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ABSTRACT

A snap fastener is a deformable device consisting of
a pair of mating surfaces that “snap” together during
assembly. Because of the simple, linear assembly mo-
tion, such latching micro fasteners have a wide range
of applications in micro assembly tasks, e.g. for de-
vices with multiple or layered components, or micro
opto-mechanical plugs. At the micro scale, conventional
types of fasteners like screws and hinges are unlikely to
work due to present fabrication constraints and large
friction forces. Micro snap fasteners also have great
potential to be used as sensors with memory.

We present a detailed theoretical analysis of design
and function of micro snap fasteners, and describe the
fabrication in single crystal silicon (SCS) technology.
We perform experiments on snap fasteners with 1 — 2
pm wide latches. Independent comb drive actuators
generating micro-Newton forces were used for actua-
tion of the fasteners to verify the theoretically obtained
design rules. Our experimental results are in close ac-
cordance with the theoretical predictions.

1 INTRODUCTION

We have designed, analyzed, fabricated and character-
ized SCS micro snap fasteners. A standard SCREAM
process (Zhang and MacDonald 1992, Shaw et al. 1993)
was used to fabricate various designs of the fasteners.
The stiffness of the snap fastener (i.e. the force required
to engage the micro fastener latches) was tested using
electrostatic micro comb actuators. We conducted a
detailed mechanism analysis, from which we obtained
rules for the design of micro snap fasteners.

Our devices have two outer latches and a central an-
chor (see Figure 1). The latches are supported on flex-
ible cantilever beams. Using our actuator, successful

latching was observed with forces in the range of 30
1N, for beams of length 50 pm and width 2 gm. The
total height of the beams fabricated with SCREAM was
8.5 pm. The latches are 1.5 ym wide, and their mating
surfaces are angled at 45°. These design parameters
can be varied over a wide range to change the stiffness

of the fastener.
.

o

Figure 1: Functional principle of a snap fastener: (a)
disengaged; (b) engaged.

linear assembly motion

(b)

Applications

Because of their simple design and functionality, snap
fasteners are ideal devices for assembly in the micro
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domain. Conventional types of fasteners like screws and
nuts are less likely to work in micro assembly because
of their complicated structure and motion with high
friction. Different configurations of the basic latching
mechanism can be used for a wide range of applications
for micro sensors, in micro assembly and micro robotics.

Vertical micromechanical velcro has been built and
characterized by Han et al. (1992). These structures
have arrays of SiO9 caps on silicon pedestals and have
been used for wafer bonding. Pressure exceeding 12 kPa
is required to bond the velcro surfaces together. The
disengaging strength of the bond is larger than 240 kPa.

Ciarlo (1992) uses latching silicon structures as
accelerometers for moderate and high-g applications.
They consist of two cantilever beams that interlock at a
set threshold acceleration which is determined by their
design.

Polysilicon structures with integrally fabricated
hinges have been designed by Pister et al. (1992). The
hinges rotate out of plane and get fixed in a verti-
cal position by a locking mechanism which is similar
to snap fasteners. The hinges interconnect with other
structures to form 3D devices like micro-probes, parallel
plate grippers, or Fresnel lens arrays.

Micro Assembly. Complicated micro structures con-
sisting of multiple components can be assembled to-
gether in the plane using snap fasteners. They also have
great potential when being lifted out of plane and used
as vertical plug-in connectors. Multi-layered structures
can be built using these plugs. Currently under investi-
gation is another application for micro opto-mechanical
plugs, in which optical fibers are accurately attached.
The connectors can be used both for electrical or insu-
lated connections.

Sensors with Memory. These fasteners have tre-
mendous applications as sensors. Varying configura-
tions in combination with supporting electronic cir-
cuitry can be used to sense pressure, temperature, ac-
celeration, impact etc. They can be designed to mea-
sure either force or displacement. Their hysteretic be-
haviour allows them to be used as sensors with memory.
Arrays of these devices with increasing stiffness can be
used to determine the magnitude of the engaging force.

