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Design and Fabrication of Compliant
Micromechanisms and Structures
with Negative Poisson’s Ratio

Ulrik Darling Larsen, Ole Sigmund, and Siebe Bouwstra

Abstract—This paper describes a new way to design and and fabrication methods for MEMS still have to be solved.
fabricate compliant micromechanisms and material structures Here, we shall concentrate on design and fabrication of the
with negative Poisson’s ratio (NPR). The design of compliant mechanical parts. Because of the small dimensions, it is

mechanisms and material structures is accomplished in an au- difficult t ideal hi beari d rigid bodi
tomated way using a numerical topology optimization method. imcult 1o use 1deal hinges, bearings, and gl odies, as

The procedure allows the user to specify the elastic properties of S€en in design of normal multibody systems (e.g., Erdman and
materials or the mechanical advantages (MA’s) or geometrical Sandor [5]) for the design of MEMS. Friction and wear would

advantages (GA’s) of compliant mechanisms and returns the cause the hinges to break down after a few operation cycles.
optimal structures. The topologies obtained by the numerical Tnarefore, micromechanisms should be designed as compliant

procedure require practically no interaction by the engineer flexible-link hani C liant hani so h
before they can be transferred to the fabrication unit. Fabrication ortiexible-link mechanisms. Lompliant mechanisms also have

is carried out by patterning a sputtered silicon on a plasma- the advantage that they can be built in one piece, which lowers
enhanced chemical vapor deposition (PECVD) glass with a laser the number of fabrication steps.
micromachining setup. Subsequently, the structures are etched  Fabrication of microstructures can be done using silicon-
into the underlying PECVD glass, and the glass is underetched, g, rface micromachining in thin-film materials. Currently, two-
all in one two-step reactive ion etching (RIE) process. The . . S

dimensional (2-D) fabrication procedures are well developed,

components are tested using a probe placed on ary stage. . -
This fast prototyping allows newly developed topologies to be but effort is devoted to the development of fabrication meth-

fabricated and tested within the same day. [188] ods for two-and-a-half [6] and fully three-dimensional (3-D)
Index Terms—Compliant micromechanism, fast prototyping, mlcromechamsms. [71- Th|§ -paper will only consider 2'D,
negative Poisson’s ratio. structures. The micromachining process should be compati-

ble with general micromachining processes to facilitate the
implementation with interface electronics and actuators. Fur-
thermore, film thicknesses of more than are preferred to
ICROMECHANICAL devices have many promisingprevent buckling and warping of the structures during testing.
areas of application. Some of the main areas are todleese demands can be met by employing low-stress plasma-
for microfabrication and nanofabrication, microsurgery, anghhanced chemical vapor deposition (PECVD) glass. In this
nanoprobing analysis systems. In nanofabrication, the mangaper, the structures will be operated by external probes. On-
ulation of small objects on a surface by microhandling mechehip integrated actuation would, in principle, be possible using,
nisms, such as a microgripper [1] and positioning microrobotfor example, thermal bimorph actuators [8]. In the case of
devices [2], are steps forward toward higher functionalitglectrically conductive structures, electrostatic comb drives can
levels and higher flexibility. In microsurgery, where accuraclye applied.
is needed in microscopic and very sensitive operations, the
micromechanisms may provide very precise tweezers and
knives, etc. In microanalysis and nanoanalysis systems, the!l: METHODICAL DESIGN OF COMPLIANT MECHANISMS
micromechanisms can be used as positioning tools or forDesign of compliant mechanisms is often accomplished
precision probing of a surface [3], whereas microtweezers cap trial and error methods. However, Howell and Midha
be used to hold the specimens [4]. [9] suggest a method to design compliant mechanisms by
While design tools for the electronic part of microelectromenodifications of a rigid body model. Ananthasureshal.
chanical systems (MEMS) are very well developed, problen0] use topology optimization methods to find the compliant
such as methodical design of the mechanical parts, packagimgchanism topology, which, in an optimal way, can perform
a given manipulation task, and Sigmund [11] uses a truss
Manuscript received December 5, 1995; revised October 1, 1996. Subjgghdel and topology optimization techniques to design simple
Editor, D.-l. D. Cho. This work was supported by Denmark’s Technical . . L .
Research Council (Programme of Research on Computer-Aided Design). grabblng mechanisms. T0p0|09y optimization is typlcally used
U. D. Larsen and S. Bouwstra are with Mikroelektronik Centret (MIC)as a design tool when high performance and low weight
Technical University of Denmark, DK-2800 Lyngby, Denmark. _of a mechanical structure is required, which is often the
O. Sigmund is with the Department of Solid Mechanics, Technical Univer- . . . . L
sity of Denmark, DK-2800 Lyngby, Denmark. case in the aerospace and automotive industries. This field
Publisher Item Identifier S 1057-7157(97)02119-7. has gained much popularity since Bendsge and Kikuchi [12]

