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Micromechanical Velcro
Hongtao Han, Student Member, IEEE, Lee E. Weiss, Member, IEEE, and Michael L. Reed,
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Abstract—We have developed arrays of micromechanical
mating structures, fabricated with silicon micromachining
techniques, which act as mechanical adhesives. The microstructures are fabricated on standard silicon wafers, with an
areal density of approximately 200 000 per cm2. The microstructures on two identical surfaces will self-align and interlock
with each other under application of adequate external pres
sure. A tensile strength per unit interlocked area of 1.1 MPa,
or 160 psi, has been achieved. In this paper, we describe the
design and fabrication of this “micromechanical Velcro”; we
also present results of our experimental tests, a theoretical es
timate of the tensile strength, and design constraints.
INTRODUCTION

have applied silicon micromachining technology
to fabricate dense regular arrays of microstructures
which act as surface adhesives. The principle of bonding
is that of a button snap, or a zipper, but in a two-dimen
sional configuration. The bonding principle is depicted by
Fig. I. Top: schematic cross section of the micromechanical structures.
the schematic cross section in Fig. 1. When two surfaces
Center: when mating structures are pressed together, the tabs deform and
fabricated with identical microstructures are placed in spring back. Bottom: interlocked microstructures.
contact, the structures self-align and mate. Under appli
cation of adequate external pressure, the tabs of the stnic
tures deform and spring back, resulting in an interlocking
of the two surfaces. The interlocking bond is reminiscent
of Velcro’TM; however, unlike Velcro, a permanent bond is
achieved.
An electron micrograph of the microstructures is shown
in Fig. 2. Minimum loads of approximately 12 kPa are
necessary to bond the two substrates together. Tensile
strength of the bond is in excess of 240 kPa. We have
verified that the bonding is due to interlocking by a vari
ety of techniques, including direct examination in an elec
tron microscope.
Fig. 2. Electron micrograph of micromechanical fastening structures.
Several applications for this technology are under de
velopment. Advantages over conventional adhesives in
clude thermal tolerance, resistance to chemical attack, and
self-alignment. Sharp, pointed microstructures, which will strength, and
design contraints for the microstructure ar
bond to biological tissues, can also be fabricated [1]; these rays.
are useful for medical applications.
In the following sections, we will describe the fabri
FABRICATION PROCESS
cation process, mechanical testing, estimated theoretical
Fig. 3 illustrates the process sequence [2]. A 1200 A
Si02 layer is grown at 1000°C in dry oxygen on (100)
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Fig. 3. Microstnjcture fabrication process. The caps are 1.0 cm of Si02
atop silicon pedestals.

[31. The (212) planes intercept the (100) base plane at an
angle of 48°.
After stripping the masking oxide, and cleaning the
samples with a conventional chemical sequence, a thick
Si02 film, about 1.0—1.5 m, is grown at 1000°C in wet
oxygen. The oxide is patterned by a second mask con
sisting of an array of Greek crosses, each approximately
18 m wide, aligned to the original array. The S102
crosses act as a mask for a second etch in KOH ( 3 mm)
which removes some of the underlying silicon. Fi
nally, the microstructures are completed by etching
the wafer in an isotropic etching bath (15 :5: 1
HNO3 : CH3COOH : Hf, 2 mm). This step provides the
vertical clearance for the interlocking mating structures,
and the lateral undercut necessary to produce the four
overhanging arms. Although the isotropic silicon etch also
attacks Si02, the selectivity is sufficiently large as to not
erode the Si02 caps significantly.
The second masking step poses particular difficulties,
since the surface is highly nonplanar after the first mask.
We have successfully patterned the wafers by using a
nominal 2.1 m thick photoresist film, combined with a
long exposure time. The resist thickness, as measured
from electron micrographs, is highly nonuniform; it
reaches about 3.0 m in the field regions, and is severely
thinned over the tops of the frustums. However, there is
adequate thickness to prevent the buffered Hf etchant
from attacking the Si02 caps.
The isotropic silicon etch after the second masking step
results in considerable lateral undercutting. To prevent
this encroachment from weakening the silicon pedestals

supporting the Si02 caps, we use two techniques: 1) the
inside corners of the Greek cross mask pattern are fihleted
to reduce the undercutting; and 2) the isotropic etch is
preceded by an anisotropic etch in KOH, as described
above. This step reduces the undercutting by supplying
most of the needed vertical clearance, without compro
mising the integrity of the silicon support.
Although the microstructures themselves are tiny, use
ful bonding strengths are realized when macroscopic scale
arrays are utilized. Our present design uses a pitch of 22
m, which results in an areal density of over 200 000 ml
crostmctures per square centimeter. An important factor
in the array alignment is the runout error in the mask set;
field stitching errors must be held to a minimum to main
tain the array regularity.
MECHANICAL TESTING

