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Abstract

Residual stresses can be advantageously used to permanently preload flexure micro-mechanisms
in order to modify their deflection and stiffness. This paper presents a new preloading chevron
mechanism (PCM) used to amplify the preloading effect of thin film residual stress. To evaluate
the preloading performances of this structure, the deflection characteristics of buckled beams
and flexure linear stages preloaded by a PCM is investigated experimentally. All the
mechanisms are manufactured from a monocrystalline silicon substrate using deep reactive ion
etching and residual stress is provided by wet thermal oxidation. Measurements show that the
deflection magnitude of fixed-fixed oxidized silicon buckled beams can be increased by up to 5
times when a PCM is integrated. The flexure linear stages studied in this research are composed
of a parallel leaf spring stage connected to two fixed-guided buckled beams preloaded by a
PCM. Depending on the beam dimensions, the stage translational stiffness can be set to a
specific value. We designed a near-zero positive stiffness linear stage revealing a measured
stiffness reduction of 98%, and a bistable linear stage with a constant negative stiffness region.
Thanks to the elevated preloading displacement supplied by the PCM, the operating stroke
(actuation region where the stiffness remains constant) is relatively large (more than 0.4 mm
travel for 2.59 mm leaf spring length). The analytical and numerical models carried out to
design the mechanisms are in good agreement with the experimental data. The results show that
the fixed frame stiffness has a significant effect on the preloading performances due to the
substantial forces exerted by the PCM. Furthermore, the presented preloading concept,
modeling and sizing method could be applied to other compliant mechanism designs, scales and
materials, enabling applications in microelectromechanical systems and watchmaking.
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1. Introduction

Residual stress is generally considered as problematic in most
applications since the material are prone to unintended break-
ing, deformation or delamination [1-3]. Nevertheless, resid-
ual stress can be highly beneficial to preload or unload com-
pliant micro mechanisms for stiffness tuning [4] or, to gen-
erate bistable deflections [5-9]. At macroscale, preloading of
compliant mechanisms can be performed using manual trans-
lation stages [10—14], loading spacers [15] or actuators [16].
However, in micro-electromechanical systems (MEMS), con-
ventional preloading is usually avoided due to the limitation
of space, adjustment precision and the risk of damaging the
device. Existing methods to modify the stiffness of MEMS
mechanisms include: on/off preloading enabled via external
acceleration [17]; the use of inclined or curved beams [18—
21]; and electrostatic preloading [22, 23]. On the other hand,
residual stress has the advantage of permanently preloading
micro-mechanisms, meaning that no energy consumption is
required to maintain the preload after fabrication.

Although a variety of thin film coating of a silicon flex-
ure mechanisms can be used for producing a residual stress,
thermal oxidation is an appealing option because it produces
a compressive stress for spring softening, is highly conformal
and can be grown to the desired thickness very accurately. The
primary components of this residual stress are intrinsic and
thermal stresses [1, 2, 24]. Intrinsic stress is created during the
oxidation process due to changes of materials microstructure.
Whereas thermal stress is a consequence of the coefficients of
thermal expansion mismatch between silicon and silicon diox-
ide that creates thermal strain during the cooling (from oxida-
tion temperature to room temperature). The effective value of
the residual stress can be tuned as it depends on the thermal
oxidation process parameters (temperature, including ramp-
ing speed, atmosphere and pressure). It is also to note that the
measurement methods used to determine the residual stress are
indirect which bring some uncertainty. For instance, the resid-
ual stress of thermal oxide on silicon can vary from —258 MPa
to —331 MPa (compressive stress is conventionally represen-
ted by a negative sign) using different measurement methods
[3, 25, 26].

Figure 1 illustrates a practical implementation compatible
with silicon wafer fabrication of a simple fixed-fixed beam
encased in a large cross-section frame, which is more rigid
and hence less subject to deformation. A conformal coating
producing compressive residual stress (e.g. thermally grown
silicon oxide), will tend to extend the beam, reducing its lateral
stiffness, and causing it to buckle if the stress is large enough
[5, 6]. The same prestressing technique can be applied at the
level of flexure-based micro mechanisms to advantageously
reduce their stiffness (and the resonance frequency) in some
degrees of freedom while keeping the structure stiff in the sup-
port directions [6]. Nevertheless, the primary disadvantage of
residual stress is its limited preloading strain. For instance,
silicon beams prestressed by thermal oxidation have usually a
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Figure 1. Fixed-fixed beam buckling under the effect of residual
stress from conformal coating.

longitudinal strain that does not exceed 0.1% [4, 6]. It results
in small buckled beam deflection [6], which leads to minimum
stroke for flexure mechanisms [4].

In this paper, we present a new preloading chevron mech-
anism (PCM) based on a series of beam arranged in a V-
shape—chevron architecture—that aims to amplify the effect
of the residual stress to efficiently preload micro-scale com-
pliant mechanisms (patent pending [27]). In comparison to
existing preloading techniques, the PCM is a building block
that offers multiple advantages in reducing the inherent stift-
ness of flexure-based mechanisms. Indeed, the PCM based
on residual stress is compatible with current microfabrication
processes, space efficient (see remark 3) and does not require
power after fabrication to maintain its preload (permanent pre-
loading). Moreover, the stiffness can be reduced in specific
degrees of freedom while maintaining a high support stiff-
ness in other directions. Hence, thanks to this technique, the
stiffnesses ratios, (i.e. the support stiffnesses divided by nat-
ural stiffnesses) which is a key performance index used to
characterize flexure mechanisms can be increased by several
orders of magnitude. Additionally, the natural stiffness value
of the whole mechanism can be adjusted to be positive, close
to zero or negative (bistable behavior), and can be made inde-
pendent of temperature variation (remark 4). Lastly, the PCM
provides preload and compliance by design, meaning that it
is manufactured monolithically in a preloaded state without
requiring any additional components dedicated to preloading.
This implies that it is very suitable for large-scale produc-
tion, while solving one of the major drawbacks of flexible
mechanisms which is their intrinsic stiffness. This preloading
approach which is applicable for various materials and scales
has potential applications typically in MEMS and mechanical
watchmaking.
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To investigate this novel technique, monocrystalline silicon
mechanisms permanently prestressed by thermal oxidation
are fabricated and experimentally tested. Firstly, fixed-fixed
buckled beam deflection magnitudes are compared with and
without the integration of a PCM in order to evaluate the
preloading performances. In a second stage, we examine
the PCM applicability in prestressing buckling-based flex-
ure linear stages for stiffness reduction. Based on an ana-
Iytical model established in this paper, three types of trans-
lational stiffnesses are designed: reduced positive stiffness;
near-zero positive stiffness; and negative stiffness. Finite ele-
ment model (FEM) is carried out to verify the design of
the mechanisms. The translational stiffness of the different
flexure linear stages is measured and compared to a non-
preloaded equivalent stage to estimate the stiffness reduc-
tion. The stage operating stroke (i.e. actuation region where
the stiffness remains constant), which is directly linked to
the preloading level of the PCM, is also experimentally
evaluated.