I. INTRODUCTION
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introduced a topology optimization method using homogand methods, the reader is referred to the general literature on
nization methods. For an overview of the field, the readépology optimization (e.g., Bendsge [13]).

is referred to Bendsge [13] and the references therein. The

method presented here is an improvement of the meth@lsCompliant Mechanism Design Examples

presented in [11] and [12] and allows the user to specify theFig. 1 shows the design domains and input and output

mechanical advantages (MA’s) or the geometrical advantaq@gd cases for five considered compliant mechanism design

(GA's) of the compliant mechanisms. The topologies obtaing foblems. The rectangular design domains are discretized by

require only little interpretation by the engineer before they CEanically 3000 quadrilateral finite elements, where the density

be transferred to the fabrication unit. For design of complia - ) .
: R A of material in each element represents one design variable. The
mechanisms in this paper, the topology optimization problem

. . - . ._resulting designs are shown in Fig. 2. By using penalization
is defined as followsDistribute a given amount of material 9 ar . 9 y gp
I ; : . f gray areas in the design algorithm, the amount of gray
within a design domain for a prescribed MA or GA and suc . C . .
. - : o N areas is minimized, but, still, their appearance cannot be
that the mechanical efficiency is maximiz&the optimization . . ) )
. T, fully eliminated. The five mechanisms can be characterized
problem is formulated as minimization of least-squares errors ; . .
; .- . ) : ; as follows. Mechanismu is a force inverter that converts a
in obtaining the prescribed elastic behavior and is solved usi

a sequential linear programming (SLP) method, RSrizontal input force to a force in the opposite direction at the

output point. The MA's or GA’s can be prescribed such that
force or displacement amplification can be achieved. Fig. 2(al)
and (a2) shows a 1:1 and 4:1 force inverter, respectively. The
The main difference between rigid body mechanisms amgechanism in Fig. 2(a2) can also be seen as a displacement
compliant mechanisms is that energy is no longer conservgghplifier: an input displacement (black arrow) is converted
between the input and output point because of energy storagea four-times-bigger output displacement in the opposite
in the flexible parts of the latter. This implies that the GA iglirection. It should be noted that the design procedure only
not equal to the inverse of the MA when we are consideringbnsiders linear displacements, and, therefore, the GA’s only
compliant mechanisms. In other words, defining GA as outphbld for small input displacements. Fig. 2(b1) and 2(b2)
displacement divided by input displacement and MA as outpsfiows the resulting designs for a cleaving mechanism (this
force divided by input forceMA - GA will be equal to one for design example was used in [10]). There are two input
rigid body mechanisms with ideal hinges, wheréda - GA  forces that should be converted into a compressive or tensile
will always be less than one for compliant mechanisms. Ofgrce at the output piston [which is prescribed to be solid,
of the goals in compliant mechanism design is toldet-GA  as seen in Fig. 1(b)]. Mechanisms and d represent the
as close to one as possible—in that way, a high mechanigakign of gripping mechanisms. For grippedsand ¢2, the
efficiency of the compliant device is ensured. Typically, thgutput points are the outer points of the jaws, which are
user wants a mechanism with some specific GA or MA*  specified to close and open, subject to the horizontal input
or M A*. There will also typically be some constraint on théorce, respectively. For gripperdl and d2, the jaws are
amount of material that can be used for the structure. Byecified to move in parallel. This was done by specifying
choosing an upper limit’* on the amount of material that cantwo separate output load cases, and the design problem was
be distributed in the desigh domain, it is indirectly possible t®erefore extended to include two prescribed GA’'s and two
control widths of beams in the designs. prescribed MA’s. Finally, mechanismrepresents the design
The optimization problem can now be defined as followsf a micropositioning device. Given a design domain and two
Distribute a given amount of material within the design domaimput actuators, the problem is to find the mechanism topology
such that the error in obtaining the prescribed valuesttl  that can make the output point independently controllable in
and M A are minimized The optimization problem can bethe vertical and horizontal directions, respectively. Fig. 2(e1)

A. Computational Method for Compliant Mechanisms

written as shows a design, where a horizontal input force (middle left
L (MA—-MA"?  (GA—- GA*)? edge) results in a horizontal movement of the output point,
Minimize & = + ; : ; . :

