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Abstract— This paper reports analytical and finite element
models for predicting the final 3-D geometry of micro-glassblown
inverted-wineglass and hemi-toroidal structures from a set of
initial conditions. Using these methods critical geometric param-
eters for wineglass resonator and gyroscope operation, such as
shell thickness, shell height, stem type (hollow/solid), and stem
diameter can be estimated from initial parameters. Analytical
models for first order calculation of shell height and minor radius,
as well as finite element models based on Arbitrary Lagrangian-
Eulerian (ALE) methods for calculating the thickness of the
shell and diameter of the stem structure are presented. Devel-
oped models were validated against fabricated micro-glassblown
structures and showed better than 10 % match to experimental
results. Methods presented in this paper can be used to design
micro-glassblown wineglass resonators with specific dimensions
and resonance frequencies, essentially taking the guesswork out
of the design process and significantly lowering the development
time.

I. INTRODUCTION

Recently, there has been a growing interest in 3-D MEMS
wineglass resonator architectures for use in timing and inertial
sensing applications due to potential advantages in symmetry,
minimization of energy losses, and immunity to external
vibrations [1].

Two common themes emerged in the literature for wafer-
level fabrication of micro-wineglass structures: (1) thin-film
deposition of the resonator material into a pre-defined
mold [2]-[4] and (2) pressure induced plastic deformation
of a device layer to form the 3-D shell structure (micro-
glassblowing) [5]. Due to the self-correcting behavior
of surface tension forces, micro-glassblowing process
has potential advantages over conventional micro-machining
techniques in terms of surface roughness, structural symmetry,
and robustness to fabrication imperfections. For this reason
similar fabrication processes emerged in the recent years,
which rely on plastic deformation of the device layer to create
micro-wineglass structures for rate integrating gyroscope and
resonator applications. These processes include blow molding
of bulk metallic glasses [6], micro-glassblowing of fused
silica/ULE inverted-wineglass structures [7], [8], Fig. 1, and
blow-torch molding of fused silica hemi-toroidal structures [9].
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Fig. 1.
structures on the wafer surface. Outer diameter of shells is
shells were fabricated on a 4” wafer.

Micro-glassblowing process can create arrays of inverted-wineglass
4 mm, over 100

Despite the recent advances in fabrication techniques for
micro-glassblown structures, means to design a specific 3-D
geometry based on initial geometric parameters have so
far not been presented. Even though, a set of equations to
predict the final geometry of micro-glassblown spherical shell
structures were introduced in [10], accurate estimation of
shell thickness was not possible and the equations did not
extend to inverted-wineglass structures. This paper presents
analytical and finite element models to predict the outcome of
the micro-glassblowing process, which enables one to design
photomasks and process parameters to obtain a specific 3-D
shell geometry.

II. DESIGN & MODELING

In this section, first a brief description of the micro-
glassblowing process will be presented. This will be followed
by analytical expressions to predict the final micro-glassblown
geometry and finite element methods to predict thickness of
the shell structure and stem diameter.

A. Micro-glassblowing of Inverted-wineglass Structures

Micro-glassblowing process consists of four fundamental
steps: (1) etching of cavities onto a substrate wafer, (2)
bonding of a thin glass layer on top as to trap atmospheric
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Fig. 2. Fabrication of inverted wineglass structures consists of cavity etch,
bonding, micro-glassblowing, and perimeter release.

pressure air inside the cavities, Fig. 2(a), and (3) glassblowing
at an elevated temperature which softens the glass layer and
causes the air inside the cavities to expand, forming the 3-D
shell structure, Fig. 2(c). To create wineglass structures the
process typically involves an additional step (4) etching or
lapping for perimeter release, Fig. 2(d) and a metallization
step for electrical conductivity. At the end of the fabrication
process, arrays of shell structures are created on the surface
of the wafer, Fig. 3. Final device geometry heavily depends
on the photolithographic pattern on the wafer surface as well
as the etch depth of the cavity. For example, solid self-aligned
stem structures were obtained for a central post diameter
of 400 pm, whereas hollow hemi-toroidal structures were
obtained for a central post diameter of 600 pm, Fig. 1. For
this reason an accurate method to estimate the final geometry
from initial dimensions is required.

B. Analytical Solution

In this section analytical expressions for predicting the
dimensions of the final inverted-wineglass structure are
derived. These expressions can be used to calculate height
and minor radius of the structure (A and r) based on the
initial cavity dimensions. These expressions assume ideal
hemi-toroidal shell structures with zero thickness, as such it
is not possible to predict the thickness of the wineglass shell
or the diameter of the stem structure.
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Fig. 3. Small central post diameters create solid stem structures (left), large
diameters create hemi-toroidal structures (right).

Fig. 4. Geometric parameters of an inverted-wineglass structure: Minor radius
r, major radius R, inner perimeter 71, outer perimeter 2 and etch depth he.