Section 2 presents the design concepts of the PCM, then
mechanisms used to assess the performances of the conceptual
designs are described and analytically modeled in sections 3
and 4, respectively. The technological implementation, includ-
ing the design of the fabricated mechanisms and the manu-
facturing process, is explained in section 5. The FEM model-
ing and the experimental methods are explained in sections 6
and 7, respectively. All the results are given and discussed in
sections 8. Finally, a conclusion of this research is provided in
section 9.

2. PCM

The PCM (figure 2) is based on a displacement amplifica-
tion mechanism, called chevron, which is known for its use
as means to amplify the stroke of MEMS actuators (usually
based on beam thermal expansion by Joule heating) [28-31]
or as test structures to measure residual stress [32, 33]. In
our case, this structure is used to amplify the longitudinal
strain of beams generated by residual stress. In the present
paper, the chevron mechanism uses residual stress to per-
manently preload other compliant mechanisms. More par-
ticularly, the residual stress is caused by thin films grown
on all the surfaces of the mechanism during the fabrication
process.

The PCM consists of a stage sustained by an array of ini-
tially straight inclined beams (called preloading beams) that
are mirrored about the stage central axis (see figure 2(a)).
Compressive residual stress applied to all the beams is used
to elongate them by an increase AL, generating in turn a uni-
directional amplified displacement Ax (see figure 2(b)). The
motion direction and the amplification ratio Ax/AL, depend
on the inclination angle a. When « is set close to zero, the
amplification ratio is high but consequently the preloading
force P, is low. Note that the number of preloading beams n
can be increased to apply higher preloads P,.

Arclength:

Preloading Beams
-L,+ AL,
1

(n=4in this case)

Preloading
Stage

(a) (b)

Figure 2. PCM: preloading chevron mechanism before (a) and after
(b) residual stress is applied. Note that P, is an external force
applied to the PCM, whereas P, and V,, are internal forces applied
to one of the preloading beams.

Remark 1. This mechanism can also be preloaded by tensile
residual stress. In this case, the amplified motion Ax of the pre-
loading stage happens in the opposite direction. For example,
silicon nitride can be deposited with low pressure chemical
vapor deposition (LPCVD) on a silicon substrate to exhibit a
tensile residual stress as high as 1 GPa. Although any other
material may be grown or coated on the PCM, the thin film
needs to be conformal and apply high residual stress for more
effective preloading.

3. Selected mechanisms for performance testing

To evaluate the performances of the PCM, we model and
experimentally test three types of mechanisms preloaded by
thin film residual stress:

(1) Simple buckled beam (SBB).
(2) PCM-preloaded buckled beam (PBB).
(3) PCM-preloaded linear stage (PLS).

The SBB is based on an initially straight beam fixed to
the substrate fixed frame at both extremities (figure 3(a)). The
beam buckles from the residual stress of their own thin film
(figure 3(b)). The SBB is an existing test structure that can
be used to evaluate the effective residual stress value [1, 3,
34, 35]. Using an array of buckled beams with different geo-
metry parameters provide a more accurate value of the residual
stress. To this end, we test SBB with varied lengths in order to
evaluate the residual stress applied in all the fabricated mech-
anisms. For further precision of this measurement and to assess
the effect of residual stress on anisotropic material, the beams
can be oriented along different crystallographic directions (as
explained in section 5).

The PBB is also based on an initially straight fixed-fixed
buckled beam. However, the buckled beam is preloaded by
a PCM attached at one extremity (figures 3(c) and (d)).
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Figure 3. Fabricated mechanisms: (1) SBB: simple fixed-fixed buckling beam (a) before (b) and after residual stress is applied (2) PBB:
fixed-fixed buckling beam preloaded by a PCM before (c) and after (d) residual stress is applied (3) PLS: flexure linear stage preloaded by a

PCM before (e) and after (f) residual stress is applied.

Comparing the maximum beam deflection of an SBB and a
PBB with equal dimensions allows us to experimentally evalu-
ate the preloading performances of the PCM and the generated
gain with respect to a SBB structure.

The PLS consists of a guiding mechanism, a buckling
mechanism and a PCM (figures 3(e) and (f)). The guiding
mechanism possesses two parallel leaf springs (called guid-
ing beams) attached to the fixed frame that are used to guide
the moving platform in translation. The buckling mechan-
ism is composed of two beams (called buckling beams) that
are connected in parallel to the platform. These beams are
buckled by the preloading displacement Ax applied by a
PCM. With fixed-guided boundary conditions, the buckling
beams provide a constant negative stiffness at the vicinity of
the neutral position (i.e. di, = 0) [36—41], reducing the pos-
itive stiffness of the guiding beams. Therefore, depending on
the dimensions of the guiding and buckling beams, the total
stiffness value Fi, /dj, of the platform around d;, = 0 is either:

reduced positive (stiffness tuning); near-zero (zero-force char-
acteristics); or negative (bistable behavior). PLS with different
stiffnesses are manufactured and tested, to verify the work-
ing principle of the PLS mechanism, but also to demonstrate
the applicability of the PCM to preload flexure mechanisms.
Indeed, the stroke of the PLS (where the stiffness is reduced)
is directly dependent on the preloading displacement Ax.

