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ABSTRACT

Microtransmission mechanisms made of elastic materials present an opportunity for exploring scalable mechanical systems integrated with
sophisticated functionalities. This paper shows how the fundamentally limited range of motion in elastic mechanisms can be circumvented
to create a frequency doubling functionality analog to angular velocity doubling in classical gears. The proposed mechanism utilizes the
elastic deformation of its internal architecture and buckling of microflexures to perform frequency doubling kinematics. We demonstrate
this by the fabrication of a microtransmission device for application in mechanical wrist watches. A key benefit of the proposed method is
that such a transmission system can be integrated and fabricated as an embedded part of microarchitected materials to boost the frequency

characteristics of energy storage, actuators, and inertial sensors to perform adequately for different applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119813

Mechanical frequency and speed multiplier transmission mecha-
nisms are necessary for a variety of applications, including tailoring
microactuators,’ quantum cascade lasers,” mass sensing,(’ vibration
energy harvesting,” biosensing,” and motion sensors and accelerome-
ters.” Furthermore, integration of frequency multiplier transmission
mechanisms on a local mechanical resonator can approach the limits
on position and displacement measurements, which are ultimately
limited by quantum mechanics.'”"!

Classical gears are by far the most common paradigm for
mechanical frequency and speed multiplication, by converting the
angular velocity from an input to an output with a constant ratio. They
consist of discrete components which are engaged and connected by
rolling contacts and suspended by rotational hinges (revolute joints).
This gives rise to numerous drawbacks and is a source of uncertainties
including backlash, friction, wear, poor mechanical efficiency, and
microstition.”* Apart from the need for assembly and lubrication, it
is difficult and it is not size and cost efficient to integrate the classical
gear transmissions with the MEMS/NEMS (nano electromechanical
systems)-based actuating and sensing schemes. Consequently, in vac-
uum (e.g., high-tech semiconductor industry and space), in biological
environments (e.g., surgical instruments), or in any situation where
maintenance is to be avoided, gear systems are unsuitable.

In such cases, elastic mechanisms can be used advantageously.
These mechanisms move due to deformation of slender parts, thus

avoiding the relative motion of rigid parts in conventional (linkage or
gear) mechanisms.” '® As a result, friction and backlash are absent,
and there is no need for lubrication or assembly. However, one key
challenge is that their range of motion is severely limited: elastic ele-
ments cannot do full-cycle rotation as traditional revolute joints (e.g.,
ball bearings) can. As a result, to date, no solutions for precise fre-
quency multiplication through elastic media have been reported.

In this paper, it is shown that in spite of the fundamental limita-
tion of the motion range of elastic materials, a monolithic frequency
doubler transmission is conceived, designed, and tested. The proposed
methodology uses elastic deformation and internal buckling of a
monolithic structure to achieve this.

The movement is based on the exchange between two instant
centers of rotation enabled by the buckling in slender beams, with
lengths of Ly, and Lj,, on two sides of the input shuttle, shown in
Fig. 1(a). The buckle-sensitive beams are employed as compliant
reconfigurable joints. They provide two DOF (degrees of freedom)
(rotation and translation) when a tensile force is applied, undergo
buckling, and relieve all planar kinematic constraints when a com-
pressive force is applied, shown in Fig. 1(b). The rectilinear motion
of the input and the output shuttles is supported via two parallel
flexures with lengths of L, L,, and Lj, respectively. Two double
blade rotary pivots, shown in Fig. 1(c), are used to provide a relative
rotation between the lever arm and both shuttles.
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FIG. 1. (a) Schematic representation and geometric parameters of the frequency
doubler transmission mechanism. (b) The buckle-sensitive beams are employed as
a reconfigurable kinematic joint. (c) The geometric parameters of the double blade
rotary pivot used in the design.

ARTICLE scitation.org/journal/apl

Input-output kinematics, the cycle of movements, and their cor-
responding pseudo-rigid-body kinematic models are shown in Fig. 2.
As can be seen, for a forward movement of the input shuttle, the
buckle-sensitive beam in the right side of the input buckles and the
lever arm rotates around the virtual instant center of rotation, IC;,
which is along the left buckle-sensitive beam. This results in an for-
ward movement of the output shuttle with a displacement of u,,.
Likewise, the lever arm rotates around the virtual instant center of
rotation, IC,, while a backward motion is subjected to the input. As a
consequence, the buckle-sensitive beam on the left side of the input
shuttle undergoes buckling and results in yet another forward move-
ment of the output, u,,;. Since the back-and-forth movement of the
input causes forward displacements for the output, the proposed
monolithic structure doubles input motion frequency.

