structure made of Poly1 and Poly2 (Figure 6 (f)).

Figures 7 and 8 show SEM of an array of the fabricated
devices with “dummy” micro components, and a close-
up view of one device1 respectiveiy_ Each vibromotors and backward slider motion is SUCCGSSfU"y realized by the
in the array is designed for a different driving frequency selective resonance of forward and backward impaCterS. It
to allow selective activation via an external piezoelectric iS observed that the full-range slider motion (306:) oc-
vibrator. The size of the dummy square components is CUr in approximately a second for most devices in the array,
500 m x 500 wm, made with Poly1 layer in the MUMPS which qualitatively matches the velocity prediction by the
process. These dummy micro components are anchored t&orreponding simulations. More precise velocity measure-
the substrate with a very thin polysilicon structure which is mentrequires high-speed video equipments not available to
Supposed to be broken with a probe t|p at testing_ The fab-Us at this date. The quantitative validation of simulation re-
ricated devices are tested using the experimental apparatugults with such equipments is a part of the future work.
shown in Figure 9, where the chip containing the device ar-
ray is attached to two piezo stack vibrators. The horizontal 4, Discussion and future work
vibrator is to drive the micro linear vibromotors, and the
vertical vibrator is to facilitate the gross positioning of mi-  This paper proposed a new method for on-substrate
cro components on the substrate as described in the neXfine positioning of micro/meso-scale discrete components,
section. This vertical vibrator, however, is not used to ob- \yhere component positions are finely adjusted using micro
tain the following experimental results. linear sliders and fixtures on the substrate. Each micro lin-
A sequence of snapshots from a shaking experiment isear slider is actuated by vibratory impacts exerted by two
shown in Figure 10, where the left, middle, and right figure pairs of micro cantilever impacters. These micro cantilever
show the initial slider position, after forward motion, and af- impacters areselectivelyresonated by shaking the entire
ter backward motion, respectively. The control of forward substrate with a piezoelectric vibrator, realizing forward and

Figure 9. Experimental apparatus for shaking
experiments.



(1]

(2]

Figure 10. Snapshots from shaking experi-
ments: initial position (left), after forward
motion (middle), and after backward motion (3]

(right).

(4]

backward slider motion to facilitagssembly and disassem-

bly of a micro component on the substrate. An array of the [3]
prototype externally-resonated linear micro vibromotors is
fabricated using the MCNC MUMPS service. These proto-
types are successfully tested for forward and backward mo-
tion via external vibration applied by an piezoelectric stack
vibrator. [7]

(6]

As discussed in Section 1, gross positioning of a micro
component needs to be done prior to on-substrate fine posi-
tioning using an externally-resonated linear micro vibromo-
tor. Although the gross positioning could be done sequen-
tially in pick-and-place fashion, vibratory palletization [9],

a part orienting method common to centimeter-scale me- [9]
chanical parts, could provideery efficient means of par-

allel gross positioning of micro components. During the
palletization, surface adhesion forces can be virtually elim-
inated by applying vertical vibration in ultrasonic range as
recently reported in [1]. Such vertical vibration can also
facilitate the operation of the linear micro vibromotor by [10]
reducing the friction between a micro component and the
substrate.

(8]

The current fine positioning scheme, however, lacks a
positive fastening means to secure the attachment of thel11]
componentto the substrate. Therefore, the design modifica-
tion of the linear slider, the etched cavity, and/or anchored
fixture should be investigated in order to achieve selective [12]
fastening and release of a component. For this, the applica-
tion of removable micro mechanical latching fasteners, or
micro “mouse traps,” [11] will be considered as a possible
fastening means. [13]
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