Overview

In the following section we give a detailed description of
snap fastener design and mechanism analysis. We iden-
tify the design parameters and describe their effect in
terms of design rules. Section 3 contains the fabrication
process and its effect on the mechanism design. In Sec-
tion 4 we present the results from our experiments and
compare them with our theoretical predictions. Sec-

tion 5 summarizes our work and gives an outlook on
future work and open questions.

2 DESIGN AND MECHANICAL ANALYSIS

A snap fastener consists of a mating pair of an anchor
and flexible latches (see Figure 1). In its disengaged
state anchor and latches can move freely with respect to
each other. To engage the device, the anchor is moved
along a straight line towards the latches as depicted
in Figure 1(a), such that the anchor comes in sliding
contact with the latches, causing them to bend outward,
until the anchor is fully inside the latches. The following
properties of snap fasteners are of particular interest:

1. Assembly is simpler than e.g. with screws or nuts,
as only a linear motion is required to engage the
components.

2. Assembly is robust, i.e. small errors in the relative
position of anchor and latches are corrected auto-
matically by their chamfered surfaces.

3. The force required to engage the fastener can be
chosen over a wide range depending on the shape
and size of the device.

4. The force to engage can be made much smaller
than the force to disengage (motion diode).

5. The device has two stable states, disengaged and
engaged, with hysteresis characteristics depending
on the device design.

Snap fastener design and analysis follow the discussion
by Donald and Pai (1991), where a more detailed the-
oretical analysis can be found.

ol
-3

Figure 2: Design schematic of a snap fastener.

Mechanism Design

Consider the schematic drawing of a snap fastener in
Figure 2. Each latch consists of a flexible cantilever
beam of length I, width w, and (not shown) height h.
At the tip of the beam there is a latching mechanism
whose shape matches with the anchor. The anchor has
chamfered sides, such that the front chamfer is sloped
at an angle #, and the back chamferis sloped at an angle
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o. The width of overlap between latch and anchor is
called A.

(b)

Figure 3: Forces during snap fastener assembly: (a)
sticking contact (higher coefficient of friction), (b) slid-
ing contact (lower coefficient of {friction).

Mechanism Analysis

In the following we analyze the design in greater de-
tail. Assume we want to engage the snap fastener by
applying a force f in the direction of assembly. Once
anchor and latch are in contact, there are two possi-
bilities: anchor and latch are in sticking frictional con-
tact (Figure 3(a)), or in sliding frictional contact (Fig-
ure 3(b)). For sticking contact, f will cause a normal
force f, = fsin@ acting on the latch. The tangential
component f; = fcosf# will be balanced out by the
friction force f,.

Previous work by Prasad et al. (1995) has shown
that we can assume Coulomb friction, where the fric-
tion force f, is proportional to the normal force f,, and
the friction coefficient u, such that f. = puf,. Under
Coulomb friction sticking occurs when the tangential
force f; is less than the friction force f.. To avoid stick-
ing we must therefore make sure that the following con-
dition holds:

ft > fr
80 f cos@ > p f sind
which implies cotd > p (1)

A similar analysis applies for disassembly, where 6 will
be replaced by o.

If the device is in sliding frictional contact,
Coulomb’s friction law predicts that normal force f,

and (tangential) friction force f. = f: are related by
ft = pfn- It follows that the angle ¢ in Figure 3(b) is
independent of the applied force f, and tan ¢ = f;/fn =
. Therefore, the sum f, + f; is in general not equal
to the applied force f. The difference is a perpendic-
ular force f, which has to be provided by the anchor
structure. This perpendicular force will push the latch
outward until it engages.

spring———

Figure 4: Linear spring model for snap fastener.