The bond strength of the mating structures was char
acterized by direct measurements of the tensile load
needed to induce failure. Patterned samples, nominally 8
mm X 8 mm, were mounted on glass microscope slides
using cyanoacrylate adhesive. The mating surfaces were
placed together in rough angular alignment, as observed
with a low power microscope. Slight shaking of the sam
ples was sufficient to precisely align the microstmctures
into a mating position. Interlocking was accomplished by
applying a load to the upper substrate; the pressure was
monitored by placing the entire assembly on an electronic
force scale. Bonding was considered to have taken place
once the weight of the lower sample and glass slide could
be supported by the upper sample. The minimum load
necessary for interlocking corresponds to a pressure of 12
kPa. (This compares to a value of 7 x i05 kPa which is
needed to crush the silicon wafers.)
Bond strength was determined by applying a tensile load
through a pulley and measuring the force necessary for
separation. We find that separation of the samples is al
ways accompanied by damaged areas on corresponding
regions of the mating surfaces. Close-ups of the microstructures in these areas reveal fracturing of the Si02 tabs
near the juncture with the silicon support post. We inter
pret this as evidence the samples are interlocking only over
the damaged region. furthermore, the fraction of dam
aged area is proportional to the initial loading. For ex
ample, a loading of 110 kPa results in an interlocked area
of 13%; increasing the insertion load to 330 kPa causes
21% of the microstructures to latch. fig. 4 shows the re
lationship between the interlocked area and the insertion
pressure, as well as the dependence of tensile strength on
the fraction of latched area. In addition to insufficient
loading, partial interlocking could also be caused by par
ticulate contamination which prevents uniform loading of
the samples.
Taking the ratio of applied load to the sample area, we
observe tensile strengths on the order of 10—250 kPa.
However, if these values are corrected by the fraction of
interlocked area, as estimated from the pattern of damage
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tensile strength of the bonded pairs varied from 12 to 20
kPa, well below the strength of the patterned samples.
Similar results were obtained when the microstructure ar
rays were grossly misaligned. Fig. 5 shows two inter
locked samples, as viewed from above the edge of the
upper sample. Close examination of this and other regions
confirms that the bonding is indeed due to latching of the
microstmcture tabs.
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Fig. 4. Measurements of interlocked area (left) and tensile strength (right)
with increasing insertion pressure.
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Fig. 5. Electron micrograph of mated structures (top-down view along
edge).

failure Mechanisms
To separate two interlocked surfaces, sufficient force
has to be applied. We take the externally applied tensile
force per unit area required to separate the two bonded
surfaces as a measure of the bonding strength of the mi
crostructures.
As an approximation, we can use a simple cantilevered
beam picture to model the forces on the microstructures
[1], [$J—[10J. Fig. 6 diagrams the forces acting during
separation of the two bonded surfaces. P,, is the interac
tion force between two tabs acting at the ends of the tabs;
1 represents the length of the tabs, and a is the angle be
tween P, and the substrate plane. Because the applied
force acts as a transverse load on the beams, both bending
and shearing stresses exist in the tabs. Below, we calcu
late which of these two stresses is dominant in the failure
of the microstructure tabs.
The bending stress, a, is related to the bending moment
M(x)
P(1 x) by the fiexure formula:
=

—

M(x)y
Gx=

after separation, the tensile strength per unit of inter
locked area is higher, about 400—1100 kPa. The first three
data points in Fig. 4 show a linear increase in tensile
strength as the fraction of latched area increases. The ex
trapolated value of tensile strength is 1100 kPa, which is
in approximate agreement with the calculated strength at
100% latching, as described in the next section. The re
maining data point does not fall on this curve. We do not
fully understand the reason for this. One possibility is that
the microstructures on this sample broke upon insertion,
so that the damaged area is not representative of the
latched fraction. It is also possible that our calculations
are in error and for some reason the tensile strength sat
urates at approximately 250 kPa. We are currently inves
tigating the behavior of the fastening system at higher in
sertion pressures to understand this problem.
It is well known that silicon wafers placed in intimate
contact will bond to each other, especially if moisture is
present [4]—[7J. To distinguish this phenomenon from the
latching mechanism, we repeated our measurements with
wafers without the arrays of microstructures. Depending
on the surface treatment (native oxide, thermal oxide,
HF-dipped) and the relative humidity (38—100%), the

(1)

j

where I. is the moment of inertia of the cross-sectional
area about the centroidal axis, which is equal to bh3 /12
for a rectangular cross section beam of width b and thick
ness h, and y represents the distance from the neutral
plane. The maximum bending stress Umax, which occurs
on the upper and lower edges at the fixed corners of the
tabs, i.e., x
0, y
±h/2, can be expressed by
=

=

Umax

(2)

t.