4. Analytical modeling

This section provides an analytical model of the selected
mechanisms. In section 4.1, we derive a general formula of
the length variation of a beam being prestressed by thin film
residual stress and loaded by external compression. Based
on the obtained formula, the deflections of the SBB, PCM
and PBB mechanisms are then computed in sections 4.2—4.4,
respectively. Finally, the force-displacement characteristics of
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Figure 4. Beam length variation AL resulting from thin film
equi-biaxial compressive residual stress o, and external longitudinal
force P.

a fixed-guided buckled beam is analyzed in section 4.5 and
then used in section 4.6 to evaluate the total stiffness of the
PLS.

For all the calculations, the following hypotheses are con-
sidered:

— The fixed frame, the preloading stage and the platform, hav-
ing a larger cross-section than the beams, are considered
infinitely rigid (and are hence not affected by the film resid-
ual stress).

- The influence of gravity is neglected.

- The dynamic effects are ignored.

- The shear stress is neglected.

- The beam materials have linear, elastic and uniform
properties.

- The beams are initially straight (or slightly pre-curved).

- All the beams in the mechanisms have the same cross section
(both in terms of dimensions and materials).

4.1. Beam length variation

In this section, the length variation AL of a beam subject to
equi-biaxial thin film residual stress o, (here o, > 0 if com-
pressive) and external longitudinal force P is modeled. The
beam consists of a substrate core (indexed by s) with initial
length L. A thin film (indexed by f) with uniform thickness /¢
is grown everywhere around the substrate section. The beam
core has a final uniform rectangular cross section bs X hg, see
figure 4. Assuming that the thickness /4 is substantially smal-
ler than the width by, the stiffness and the residual stress in
the top and bottom surfaces of the film (i.e. areas shown with
cross-hatching in figure 4) are neglected in the model. Also,
the residual stress and resulting strain are assumed uniform in
the materials.

Considering a biaxial stress state along x and z (i.e. o7, =
05,y = 0) in the lateral surfaces, the compliance matrix of the
film and the substrate, respectively S¢ and S, can be reduced
into 2 x 2 dimensions. The strain—stress relationships are then

given by:
Ef x Ofx Esx Os,x
=S¢ ) =S (D
Efz Otz Es,z Os,z
1 —UVf,ox 1 —Vs,x
Ex Ei, — Es x E,:
Sf = —Vrf’;«vz i 7SS - _’;s,x: i : (2)
Es,x Es,z

where:
Et',x Ef,z
The Young’s modulus (E) and Poisson’s ratio (v) are
expressed with respect to the axes of interest (x, z) and com-
ponent (f, s). The stress in the film is related to the compression
residual stress o, (assumed constant for both x and z directions)
and the elastic stress applied by the substrate:

Of.x O Os,x
> — _ > 3
()=(2)=(2) o
where v = zh—;f Assuming that the beam strain along x and
z are respectively equal between the film and the substrate

(i.€. €fx = Esx = Ex, Ef,; = E€s,; = €;) and using equations (1)
and (3), the beam strain is related to the residual stress by:

Ex oy
( ‘. o ) (€]

We then define the effective elastic modulus as Eef, =
o+ /€y, computed from equation (4), linking the beam longitud-
inal strain to the residual stress. In case the film material is iso-
tropic (Erx = Ef, = Er and vt ., = Vg = 14) and the substrate
material is orthotropic (Vs x; = Vs zxFs x/Es ;). Eefr » becomes:

> _ss(ssﬂsf)‘lsf(

E E
Eeff,x — f + ST
L=—vp = vz
1—p HVf — Vs ox Es,x
L—vp (p—vso ) (L+vp) py — vt L — v

&)

where y = E; . /E; , and p = E; . /Er. More particularly, if the
substrate material has the same Young’s modulus along x and
z (i.e. Es x = E, -, thus ;1 = 1), equation (5) simplifies as:

E¢ Es .
1-— 1%3

(6)

Eefrx = —
1 - Vs, zx

Finally, considering linear elastic materials, the total beam
length variation AL/L is the sum of the beam longitudinal
strain resulting from the residual stress o, and from the extern-
ally applied force P:

AL o, P
L Eetr « (EA)

)
tot

where the equivalent product of the Young’s modulus E
and the section area A of the composite beam is (EA)
(Ef2]’lf + Es,xhs) bs.

tot —
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4.2. Deflection of the SBB

We consider that the composite beam presented in section 4.1
is now rigidly attached at both extremities to the substrate fixed
frame. With fixed-fixed boundary conditions, the beam can
buckle from the residual stress of the film. If the beam is in
buckled state, its axial load P is equal to its critical buckling
load P given by:

4Ar?(EI
crit = 722 o (8)

where the equivalent flexural rigidity of the composite beam
is (EI),, = Ecls + Es I, where It = b ((hs i) — hg) /12
and I = bh? /12 are the quadratic moments of the film and
substrate, respectively. The beam buckles if its arclength vari-
ation AL is bigger than zero. From equation (7), it implies
that Py is smaller than the term o,(EA),,/Ees,. In buckled

state, the beam forms an arch (see figure 3(b)) where the
deflection is maximum at the middle of the length L and is

given by [6] as:
2 JAL

4.3. Preloading characteristics of the PCM

tot

We now compute the force-displacement characteristics
P, (Ax) of the PCM (figure 2). We assume that all the pre-
loading beams have the same dimensions and inclination,
and are preloaded by thin film residual stress as described in
section 4.1. Geometrically, the preloading displacement Ax is
related to the lateral deformation wy, and to the arclength elong-
ation AL, of each preloading beam:

wp = Ax cos () (10)

AL, — X\, = Ax sin(«) (11)

where A\, =3/5-w;/L, is the longitudinal shortening of a
preloading beam due to its deflection [42, equation (5.13)].
Considering n preloading beams, the external force P, is a

function of the internal forces P, and V/:
P, = n(Ppsin(a) — Vycos (o)) (12)

where P}, is obtained using equations (7), (10) and (11):

o, Ax 3/ Ax\?
Py = (EA), | 2 — sin(a)— 2 = ) cos?
P ( )tot (Eeff,x Lp sin (Oé) 3 (Lp > COs (Oé))
(13)

and Vj, is the lateral force of a preloading beam given by [42,
equation (5.39)] and equation (10) as:

12(ED),, (1

P 3
LP

Lp,
~ w2(El)

) Ax cos(a). (14)

tot

4.4. Deflection of the PBB

To evaluate the deflection magnitude w of a PBB, the pre-
loading displacement Ax can be found by inverting the
function P, (Ax) (equation (12)) and substituting P, = Py
(equation (8)). Since the buckled beam is both preloaded by
the PCM and the residual stress of its own film, the maximum
deflection magnitude w given in equation (9) becomes:

2 [Ax+ AL
w=—/ ——L.
™ L

4.5. Actuation characteristics of a fixed-guided buckled
beam

5)

In this section, we model the actuation characteristics Fi, (din)
of a single fixed-guided buckled beam as shown in figure 5.
This analysis will be useful to compute the total stiffness of
the PLS (in section 4.6) since it is based on a buckling mech-
anism with two fixed-guided buckled beams. The formulas are
derived from the analytical model of generic buckled beams
developed in a previous work [43].

The actuation characteristics of the fixed-guided buckled
beam involves two kinds of solutions that we respectively call
First Mode Branch and Second Mode Branch, as they contain
the first and second modes of buckling. In First Mode Branch,
the stage stiffness Kiy = Fin/din, the axial force P and the input
displacement dj, can all be parametrized by a nondimensional
parameter kL [43] as follows:

o (B () (ED (L)
" L3 2tan (%L) —kL’ L? ’
1 Al
where:
H (kL) :kLZkL— 3sin (kL) + kLcos (kL) (17)

4(kLcos (%) — 2sin (%))

When the parameter kL reaches the value of 27, it leads to
a branch bifurcation to the Second Mode Branch. In Second
Mode Branch, the stiffness of the beam is constant and negat-
ive, and the axial compression force is constant:

Kin = _%’ P

13

4n2(EI
— 22 )tot. (18)

The maximum stroke where the beam state stays in a
Second Mode Branch is given by:

FIT
m,max*ﬁ L

Parametric curves of the input force Fj, are plotted as
a function of the input displacement dj, in figure 5(d). For
the First Mode Branch, the graph is plotted by varying the
parameter kL from O (zero compression state, shown by points

19)
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Figure 5. Fixed-guided buckled beam (a) as-fabricated, (b) buckled into one of its two stable positions, (c) deflection when a force is applied
to the input stage to switch between its two stable states, and (d) normalized actuation characteristics of the fixed-guided buckled beam.

ZC1 and ZC2) to 27 (bifurcation points B1 and B2). For the
Second Mode Branch, dj, is ranged from —dip max t0 dinmax-
Since there are always two symmetrical solutions for dj, (the
beam can buckle upwards or downwards), two symmetrical
curves (indices 1 and 2) for both types of branches are dis-
played. Note that Second Mode Branches 1 and 2 correspond
to the same force-displacement curve. The first modes FM1
and FM2 correspond to the two stable equilibriums of the
bistable buckled beam (figure 5(b)) and are obtained on the
First Mode Branches when kL = 7. In this case, the lateral
displacement and the axial load are respectively:

4

EI
dsiable = =— ( )tot .
™

Al 72
TL’ Pgaple = ————

5 (20)

The Second Modes SM1 and SM2 correspond to two
unstable equilibriums of the bistable buckled beam and are
obtained at the neutral position (di, = 0).

4.6. Stiffness and stroke of the PLS

The total stiffness K, (o of the PLS is the sum of the stiffnesses
Kin,gm and Kj, v of the guiding and buckling mechanisms,
respectively:

Fin,tot

d;

2y

Kintor = = Kin,M + Kin,BM-

The guiding mechanism stiffness Ki, gm is expressed in
[42, equation (5.39)] as:

24(E1)l0t (1
L

L3N
21 2(El),,

where N is the axial preload applied on the guiding mechan-
ism by the buckling mechanism. Since the buckling mechan-
ism consists of two fixed-guided buckled beams, N = 2P and

Kinom = (22)

Kin sm = 2K;,, where P and K;, are given in equation (16)

or (18) depending if the fixed-guided buckled beams follow a

First or Second Mode Branch, respectively. Around the neut-

ral position (i.e. di, = 0), the buckling beams follows a Second

Mode Branch. In this case, the total stiffness is constant and
8(EI),, Ly

equal to:
2 3
0 (3—12<L) —7r2<LL°)>. (23)

To design a zero-force mechanism, K;, 1o = 0 around d;, =
0, a beam length ratio Ly /L = 0.43 must be selected.

As mentioned previously, the stroke of the PLS depends
on the preloading level of the buckling beams. Their end-
shortening is given by Al= Ax+ AL+ ALy+ )y, where
Ao = —3/5-d2 /Ly [42, equation (5.13)] is the parasitic shift
of the guiding beams, and the beam length variations AL and
ALy are function of the residual stress o, and the compressive
load P following equation (7). Since Ax is function of P, = N
by the relation (18), Ax can also be parametrized by kL. When
the buckling beams follows a First Mode Branch, the platform
displacement dj, expressed in equation (16) becomes:

Kin,lot =

o ED) o (kL :
. N Ax (kL) + (L + Lo) - (Eeff.,x B W) (24)
in = H(L) | 3 1 '
LTS5

The maximum stroke dinmax Where the total stiffness
remains constant (i.e. the stroke of a Second Mode Branch),
can be computed by substituting kL. = 27 in equation (24).

5. Mechanism manufacturing and design

All the mechanisms are produced from monocrystalline
(100)-orientated p-type silicon wafers having a thickness
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<
86\

Figure 6. Photograph of the three different types of manufactured
oxidized silicon mechanisms. From left to right: set of simple
buckled beams (SBB); a buckled beam (L = 6 mm) preloaded by a
chevron (PBB), flexure linear stage with buckled beams (L = 6 mm)
preloaded by a chevron (PLS).

of by = 380 pum. The basic steps of the manufacturing process
are the following:

(1) Deep reactive ion etching (DRIE), to fabricate the
mechanisms.