For the small angles of deflection occuring during as-
sembly we can model the latches as linear springs obey-
ing the relationship fs = K¢, with spring constant K,
deflection §, and corresponding retracting force fs (see
Figure 4). The spring constant can be determined from

the latch geometry by K = 221, where E is the Young’s

Modulus, and I = hl—“; (for derivation of formulas see
e.g. Juvinall and Marshek (1983)).
To overcome the spring force fs we get the following

condition:

fpo > fs forallé
s0 f cot(p+6) > fa
which implies f > KA tan(¢+9)
1+ tand
= KA—— (2
1—ptand (2)

Equations (1) and (2) specify the design rules for snap
fasteners. They state that cotf has to be greater than
the friction coefficient . They further predict that the
force necessary to engage a snap fastener is proportional
to the spring constant K = 3%, the latch overlap A,

and the tangent of ¢ + 6.

Design Parameters

We define stiffness of a snap fastener as the force re-
quired to engage a particular fastener configuration.
The design parameters affecting the stiffness of the fas-
teners are the length [, width w and height h of the
supporting beams (Figure 2). The latch overlap A and
the angle @ also effect the stiffness according to equa-
tion (2). The width w and height h are constrained by
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Figure 5: Micro snap fastener (SEM micrograph).

the SCREAM process. To ensure release using stan-
dard SCREAM the final beams cannot be wider than
2 pm, and for straight side walls obtainable from Cl,
RIE we have restricted the height to at most 10 pum.
The width of the latches has been chosen to be 1 pym
such that the total width of the beam and the latches
is not larger than 2 pum for release. The angle 6 has
been selected to be 45°. The coefficient of friction for
SCREAM fabricated surfaces has been determined by
Prasad et al. (1995) to range from 0.3 to 0.5. Figures 5 —
7 show SEM pictures of such devices.

We have chosen the length [ of the beams and the
chamfer angle § to be the design parameters of major
interest, as they can be varied over a wide range of val-
ues, and they have the maximum effect on the stiffness.
We have built fasteners with lengths ranging from 20
pm to 50 um. However, very long cantilevered beams
(> 100 pm) may sag and bend out of plane due to resid-
ual stresses arising from processing.

Actuator Device

To test the stiffness of the snap fasteners, we have
mounted them on lateral comb drive actuators. These
actuators have been well characterized by Prasad et al.
(1995). Two actuators exert the engaging force from
both sides of the fastener (Figure 8). Each actuator
has N = 350 fingers on ladder beams. The final gap
between fingers after fabrication is d = 1.5 pm, and the
height of the fingers is A = 8.5 pm. The force generated
by these actuators is given (Prasad et al. 1995) by the
formula

f = %ehNV2/d (3)

Figure 6: Micro snap fastener (detail).

Figure 7: Micro snap fastener (side view).

which for our values is f = 1.32 x 1078 (V?) N, for a
voltage V in volts. We can apply up to 80 V across
the fingers without break down of the passivating oxide
layer. This generates forces up to 80 N, which is well
within the range of the force required to engage the
snap fasteners for the beam lengths we have studied.

Desigh Automation

There exist efficient computational tools for analy-
sis and simulation of snap fasteners. Donald and
Pai (1991) have presented an efficient algorithm to auto-
matically analyze snap fasteners with arbitrary designs,
and predict their behavior during compliant frictional
contact. Using their techniques it is possible to au-
tomatically generate the appropriate design of a snap
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Figure 8 Micro comb drive actuator (SEM micro-
graph).

fastener given just the functional specification of the de-
vice. An outline for such an automatic design algorithm
has been presented by Béhringer (1993). Combined
with the highly automated VLSI fabrication process,
this allows a virtually completely automated produc-
tion, making snap fasteners one of the very few devices
that can be fabricated automatically given only their
functional specification.

3 DEVICE FABRICATION

We have used standard SCREAM to fabricate our
device. The layout of the complete device compris-
ing of the fastener latches and the two actuators was
drawn using SYMBAD, a CAD package for IC cir-
cuits. SCREAM (Zhang and MacDonald 1992, Shaw
et al. 1993) is a single mask, reactive ion etching pro-
cess for the fabrication of submicron, movable single-
crystal silicon electromechanical structures. We fol-
lowed a variation of SCREAM for releasing 2 pm wide
beams.