As can be seen in Fig. 1(a), the position of the buckle-sensitive
beams with respect to the input and output shuttles can be chosen
such that the instantaneous geometrical advantages (G.A.), m, for both
cycles are equal and can be represented as

Uout

GA. = =m
Uin

1

A pseudo-rigid-body model is developed to parametrize the stiff-
ness characteristics of the proposed transmission mechanism. For
given kinematics and considering a constant beam thickness over the
compliant design, a symmetric actuation force-deflection profile can
be established by satisfying

Ly, = vVm + 1L,. (2)

The parallelogram flexures indicated with lengths L;, L,, and L,
in the compliant design, are replaced by sliders and associated transla-
tional stiffness coefficients K, K,, and Kj, respectively, which can be
formulated as

 24EI

K;j j=A{1,2,3}, 3)

/A 3 0
L

1 mUp,
!

- Output displacement (m)

out

Ui

0

Input displacement (m)

FIG. 2. Input—output displacement relationship of the proposed frequency doubler transmission mechanism (middle); cycles of movement and their corresponding pseudo-
rigid-body kinematics for a backward input displacement (left) and for a forward input displacement (right).
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FIG. 3. (a) Fabricated microdevice on silicon using deep reactive ion etching (DRIE).
(b) The scanning electron microscopy (SEM) image and zoomed-in view of the output
shuttle. The SEM image of (c) top thickness of the flexures t; = 18.75 uum, (d) bottom
thickness of the flexures t, = 24.25 um, and (e) markers used to calibrate the optical
displacement measurement, with a minimum feature size of 1.5 um. (f) Experimental
setup to evaluate the actuation force and the input-output kinematics of the microtrans-
mission. (g) A detailed view of actuated microtransmission, corresponding to the back-
ward movement.

where E is the Young’s Modulus of the material and I is the second
moment of area.

The double blade rotary pivot is modeled as a pin joint with a tor-
sional spring K, located at its virtual center of rotation, where the stift-
ness constant is given by

8EI(H? + Hh + h?) cos ¢
K4 = 3
(H—h)

(4)

The buckle-sensitive beams can be considered as a fixed—fixed
flexible segment when they are under tensile forces. This can kinemati-
cally be represented as a binary pseudorigid link with the length of
yLy, and yL;, associated with the torsional spring Ks at hinges.
Besides, the torsional spring constant, Ks, for a fixed-fixed segment
can be given by

EI EI
Ks = ZVKGL—7 K¢ = 2VK®L—7 (5)
by by
where y = 0.85 is the characteristic radius factor and Kg = 2.65 is
the stiffness coefficient. In the corresponding kinematic model,
the buckle-sensitive beams are replaced by their equivalent buck-
ling forces, Fy, and Fy,, since they cannot pose any kinematic con-
straint. The buckling force can be estimated by the classical
Euler-Bernoulli beam theory, and for the fixed—fixed beams, it
can be expressed as

ARTICLE scitation.org/journal/apl

Fy = j={1,2. (6)

Therefore, the input actuation forces, F;,, for both cycles can be
given by applying the virtual work principle, which results in
5uout 502

ou
Fin = Kiujy, + Fp, 571’ + Kythous Su. + 2K,40, S
mn m m

o o0
+K3(Xour — 3a) ;o_ut +Ks (93 - g) 5u-3

T 593 (502
+Ks <03 -0, — E) (5um - 5um>7 7)
o)

where 5~ are kinematic coefficients and can be determined through
velocity analysis.

A microdevice was dimensioned and fabricated for application in
mechanical wrist watches, shown in Fig. 3(a). The device was etched on
a silicon wafer with a thickness of w =525 um. The design parameters,
summarized in Table I, were optimized for linear input-output kinemat-
ics, with a velocity ratio of m = 2 and a symmetric actuation force.

A thickness of t=30 pm is considered for all the flexures in the
design. Besides, an initial curvature with a radius of 1000 mm was
implemented for both buckle-sensitive beams to ensure the buckling
direction of the beams and avoid the solution convergence into higher
order buckling modes in the finite element model (FEM). The designed
compliant embodiment is composed of flexures with a rectangular
cross section. However, the released fabricated device got a trapezoidal
cross section due to the nonconstant etching rate of the deep reactive
ion etching (DRIE) process. Therefore, a scanning electron microscopy
(SEM) measurement was conducted to find the thickness of the flex-
ures at the top and bottom layers, as shown in Figs. 3(c) and 3(d). The
results are then applied to the FEM and the theoretical model by creat-
ing a customized cross section based on the SEM results.