(2) Thermal oxidation, to apply residual stress in the
mechanisms.

Silicon dioxide is grown on the etched silicon wafers
through wet oxidation at 1050 °C and atmospheric pressure.
At this temperature, the oxide has a sufficiently low viscos-
ity to easily flow on the wafer, involving a low intrinsic stress
[44]. During the cooling of the wafers to room temperature,
thermal stress appears in the oxide film, prestressing the dif-
ferent mechanisms permanently. Finally, the different mech-
anisms are separated by manually breaking flexible links con-
necting the rigid frame of the mechanisms to the wafers.
A picture of the different types of mechanisms is shown in
figure 6.

For thermal oxidation of silicon, the film material is iso-
tropic. Young’s modulus and the Poisson’s ratio of thermal
silicon dioxide are respectively given by Ef =75 GPa and
v =0.17 [5]. Since we selected (100)-oriented monocrystal
silicon wafers, the z-axis of the beams (see figure 4) is always
along the <100> direction, thus E; ; = 130 GPa [45]. The lon-
gitudinal axis of the beams is oriented along the <100> and
<110> crystallographic directions for the SBB. While for the
PBB and PLS, only the <100> axis is chosen (or close to this
direction for the preloading beams). This orientation is adop-
ted because the Young’s modulus is the lowest and thus the
preloading effect of the residual stress is the strongest. Indeed,
depending on the orientation of the beams, the effective elastic
modulus Eeg  varies:

e For beams aligned with the <100> direction, then
E; , = E; 100 = 130 GPa and v, ;, = 0.28. Since E, , = E ,
equation (6) is used to compute Ecy .

e For beams aligned with the <110> direction, then
E = Eq 110 = 169 GPa and v ;. = 0.28. Since E; , # E, ,
equation (5) is used to compute Ecy .

All the beams are designed with the same cross section (final
substrate thickness i = 20 pm and oxide film thickness Ay =
3 pm conformally grown, see figure 4) in order to simplify
the modeling of the mechanisms. Only the length L of the
buckling beams, the length Lj,, and the inclination angle o of
the preloading beams are varied. The mechanism dimensions
(table 1) are selected based on the material parameters and the
analytical model provided in section 4.

Eight and six different buckling beam lengths L are selected
for the SBB and the PBB, respectively. Two different preload-
ing beam lengths and inclinations « are chosen for the PBB
depending on the buckling beam lengths L. For the PBB and
PLS, L, is approximately half of L and the number of pre-
loading beams is limited to n =32, as a mechanism space
constraint. For all the PCM, the gap between two consecut-
ive preloading beams is set to 200 ym (estimated technolo-
gical limit of DRIE). The compression applied in each pre-
loading beam must not exceed its fixed-fixed critical buck-
ling load Pp it (given in equation (8) using L = L), other-
wise, the whole PCM, whose structure is bistable [46], will
snap to its second stable mode. Depending on the force P,
applied by the buckling beams on the PCM, « is adjusted
using equation (13) to always ensure that P, < P it with a
reasonable safety margin of approximately 50%. The initial
horizontal projections of the preloading beams are selected
as x, = Lpsin(a) = 0.05 mm for all the PBB (one buckling
beam is used) and x, = 0.1 mm for all the PLS (two buck-
ling beams are used). The resulting values of preloading beam
lengths L, and inclinations « are provided in table 1.

The buckling beams of the PLS are slightly pre-curved
(20 pm center offset) to force the direction of buckling in
opposite directions (in order to minimize the reaction moment
applied by the buckling beams to the platform). Three buckling
beam lengths are selected to test different actuation character-
istics: negative stiffness (L =5 mm), near-zero positive stiff-
ness (L = 6 mm) and reduced positive stiffness (L =7 mm).
The guiding and preloading beams of the PLS have a fixed
length (respectively Ly = 2.59 mm and L, = 3 mm). A non-
preloaded equivalent flexure linear stage is also fabricated to
evaluate the stiffness reduction of the PLS. All the flexure lin-
ear stages have two mechanical stops on the fixed frame used
to restrain the platform stroke dj, to +0.25 mm. This range
of motion limits the mechanism deflection so that the stress
does not surpass the failure strength of silicon and silicon diox-
ide, which we estimate to be 800 MPa. Designs where L < Ly
are avoided for beams with same cross section and material,
because the support stiffness of such linear stages would be
drastically reduced along the beam longitudinal axis. Indeed,
the critical load of the buckling beams should not exceed the
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Table 1. Design parameters of the mechanisms.

Buckling beam Preloading beam Guiding beam
Inclination Number of

Mechanism Variants Length L (mm) Length L, (mm) a (deg) Length Ly (mm) identical samples
Simple buckled <100> direction 2, 3,4,5,6, 8, 10, — — — 4
beam (SBB) 12

<110> direction 2,3,4,5,6,8, 10, — — — 4

12

Preloaded ‘Small’ PCM 5,6,7 3 0.95 — 2
buckled beam ‘Large’ PCM 8, 10, 12 5 0.57 — 2
(PBB)
Flexure linear Preloaded 5,6,7 3 1.91 2.59 1
stage (PLS)

Non-preloaded — — — 2.59 1

critical load of the guiding beams, otherwise the linear stage
would lose its guiding function.

6. FEM simulations

In order to verify the characteristics of the SBB, the PBB and
the PLS analytically derived in section 4 and to validate their
sizing carried out in section 5, FEM studies are conducted
using the commercial software COMSOL Multiphysics 6.1.
The stationary solver uses the Solid Mechanics module and
the Geometric Nonlinearity setting to capture large deform-
ation, buckling and snap-through behaviors. The Segregated
approach is used to facilitate the convergence of the solver.
All the mechanisms with the dimensions given in table 1 are
simulated.