Calculation starts by finding the volume of the etched cavity.

ey

where ro is the outer perimeter of the cavity, r; is the
perimeter of the central post and h,. is the etch depth, Fig. 4.
Upon heating, air inside the cavity will expand to fill the
volume of the wineglass shell according to:

chavity = W(Tg - T%)he 5

Vwineglass - (2)

avity s
initial
where T5nitiq1 and T'pinq are initial and final glass-blowing
temperatures in degree Kelvin. It is assumed that the air inside
the cavity is at atmospheric pressure, which is also the pressure
of the glassblowing chamber. The volume of the wineglass can
also be calculated from geometric parameters using:

Vwineglass = nRr? (a — Sin(()é))

3

where 7 is the minor radius, R is the major radius of
the partial toroid and « is the fullness parameter in radians,
Fig. 4. Minor and major radii can be removed from the above
expression using:

ro —7T1

"T3 sin(a/2)

7‘1+7"2
2
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Fig. 5. Analytical solution of etch depth vs final inverted wineglass height

(he: etch depth, stem OD is 400 pum). Glassblowing temperature is 875 °C.
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Fig. 6. Boundary conditions for finite element analysis: (a) before glass-

blowing, (b) after glassblowing.

Substituting (1) into (2) and (4) into (3) leaves « to be
the only unknown variable, which can be solved numerically.
Once « is known, all other parameters of the glassblown
shell structure can be extracted using geometric relationships
in Fig. 4. Solutions of these expressions for a large variety
of micro-wineglass structures are presented in Fig. 5. The
expressions presented in this section are not sufficient to
calculate the shell thickness or the stem diameter, finite
element methods to calculate these parameters will be
presented in the next section.

15

C. Finite Element Analysis

As mentioned in the previous section, analytical expressions
presented in (1) through (4) are not sufficient to predict the
shell thickness and the stem diameter. For this reason finite
element method (FEM) models for micro-glassblowing
process were developed to predict the effect of subtle changes
in initial dimensions on the final geometry.

Due to the large deformation of the shell structure, Arbitrary
Lagrangian-Eulerian (ALE) technique [11], [12] was used.
ALE allows the mesh to deform as to track the deformation
of the structure in the time domain and reapply the boundary
conditions at every time step. Comsol Multiphysics Package
was used for the analysis, the following assumptions were used
for boundary conditions:

o At the glassblowing temperature (> 850 °C for borosili-
cate glass and > 1600 °C for fused silica, the deformation
of the glass can be modeled using viscous fluid flow with
a viscosity of 103 — 10° Pa - s [13].

The driving force is a slowly varying (quasi-static) uni-
form pressure field within the shell cavity, Fig. 6.

Outer surface of the shell is exposed to atmospheric
pressure (Pyqge = 0).

The surfaces that are bonded to the substrate are not
moving (no-slip condition).

The shells are axi-symmetric as such a 2-D axi-symmetric
model with < 1000 elements is sufficient for solution.

Using the above assumptions, the gage pressure inside the
cavity can be written as:

Tfinalpinitial‘/cavity
(‘/ca'uity + Vwineglass)

where T is the temperature in © Kelvin and Pj,ternal 18
applied uniformly to the inner surface of the micro-wineglass
structure during glassblowing, Fig. 6.

Since the volume of the wineglass will continuously change
during the transient solution, (3) can not be used to calculate
Viwineglass. Instead, a surface integral for the inner surface of
the wineglass is used:

Hnternal = T - Pinitial ) (5)

initial

Vwineglass = %2777"/2617’”" s (6)

where 7’ is the distance of any point in the shell structure
from the symmetry axis and dnr is the projection of the
infinitesimal surface area onto the symmetry axis. (6) allows
continuous calculation of the shell volume and consequently
the cavity pressure as the structure deforms. This allows the
model to reach equilibrium when the final volume is reached

(Pinternal = 0)

Fig. 7 shows time domain solution of the micro-
glassblowing process and the formation of the self-aligned
stem structure. Decreasing the central post diameter from



b) 200 um stem OD creates a mushroom structure.

Fig. 7. Transient FEA of micro-glassblowing process showing the formation
of self-aligned stem structures.

Fig. 8. Finite elemet predictions and cross-sectional SEM shots of fabricated
micro-wineglass structures.

400 pm to 200 pum is sufficient to change the shell structure
from a hemi-toroidal geometry to an inverted-wineglass with
a solid stem structure. Fig. 8 shows a side-by-side comparison
of the finite clement models and the actual fabricated
geometries. The results from the models are compared to
cross-sectional SEM shots in Table I, showing better than
10 % accuracy.

III. CONCLUSION

Analytical and finite element solutions of micro-glassblown
inverted-wineglass structures have been presented in this
paper. Using these methods critical geometric parameters for
wineglass resonator and gyroscope operation, such as shell
thickness, shell height, stem type (hollow/solid) and stem
diameter can be estimated from initial parameters. Developed
models were validated against fabricated micro-glassblown
structures and showed better than 10 % match to experimental
results. Models developed in this paper can be used to design
micro-glassblown structures with different geometries and
sizes, enabling accurate design of micro-glassblown resonators
as well as other micro-glassblown MEMS devices such as
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optical and micro-fluidic systems.

TABLE 1

COMPARISON OF WINEGLASS DIMENSIONS OBTAINED FROM ANALYTICAL

SOLUTIONS, FEA AND EXPERIMENTS.

(1]

[2]

[3]

[4]

[5

=

[6

[}

[7

—

[8

—

[9]

[10]

(11]

[12]

[13]

Device # 1  Device # 2

Initial thickness (pm) 80 300
Outer diameter (mm) 4.2 4.2
Etch depth (um) 240 200
Glassblowing temperature (°C) 875 1700
. Final Height (pm) 971 1182
Analytical Thickness (;um) N/A N/A
FEA Final Height (©m) 1025 1260
Thickness (um) 52 205

. Final Height (pm) 832 1288
Experimental . oo (um) 44 229
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