The process flow for releasing a beam in cross section
is shown in Figure 9. PECVD is used to deposit insu-
lating layers of SiOy. Chlorine based reactive ion etch-
ing is used for trench etching into the silicon substrate.
On the starting substrate of arsenic-doped, 0.005 Qcm,
n-type (100) silicon wafer, a 2.4 pm thick etch mask
layer of silicon dioxide was deposited using plasma en-
hanced chemical vapor deposition at 300° C, 450 mT,
N5O flow of 42 sccm and SiHy flow of 12 scem for 60
min. Photolithography is used to transfer the pattern
from the mask onto a layer of KTT 985i 16.5cs positive

Z
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Step 1: Prepare Mask Oxide
~ Mask Oxide (1-2pm)
« Silicon Substrate (SCS)

Step 2: Photolithography
~ Exposed Photoresist

~ Mask Oxide

- Silicon Substrate (SCS)

Step 3: Transfer Pattern
+ Exposed Photoresist

+ Mask Oxide

+« Silicon Substrate (SCS)

Step 4: Strip Resist

« Mask Oxide
« Silicon Substrate (SCS)

Step 5: Deep Silicon Etch
~ Mask Oxide
« Silicon Substrate (SCS)

Step 6: Deposit Sidewall Oxide
- KF%VB Sidewall oxide (0.3um)
~ Mask Oxide

- Silicon Substrate (SCS)

Step 7: Remove Floor Oxide
~ Mask Oxide
~ Silicon Substrate (SCS)

Step 8: Deep Silicon Etch #2

+ Mask Oxide
+ Silicon Substrate (SCS)

Step 9: Release Etch

+ Mask Oxide
« Silicon Substrate (SCS)

Step 10: Sputter Metallization

e "
T Nasegd Meul (AD

+ Silicon Substrate (SCS)

Figure 9: SCREAM process flow.
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resist spun on the oxide. The minimum feature size in
our device is 1 pum thick beams of our fastener. The
pattern is transferred from the resist layer to the oxide
layer using MRC Magnetron ion etching at 2 mT at a
flow rate of 30 sccm of CHF3 at 1000 W. The photo
resist is removed using O2 plasma etch.

The pattern is transferred into the silicon substrate
from the silicon oxide layer using Cl; reactive ion etch-
ing in a Plasma Therm PK-1250 at 30 mT, 450 V and at
a flow rate of 50 sccm for Cly and 1.5 sccm BCls for 45
min to get 8 pum deep trenches. This trench depth de-
termines the beam heights. We used lower pressure and
higher voltage for nearly vertical sidewalls. The side-
wall slopes determine contact area when the fastener
is latching. Vertical side walls are desirable as flared
side walls will lead to line contact at the bottom of the
latches leading to unpredictable behavior. Following
this an insulating layer of silicon dioxide is deposited
for side wall passivation using PECVD at the parame-
ter values stated above for 15 min giving a 400 nm thick
oxide layer. CHF3 reactive ion etching is again used to
remove the floor oxide for subsequent substrate etches.

A short Clsy reactive ion etch at 50 sccm Cly and 5
sccm BClg, 40 mT and 400 V for 20 min generates 5
um deep trenches in the substrate to aid in the follow-
ing release etch of 2 ym wide beams. All the beams
of thickness up to 2 pum are released from the silicon
substrate using SFg RIE process in a Plasma Therm
72 RIE system. A SFg plasma with a SFg¢ flow rate
of 140 sccm at 90 mT and 150 W was used to release
the beams in 6 min. A 100 nm thin layer of silicon
oxide was deposited to avoid any shorting between the
conducting Al layer and the silicon substrate. A 500
nm layer of Al is conformally deposited using DC mag-
netron sputtering performed at 30 mT pressure, with a
beam current of 5 A and argon flow rate of 30 sccm.