Due to the planar nature of the mechanisms and an interest
for rapid numerical calculations, 2D studies are carried out. By
selecting ‘plane stress’ as the 2D approximation setting, it fol-
lows that o¢; = 0, ; = 0 by definition, and therefore Poisson’s
effect along the z-axis is not considered in the FEM model.
Substituting v = v ,, = 01in equation (5), we obtain an effect-
ive elastic modulus in the 2D plane stress simulation which is
different from the analytical model:

Eetrxop = Ef + Eg 1. (25)

Note that equation (25) holds for both <100> and <110>
directions. To obtain equivalent beam strains from residual
stress between the analytical model (3D) and the FEM sim-
ulation (2D), we set a corrected residual stress value oy op in
the FEM software, which is given by:

0D = ———0¢ (26)

where E  is obtained analytically with equation (5) or (6),
respectively for <110> and <100> crystal directions. As
we consider a plane stress model, o, 5p is only applied along
the longitudinal axis of the mechanism beams. The module
‘external stress’ is used to apply the uniaxial stress oy op in the
beam oxide domains. The value of o, >p that is entered in the

FEM software is the residual stress o, obtained experiment-
ally (as explained in section 8.2), substituted in the correction
formula (equation (26)). A negative sign is employed since the
applied stress is compressive.

All the beams are meshed with quadrilateral shell elements
such that two elements are mapped across the silicon thickness
hg, one element for each oxide thickness /¢, and one element
every 20 pm along the length. The material parameters of the
silicon core and the oxide layers are the same as for the ana-
lytical model (see section 5).

For all the mechanisms, the simulation is divided into two
successive sub-studies:

e Study 1: A lateral force of 0.1 N is applied to the side of the
buckling beams to force their buckling in a given direction.
This study is performed to speed-up the convergence of the
solver and avoid unrealistic modes of buckling.

e Study 2: Reusing the solution of Study 1 and removing the
lateral force, the mechanisms are deflected in stable equilib-
rium. The maximum deflection of the buckled beam is then
extracted for the SBB and PBB. The translation stiffness of
the PLS is obtained by varying the lateral position dj, of a
rigid connector attached to the platform and evaluating the
reaction force F;,. For each mechanism, the simulated von
Mises stress is verified to be less than the estimated failure
strength (i.e. 800 MPa).

To evaluate the effect of the mechanism fixed frame stiffness,
the PBB and the PLS were simulated with either: a frame
considered infinitely rigid (see figure 7(a)); or considering the
actual manufactured frame shape and with the elastic paramet-
ers of silicon (see figure 7(b)).

7. Experimental method

71. Electronic microscope measurements

A scanning electronic microscope (SEM) was used to measure
the thicknesses of the silicon core and the silicon dioxide
film of the fabricated beams. Since all the beams of the
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Figure 7. FEM simulation of the PLS with a buckling beam length of L = 5 mm placed in neutral position, considering that the mechanism
fixed frame is (a) fully rigid or (b) elastic (same material and dimensions as fabricated). Insets show the von Mises stress distribution at the
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Figure 8. SEM images of the beam sample. (a) Full cross section with distributed thickness measurements and (b) magnified view on one

of the measurements.

manufactured mechanisms have the same specified cross
section dimensions, the beam from an SBB aligned with the
<110> crystal direction was randomly selected as a sample. It
is assumed that the measurement results of this sample apply to
any mechanism beam, because all the mechanisms were manu-
factured at the same time under equivalent process conditions.
The beam sample was cut approximately at the middle of the
length to observe the cross section. A very thin layer of gold

(30 nm) was coated on one lateral side of the beam to obtain a
better image contrast.

The whole cross-section picture is presented in figure 8(a).
Magnified views were taken on five spots along the beam
width, to see if the beam section has a potential trapezoidal
shape [47]. At each spot, the thicknesses of the substrate
and film were recorded with a measurement resolution of
+0.1 pm. Figure 8(b) shows the measurement performed at
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Figure 9. Photographs (top view) of (a) SBB and (b) PBB
mechanisms having both a buckled beam length of L = 6 mm.

one of the spots. The measurement results are directly reported
in figure 8(a) and discussed in section 8.1.

72. Optical microscope measurements

The deflection shapes of the buckled beams of the SBB and the
PBB were measured under an optical microscope, see figure 9.
For each beam, the deflection magnitude at the middle of the
beam length was recorded. The measurement uncertainty of
the deflection magnitude is evaluated as =1 pm.

73. Stiffness measurements

A dedicated test bench was realized in order to measure the
force-displacement characteristics of the PLS and the non-
preloaded linear stage. The test bench, presented in figure 1,
primarily consists of a manual translation stage used to con-
trol the displacement dj, of the mechanism platform. An actu-
ating pin (#1 mm), fixed on a pin holder, is used to push or
pull the platform depending on the actuation direction (see
inlet in figure 10). An additional vertically oriented manual
micro positioning stage helps to pass the pin above the mech-
anism platform in order to switch the actuation direction. The
actuation force Fj, is measured using a force sensor (Futek
LPM200) placed between the manual translation stage and the
pin holder. A laser displacement sensor (Keyence LK-H082)
measures the platform displacement di,. The equipment and
the tested mechanism are rigidly fixed to an optical table. The
silicon mechanism plane is perpendicular to the direction of
gravity to avoid measuring gravity-related forces.

Before starting the experiment, the neutral position of the
mechanism, defined as Fj,-dj, graph origin, is recorded. For
PLS having a positive stiffness, this position is obtained when
the force sensor (previously calibrated and tared) starts to
return a non-zero value. For the PLS with negative stiffness,

the neutral position is assessed when the platform suddenly
snaps to the opposite stable position. The experiment starts
by displacing the platform by constant gradual displacement
steps from the neutral position. At each displacement incre-
ment, the force and displacement sensor readings are recor-
ded. All measurements are taken when the system is at static
equilibrium to avoid dynamic effects. The experiment ends
when the platform reaches a mechanical stop or when the neg-
ative stiffness PLS stays at one of its two stable positions. The
mechanisms are characterized in both directions with respect
to the neutral position. All the force measurements are aver-
aged over five repetitions to reduce measurement noise. The
measurement results are reported in section 8.4. The meas-
urement uncertainty corresponds to £10 pN for the actuation
force Fi,, and 2 um for the platform displacement d;,.