When this maximum bending stress reaches the yield point
stress of the material
the tabs of the structure will
break at the fixed corners.
We can also calculate the magnitude of the shearing
stress arising from the transverse load. Again, treating the
tabs like a cantilevered beam, the resulting shearing stress
r is given by [91
[(h/2)2

=

—

(3)

=

We see that the shearing stresses are not uniformly dis
tributed from top to bottom in the beam. The maximum
value of
occurs at y 0, i.e., for points on the neutral
=

40

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. I. NO. I, MARCH 1992

F

results in a force on each microstructure beam of

ext

44444444

=

(7)

4 sin a

where 4/d2 is the areal density of cantilevered beams
(four beams on each structure, placed in a square array d
cm apart). The maximum stress in the beam is given by
(2), and occurs at points furthest from the neutral axis of
the fixed end, at (x, y) = (0, ±h/2):

444$

$44

umax
=

F

ext

plane. This maximum stress is given by

—

3P
2bh

umax

For our design, h/i

—

—

h
41

(

1/7.5, therefore,
Tmax

umax

1
30

(8)

2bh2 sin a

(4)

When Tmax reaches the material’s yield point value, the
beams will collapse, starting at the neutral plane.
Experimentally, we observe failures consistent with the
bending stress mechanism, and not the shearing stress
failure mode. One can compare the expressions for umax
and rmax:
Tmax

3F’extt12l
2bh2 sin a

When this stress reaches the yield point stress of the tab
material, u, the beam will break. Setting max equal to
the yield point stress, we can rearrange this equation to
show the applied external force describing the bonding
strength:

Fig. 6. Force diagram during separation of microstructures.

max

6Pi
bh2

(6)

Thus, the bending stress is about 30 times larger than the
shearing stress, confirming the experimental observation
that the tabs always break at the corners when the sub
strates are separated.
Another possible failure mechanism is breakage of the
silicon pedestal supporting the tabs. Properly designed,
the microstructures will fail by breaking at the fixed cor
ners of the tabs as described above. We were able to in
duce failures of the silicon pedestal by intentionally in
creasing the lateral undercut during the isotropic silicon
etch. In these cases, the pedestals necked down, weak
ening them sufficiently to fail when tensile force was ap
plied. However, only by deliberately overetching the ped
estal was this failure mode observed; the lateral undercut
obtained in normal processing produced pedestals which
would never fail before the tabs.

Estimate of Tensile Strength
F or simplicity, we consider a one-dimensional canti
levered beam model, where the coupling between the four
tabs of the Greek cross is neglected. Ignoring frictional
forces, an applied external tensile force Fext (per unit area)

“ext

=

(9)

3d21

If friction between the interlocked tabs is taken into ac
count, the above equation is modified by a term repre
senting the frictional force contribution:

2ubh2 sin a
“ext

=

3d21

t

+ tL

cot a)

(10)

where is the coefficient of static friction.
Substituting our design values into the above equation,
(b= 10m,h = 1cm,1=7.5jm,a
42°,d22
m) and taking .t = 0.5 and u, = 6.0 x i05 kPa [11],
yields a tensile strength of 1’ext
1. 1 MPa. This value is
at the upper end of the range of our present experimental
measurements.
Although the simple cantilevered beam model cannot
yield highly accurate values of the microstructure me
chanical properties, it does give an easily understood and
explicit physical picture of the important design parame
ters and trends. This model is thus useful for estimating
the strength of a given microstructure design. A more rig
orous calculation would include other effects, such as the
coupling between tabs, the weight of the tabs, and a short
beam correction. Qualitatively, the coupling between tabs
will change the stress and bending moment distribution as
to increase the strength of the microstructures.

Stored Strain Energy
Two surfaces bonded together generally separate by
crack propagation. The strength of the bond can be quan
tified by the magnitude of the energy associated with the
surface. There exists a way to relate the surface energy
and the fracture length [12], but there is no satisfactory
method of relating the surface energy to the tensile
strength.
However, this limitation does not apply for the microstructure arrays, since the failure mode is not a fracture
mechanism, but a more macroscopic yielding behavior.
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Therefore, the energy associated with the bond can be cal
culated by determining the work required to strain the ar
ray of cantilevers into yielding. This work represents the
stored strain energy in the Si02 beams just before they
break. This calculation is useful because it provides a way
to compare the bond strength of the micromechanical fas
tening system with other surface bonding technologies.
from elementary beam theory, the strain energy stored
in the deflected beam by bending, ignoring the shearing
stress, can be expressed by [101
—

U
]o

—

M(x)2 dx
2EL

(11)

where U is strain energy stored in a single deflected can
tilevered beam, and E is Young’s modulus of the mate
rial. For M(x) = P0(t
x), we have
—

U

=

p2l3
6EI

—fl-—.