A FEM model was made in ANSYS to analyze the compliant fre-
quency doubler transmission. The beam element based on the
Timoshenko beam theory (BEAM188) was used for the flexures.
Moreover, orthotropic material properties for a standard (100) silicon
wafer were considered to investigate the device further: E, = E,
— 169 GPa, E, = 130GPa, v, = 0.36, v, = 0.28, 1, = 0.064, G,
= Gy = 79.6 GPa, G,y = 50.9 GPa, p = 2330kg/m’. The FEM was
evaluated, while the maximum Von Mises stress was limited by a max-
imum allowable stress of 200 MPa. This value is selected far below the
maximum yield strength of the silicon, which is about 6 GPa. This was
an industrial constraint and was considered to prevent any risk of
crack growth in the silicon crystal of the microdevices.

An experimental setup was constructed to evaluate the actuation
stiffness and the input-output kinematics of the silicon device, shown
in Figs. 3(f) and 3(g). The force deflection of the devices is measured
using a 20 g force sensor (FUTEK LSB200) with a resolution of 50 uN.
The force transducer was mounted on a precision linear stage (PI
Q-545), with a resolution of 1 nm and a minimum incremental motion

TABLE I. Design parameters for the monolithic frequency doubler transmission mechanism.

Parameters a Ly, Ly, L,

1 2

L, Ls H h ®

Values 4.3 mm 22.52 mm 13 mm

2.5 mm

3.5mm 0.6 mm 1.8 mm 0.05 mm 37.5°
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FIG. 4. Theoretical, experimental, and FEM results of the actuation force as the
inputs displaced for u;, = =100 pm.

of 6nm, to provide a rectilinear input motion. A displacement of
Uy = =100 um was applied to the input shuttle of the microdevice,
while the movement of the output shuttle was simultaneously captured
using an optical microscope. The output displacement was then ana-
lyzed using image processing, where the measurement was calibrated
by the markers with a minimum feature size of 1.5 um on the output
shuttles, shown in Fig. 3(e). This resulted in a displacement measure-
ment with an accuracy of 100 nm. The optical displacement measure-
ment, the FEM, and the theoretical model show the same behavior
and order of magnitude for the input-output kinematics. However,
maximum discrepancies of 0.15% and 0.2% with the theoretical model
were predicted and observed, for the input-output velocity ratio, by
the FEM and the experiment, respectively, which can be explained by
the accuracy of the theoretical model.

The results of force-displacement characteristics obtained by the
experiment, the FEM, and the theoretical model are depicted in Fig. 4.
A similar trend in actuation stiffness for both upward and downward
input motion is observed. The results from FEM and experiment show
a21.2% and 30.4% decrease in buckling force predicted by the theoret-
ical model, respectively. This can be explained by the accuracy of the
classical Euler-Beam theory and the effect of the initial curvature of
the beams, as a geometrical imperfection. Moreover, the discrepancy
between the experimental results and the FEM can be explained by
other imperfection factors and uncertainty in the thickness measure-
ment, which is about 0.8 um. A decrease in thickness ¢ of 0.2 um for
buckle-sensitive beams with an initial average thickness of 21.5 um
results in an approximately 2.77% decrease in buckling force.

The modal frequencies of the proposed mechanism that alter its
kinematics are calculated by FEM. The first undesired motion occurs
at 650 Hz, corresponding to the out-of-plane movement. This is about
two orders of magnitude higher than the operation frequency of the

ARTICLE scitation.org/journal/apl

mechanism for application in mechanical watches, which is dictated
by the natural frequency of the oscillator (about 5-15 Hz). Moreover,
by further down scaling of the mechanism, using beams with a thick-
ness of 2 um, the application in devices within the frequency range of
10 kHz can be reached.

In summary, this paper proposes a monolithic micromechanical
frequency doubler transmission mechanism. Frequency doubling
functionality has been achieved by employing buckling of slender
microflexures as reconfigurable kinematic joints and verified using
both finite element analysis and experiments. Our future work
includes concatenation of these frequency doubler building blocks for
higher frequency advantages and characterization of their nonlinear
dynamics experimentally.

This work was supported by TAG Heuer and LVMH Watches
Division.
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