A 100 nm thick layer of oxide is finally deposited
on the device to avoid shorting when the latches make
contact during operation. The structural beams finally
are 8.5 pm tall, including the deposited layers. The
cantilever beams comprising the latches are 50 gm long,
8.5 pm tall and are finally 2.0 gm thick.

Design Modifications

For our initial design we had used latch dimensions of
[ =50 pym, w=1pm, A =15 um, and § = 45° (Fig-
ure 2). The gap between the two outer latches was 10
pm. This gap was too small, so that the PECVD oxide
did not coat the inner and outer side walls uniformly,
leading to residual stressed which bend the beams out-
ward. To ensure uniform films on both inner and outer
walls we changed the fastener design to more widely
spaced beams ranging from 20 pm to 40 ym. Another
variation was to put two beams on the outside of the in-
ner beams, leading to both side walls of the latch beams

Figure 10: Engaged micro snap fastener (SEM micro-
graph).

being 10 ym away from other beam sidewalls (Figures 5
and 10). Both variations produce straight cantilevered
beams for supporting the latches using the standard
SCREAM process outlined above,.

4 EXPERIMENTAL RESULTS AND PERFORMANCE

Predictions from Design Analysis

We now use the theoretical results from Section 2 to
predict the behavior of our micro snap fasteners. From
Equation (2) we know that the force f required to en-
gage a snap fastener is

3(ED)es

=K A tan(¢+0) = ==

A tan(¢ +0)
The SCREAM fabrication process gives us beams
coated with films of SiOy of 0.5 pm thickness. The
silicon core is 1 ym wide and 8 pm high. Hence, the
effective spring constant K.g is composed of Kg; of the
Si beam core, and Kg;0, of the coating.

190 GPa 8 pum (1 pm)3

ST 4 (50 pm)3
= 3.04N/m
Ksio, = [73 GPa (8 pm ((2 pm)® — (1 pm)?)
+ 0.5 pm (2 pm)?)] / (4 (50 pm)?)
= 876 N/m

K = Ks; + Ksio, = 11.8 N/m (K4, for the thin
Al layer is neglectable). E is the Young’s Modulus.
Figure 11 shows the relationship between beam length
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Figure 11: Relationship between chamfer beam length [
and assembly force f for chamfer angles (top to bottom)
§ = 60°, 45°, and 30°.

[ and required force f for three different chamfer angles.
A was 1.5 pm, and g = 0.3.

Experimental Results

We observed engagement of our snap fasteners with the
design as described above at voltages between 50 and 70
V. According to Equation (3) in Section 2 this implies
forces in a range between 22 and 43 uN. This range is
drawn in Figure 11 as vertical bar. We observe that
theoretical predictions match with the experimental re-
sults.

5 CONCLUSIONS AND FUTURE WORK

We have described a SCS micro snap fastener. From
the mechanism analysis presented, we can vary the stiff-
ness of such fasteners, using the design rules developed
above as guidelines. SCREAM was used to fabricate
the device consisting of the fasteners and the actuators
generating the force required for engagement. Some
design modifications were incorporated to get closely
spaced parallel beams 1 ym wide and 50 pm long us-
ing SCREAM. The fasteners were successfully engaged
using the actuators at the predicted voltage of 50 V,
generating 30 uN, which verifies our analysis.

The design rules can be used to construct different
variations of these fasteners. Other configurations al-
lowing us capabilities like controlled disengagement can
also be similarly built using the latches and actuators
with SCREAM. We also propose to investigate the ef-
fect of the various design parameters, as well as study
of wear on repeated snap operations.

Snap fasteners have a wide range of applications, es-
pecially for various sensors with memory, for the assem-
bly of complex micro devices, for micro opto-mechanical
structures, and in micro robotics.
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