(12)

Using (2), U can also be expressed in terms of
U

=

1
(bhl)
9
2E

—

—.

Umax

as

“

U5

=

U

the strength by increasing the areal density of microstruc
tures will be offset by the decrease in tab width b. One
can optimize the design of the microstnictures, and pre
dict the tensile strength by using (10) as a guide. The geo
metric requirement for interlocking can be expressed as

d=%J(2tsina+b—ö)

Uh= sin a(l +

(14)

—

(15)

At the yield point, Umax = 6.0 X 108 Pa (the yield point
strength of Si02), E = 8.3 x lO Pa [11], [131, and taking h = 1.5 tm, 1 = 5 tm, b = 6.2 tim, d
17.5 tIm
(see the following section), then U5 is equal to 146
mJ/m2, which is about twice as large as the bonding energy for hydrophilically bonded wafers [5], [6].
This calculation assumes that the bond failure is associated with the simultaneous failure of all the microstructures. This is, of course, an idealization; a chain is only
as strong as its weakest link. Nonuniform interlocking will
result in a torque, as well as a tensile load, which would
result in sequential, not simultaneous, microstructure
yielding. This has the effect of lowering the apparent bond
strength.
DESIGN RULES

Equation (10) describes the dependence of the tensile
strength on several parameters: material properties, static
friction, microstructure spacing d, cap thickness h, and
tab length and width / and b. (Fig. 7 illustrates the geometrical parameters of the microstructures.) However, the
geometrical parameters are not independent, since the tabs
must be long enough to interlock. An attempt to increase

(16)

where 6 is the projected overlap between the interlocked
tabs when two surfaces are mechanically bonded together.
Substituting this expression in (10), we obtain
1’ext

i.e.,
2 bhl Umax
U5_9d2 E

d
Fig. 7. Geometrical design parameters for the interlocking microstruc
tures.

(13)

Accordingly the “surface energy
which represents the
total energy stored in the deflected beams per unit area,
is equal to
4

b

31b(l

+

2!

i

cot a)

.

since

—

6)

2

(17)

We examine each parameter to see how a high tensile
strength, fext, can be achieved.
1) Tab Thickness, h. Because
increases as h2, a
thicker tab will greatly increase the tensile strength. The
tradeoff is that the initial loading force also increases,
which puts tighter limits on the acceptable range of over
lap 6. Another difficulty is the larger vertical clearance
needed, which increases the lateral undercut and can thus
weaken the silicon pedestal. A range of 1.0 m < h <
1.5 m gives satisfactory performance.
2) Tab Length, 1: The tab length I should be as small
as possible; this allows a higher density of microstruc
tures in the array, and produces stronger tabs. The prac
tical lower limit is set by the lithographic tools; the vanance in overlap 6 must be small compared to the tab length
for reproducibility. This sets a lower limit on t of about 5
m.
3) Tab Width, b: An optimum value of b can be found
by setting to zero the derivative of (17) with respect to b.
Given a value for l and 6, the optimum value of b to max
imize the tensile strength is found to be b = 21 sin
a
6.
4) a, u, and tI• Angle a is determined by the etching
properties of the substrate. If another fabrication process
were used, this could possibly be controlled, but the effect
on Fext would be small.
and p are materials related; tI
also depends on the condition of the tab surfaces. Clearly,
one could use a material such as silicon nitride or chro
—
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strengths as high as 5.5 MPa could be achieved by opti
mizing the geometry of the microstructures.
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mium with a larger yield point strength to increase the
tensile strength of the bond.
Fig. 8 shows curves of constant tensile strength curves
for various combinations of the geometric parameters. The
dot illustrates the design parameters for the experimen
tally tested arrays.
We can estimate what the maximum useful strength of
this micromechanical Velcro would be if the design were
optimized. Sticking to Si02 for the tabs, we can choose
an optimum design with the following parameters: 1 = 5
(5 = 6.19 tm,
tcm, (5 = 0.5 tm, a = 42°, b = 21 sin a
h = 1.5 tm, d 17.5 tm. This gives an estimated tensile
strength of Fext = 3.54 MPa, for u = 0; with u = 0.5,
‘ext = 5.51 MPa, or almost 800 psi. Silicon nitride or
chromium tabs would increase the tensile strength by a
factor of two or three.
—
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SUMMARY

We have described a micromechanical fastening sys
tem, based on silicon micromachining technology, which
results in a strong, permanent bond without chemical ad
hesives. Since the bonding mechanism is purely mechan
ical, it can be used in applications where chemical resis
tance, thermal tolerance, and/or biological compatibility
are paramount. Successful demonstration of the bonding
principle has been achieved for this new micromechanical
surface adhesive. Calculations of the tensile strength are
in approximate agreement with the experimental results.
Design rules have been developed which predict bond
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