8. Results and discussion

8.1. Beam thickness verification

The beam thickness measurements are shown in figure 8(a)
with respect to the five locations along the beam width. The
beam total thickness increases from 25.8 pm to 26.5 um
(from top to bottom surfaces of the wafer). This creates a
trapezoidal-like cross section which is commonly observed
in silicon beams manufactured with DRIE process [47]. The
mean value and standard deviation of the total thickness are
respectively 26.1 ym and 0.3 pm. The measured thickness
of the oxide film has a mean value of 3.1 um for a resolu-
tion of £0.1 pm. In addition, the oxide thickness has been
verified with ellipsometry on a blanket wafer and the toler-
ance is overall below 50 nm. Note that the oxide thickness
is slightly different depending of the silicon crystal orient-
ation (460 nm difference for <110> compared to <100>
based on Deal-Grove model). In conclusion, we may infer that
there is considerable concordance between the measurements
and the specified thicknesses, i.e. ho = hs+ 2hs =26 pm
and Ay =3 pum.

8.2. Residual stress measurement

The measured deflection magnitude w of the SBB is nor-
malized and plotted in figure 11(a) as function of the beam
length L. The measurements are relatively repeatable; indeed,
the maximum standard deviation of the measured deflection
magnitude w is 4 pum (obtained with the <100>-oriented
beams having a length of L = 12 mm). Figure 11(a) shows that
the buckled beams do not buckle for lengths under ~2 mm,
because the residual stress is not sufficient to obtain a positive
beam arclength variation AL (see equation (7)). As expected,
<100>-oriented SBB show a larger defection magnitude than
the ones oriented along <110>.

We use the following method to measure the actual resid-
ual stress in the silicon oxide: the value of o, is varied in the
analytical model until the deflection magnitude of the SBB
(equation (9)) fits the experimental data for both <100> and
<110> beam orientations. From this method, a residual stress
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Figure 10. Picture of the test bench used to measure the force-displacement characteristics of the PLS mechanisms.

0.5F

—— Analytical Model

O FEM Model
Experiment
<100> Direction
<110> Direction
0 | . N 1

4 6 8 10

Buckled Beam Length L [mm]

(a)

Normalized Deflection w/L [%]

X
—-—
-

8.5 T T T T T
—— Analytical Model
8 H © FEM (Rigid Frame)
O FEM (Elastic Frame)

'\? 7.5H X Experiment
S
: “Large” PCM (L, = 5 mm)
~.  7[| == “Small” PCM (L, = 3 mm)
N P
S 65F
=
o
Q@  6r
=
a
s 551
X
s 5
£
S 45
=2

4 -

35 | | 1 | |
0 2 4 6 8 10 12

Buckled Beam Length L [mm]

(b)

Figure 11. Normalized deflection as a function of the buckled beam length for (a) SBB and (b) PBB mechanisms.

(equi-biaxial) equal to —290 MPa is selected. Based on the
approach proposed in section 6, the corrected (uniaxial) resid-
ual stress value entered in the FEM software, provided by
equation (26), is —213 MPa and —191 MPa for <100> and
< 110> oriented beams, respectively.

The analytical and FEM results are added in figure 11(a)
to evaluate the consistency of the data. The analytical model
is validated since the relative error is bounded within 3% and
10% with the FEM and the measurement data, respectively.
Since the analytical and simulated values of the residual stress

are in excellent agreement with the experiment, these values
will be used to model the other manufactured mechanisms.

Remark 2. Further data analysis shows that when the beam
length increases, the deflections seem to have higher exper-
imental values than what is predicted by the models. This
might be because longer buckled beams have lower buckling
compression, which reduces the possibility of plastic deform-
ations during the post-oxidation cooling process. This would
then result in higher residual strain of the beams. Additionally,
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the fixed frame near the beam extremities may deform less
for longer beams (lower compression load) resulting in higher
deflection magnitudes. However, since the deflection measure-
ment is less repeatable for long beams, we cannot accurately
verify these hypotheses.

8.3. Buckling deflection amplification through PCM
integration

The experimental deflections w of the PBB are normalized
and plotted in figure 11(b) with respect to the buckling beam
length L. The analytical and FEM models are also provided
by using the residual stress value that was previously meas-
ured in section 8.2. It can be noticed that the analytical model
is in good agreement with the FEM study that considers a rigid
frame. This is because both these models assume an infinitely
stiff frame. On the contrary, the experiment results are strongly
consistent with FEM model when the actual (elastic) stiffness
of the fixed frame is considered. Simulated deflection mag-
nitudes are decreased by up to 10% when considering that the
fixed frame is elastic instead of rigid. This demonstrates that
the fixed frame stiffness has a real impact on the deflection
level.

Even if the designed fixed frame lacks stiffness, the integ-
ration of a PCM to preload a fixed-fixed buckled beam advant-
ageously results in significantly larger deflections. Indeed,
figure 11 demonstrates that PBB have experimental deflec-
tion magnitudes up to 5 times higher than corresponding SBB
(for instance when comparing SBB and PBB having a buckled
beam length L = 8 mm).

Remark 3. The drawback of integrating a PCM might be
that it significantly increases the structure size, as seen in
figure 9. However, to achieve the same deflection magnitude,
the buckled beam of a SBB must be approximately 5 times
longer than the one of a PBB. Additionally, we should note
that it is possible to minimize the size of the PCM by bringing
its preloading beams closer to each other, thus reducing the gap
width from 200 pm to 30 um, which is feasible with DRIE. To
further reduce its size, parametric or topological optimization
might be carried out.

8.4. Measured stiffness reduction and stroke of the PLS

The stiffness measurements of the different flexure linear
stages are plotted in figure 12 along with the analytical and
FEM models. The analytical force-displacement characterist-
ics of the PLS is plotted using equations (21) and (24) for the
First Mode Branches (nonlinear stiffness region) by varying
kL from O to 27, and using equation (23) for the Second Mode
Branches (constant stiffness region). The actuation stiffness of
the non-preloaded stage is constant and equal to 24(EI),, /L3
(equation (22) where the axial load N = 0).

Figure 12 shows that all the results are mostly consistent
between the models and the measurements in the constant
stiffness regions. However, in the nonlinear stiffness region,
the measured maximum stroke dinmax Of the different PLS

tot
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Figure 12. Force-displacement characteristics of the different PLS
in comparison to the non-preloaded stage.

is up to 30% lower than the theoretical values. This can be
explained by the FEM simulation results where both rigid and
elastic fixed frames are considered. The analytical model is
in good agreement with the FEM study that considers a rigid
frame, because both these models assume an infinitely stiff
fixed frame. Whereas the experimental data is rather consist-
ent with the elastic frame FEM results which correspond more
closely to the real case. This makes it clear that the fixed frame
stiffness has a high impact on the stroke of the PLS.

We can also notice that the experimental data of the near-
zero stiffness (L =6 mm) and the negative stiffness (L =
5 mm) do not symmetrically follow the FEM results. This
could mean that the neutral position of the stage is a bit shif-
ted. This small stiffness asymmetry is assumed to result from
manufacturing tolerances and plastic deformation created dur-
ing the cooling of the oxidized silicon wafers. Indeed, plastic
strain can have a consequent impact on the stiffness symmetry
of a silicon flexure linear stage preloaded by thermal oxidation
as was already observed in [4].

The concept of stiffness reduction is demonstrated exper-
imentally. Indeed, the PLS with a buckling beam length of
L =7 mm is reduced by approximately 70% with respect
to the non-preloaded linear stage. We have also designed
and fabricated a near-zero positive stiffness linear stage (PLS
with L = 6 mm) with a significant stiffness reduction of 98%
(measured stiffness constant is decreased from 78.9 N m~!
to 1.87 N m~!). Furthermore, the possibility to manufacture a
bistable linear stage having a constant negative stiffness region
is demonstrated by using shorter buckling beams (L = 5 mm).

Thanks to the PCM, the stroke of the PLS is considerably
higher than if the buckling mechanism was only preloaded by
the thin film residual stress of the buckling and guiding beams.
Indeed, if Ax = 0 is substituted in equation (24), the stroke of
linear stages with equal dimensions but without PCM would
be approximatively three times lower.
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Remark 4. As the PCM has the same structure as chevron
electrothermal actuators, temperature impacts the behavior
of the PLS. Indeed, the temperature does affect the residual
stress, which is mostly thermal stress, which in turn modifies
the preloading displacement Ax. This only alters the platform
stroke din, max, but the total stiffness Kj, (o, which is independ-
ent of the residual stress value (see equation (23)), is therefore
not directly impacted by temperature. The stiffness of the PLS
is only slightly modified by the fact that the Young’s modulus
of the substrate and the thin film are dependent on the temper-
ature. It is however possible to select specific A to A¢ ratios or
coat additional layers of material (e.g. silicon nitride or metal)
to compensate the influence of temperature on the beam stift-
ness while controlling the applied residual stress [48].

8.5. Applicability of the approach

In this paper, we only introduce our method by preloading a
simple flexure linear stage. However, the PCM could be used
as a building block to preload any sort of compliant struc-
ture (e.g. bistable grippers [49] or flexure pivots [50, 51]).
For instance, instead of placing the guiding beams in parallel,
they could be arranged perpendicularly to create a so-called
Remote Center of Compliance (RCC) pivot having a reduced
angular stiffness thanks to the PCM. Further types of mech-
anisms could be designed based on these following proposed
guidelines:

(1) Design the guiding mechanism (linear stage, pivot, grip-
per mechanism, etc) using compliant mechanism design
methods [42, 52, 53].

(2) Design the buckling beams (length and boundary condi-
tions) to obtain the requested stiffness reduction, using
buckled beam actuation models [43, 54, 55].

(3) Design the PCM (number of preloading beams 7, length L,
and inclination «) based on the analytical model and the
design method presented in sections 4 and 5, respectively.

(4) Depending on the application, parametric or topology
optimization could be performed to adjust the stiffness,
maximize the stroke and optimize the mechanism size.

This method can be advantageously applied to create low-
voltage microelectromechanical actuators (e.g. comb-drives
[23]), high-sensitivity physical sensors (e.g. accelerometers
[56], inclinometers [57] and magnetometers [58]), low-
frequency energy harvesting structures [8, 59], and low-
frequency oscillators for MEMS [23] and mechanical watch
regulators [47, 60].

9. Conclusion

The present research introduces a new preloading mechan-
ism based on a chevron beam architecture, called PCM, which
is used to amplify the prestressing effect of thin film resid-
ual stress. The working principle of this novel design concept
is demonstrated by experimenting flexure mechanisms fabric-
ated from silicon substrate and prestressed by thermal oxida-
tion. The mechanisms were designed through analytical and

numerical models which are consistent with the experimental
results. We found that, in comparison to direct oxide film
prestressing, fixed-fixed silicon buckled beams may exhibit a
deflection magnitude that is 5 times greater if a PCM is integ-
rated. Furthermore, we show that the translational stiffness of
parallel leaf spring stages can be reduced when combined with
two fixed-guided buckled beams preloaded by a PCM. For
instance, a linear stage with near-zero positive stiffness was
experimented, showing a stiffness reduction of 98% compared
to an equivalent non-preloaded stage. It is also possible to cre-
ate a linear stage with bistable behaviors in which the stiffness
is sufficiently decreased to become negative. The preloaded
linear stages have a relatively large stroke (more than 0.4 mm
travel for 2.59 mm leaf spring length) thanks to the amplified
preloading displacement generated by the PCM.

This approach of amplifying the residual stress effect could
be used to permanently preload other types of compliant mech-
anisms (e.g. flexure pivots, bistable micro grippers). Such con-
cepts pave the way to manufacturing low stiffness compli-
ant mechanisms for application in MEMS and watchmaking.
These structures could be fabricated at different scales and
from other substrate and thin film materials. It is even possible
to conceive prestressing mechanisms with materials exhibit-
ing tensile residual stresses (e.g. silicon nitride deposited on
silicon). In this case, the orientation of the PCM with respect
to the buckled beams must be inverted.
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