(MA*)? (GA*)? and a vertical input force (middle lower side) results in a

N vertical movement of the output point. If we want to use

subject to Zpeve <V* comb drives as actuators, we can only get attracting input
] forces. Fortunately, the design method is able to produce the

and 0 < pin < p° < 1, e=1,---,N (1) micropositioning device seen in Fig. 2(e2); this mechanism

) ) ) has the opposite output behavior compared:1o All these
where N is the number of elements or design variableg,echanisms can also be used in the opposite direction, where

p° is the density of material in element (design variable j force or displacement at the output gives an associated force
e), pmin IS the lower side constraint on the design variables displacement at the input.

(for computational reasons), and is the volume of element

e. Typically, the algorithm requires several hundred iterations
to converge, each iteration step requiring a finite-element
analysis with two load cases [solving (1)], a simple analytical The existence of materials with NPR’s or, in other words,
sensitivity analysis, and a design update using the Simplde existence of materials that expand transversely subject to
algorithm. For more details on the computational algorithmen applied tensile load has been questioned by researchers and

[ll. DESIGN OF STRUCTURES WITHNPR

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 09,2010 at 07:57:13 EST from IEEE Xplore. Restrictions apply.



LARSEN et al.. DESIGN AND FABRICATION OF MICROMECHANISMS AND STRUCTURES 101

Input force direction: =

Output force direction: =>
e
-p

Fig. 1. Design domains and input and output load cases for five compliant L, sl
mechanisms. The gray areas define the design domains, whereas white and
black areas define areas that are specified to be void or to consist of solid
material, respectively. Black arrows denote point and direction of the input
force, and white arrows denote points and directions of the prescribed output -
forces or displacements. Numbers denote the magnitude of the forces. =

H

engineers for a long time. However, thermodynamics allows e
the Poisson’s ratio of an isotropic material to approach
Among other applications (see, e.g., Lakes [9]), materials with | 4,
NPR can advantageously be used in the design of hydrophoneé_.[ il
[14] and other sensors. One reason is that the low-bulk !
modulus of these materials makes them more sensitive to
hydrostatic pressure. As the bulk modulus of an isotropic __|
material is defined a?&{ = E/(3(1 — 2v), where E is T
Young’s modulus andv is Poisson’s ratio, the sensitivity
to hydrostatic pressure is increased by almost one order of
magnitude for a Poisson’s ratiel material compared to a
material with an ordinary Poisson’s ratio 0.3. A theoretical
material microstructure with Poisson’s ratiel was first
reported by Almgren [15]. A practical material with NPR was
first developed by Lakes [16], who treated an open-walled ...
foam material with heat and pressure to obtain the NPR effect. ,
Lake's foams have average cell sizes down to 0.3 mm and MA, =1

Poisson’s ratios down te-0.8. In Sigmund [11], [17], [18], a . ) , ) ) .
2. Ten optimized compliant micromechanisms. White colors indicate

. . . - - Fig.
numerically b‘r’.‘sed meth_Od .'S used t(_) design r.nate”alsl with %?/d areas, black colors indicate solid areas, and gray areas indicate areas of
thermodynamically admissible elastic properties. In this papetedium density. Numbers denote the size of the forces.

we will show that it is possible to design and manufacture

microstructures with NPR’s and cell sizes down to 50 m usinrﬁ o
o ) aterials indeed, and they are comparable to the naturally
topology optimization. These microstructures are referred 10.

as NPR materials and can be fabricated by utilizing silico?f('Stlng material cork (zero Poisson’s ratio), which has a

surface micromachining techniques. microstructure on the same length scale.

It might be objected that the NPR materials produced For the design of NPR materials, we will consider periodic
in this work are structures rather than materials. Howevdpicrostructures, where the smallest repetitive unit, called the
knowing that every material has a structure if one lookaase cell, will be the design domain, and the design goal
at it at a sufficiently small scale, the distinction betweels t0 minimize the error in obtaining the prescribed elastic
“materials” and “structures” is blurred. Defining materials agroperties for a fixed amount of material in the base .célie
repeated structures that cannot be seen by the naked dghavior of both mechanisms and NPR materials is analyzed
the negative Poisson’s structures produced in this paper byediscretizing the design domain by four-node quadrilateral
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PECVD-glass and sputtered silicon layers

@

~~~~~~~~~~~~

Laser micromachining of sputtered Silicon

(b)

Fig. 3. Material with Poisson’s ratie-0.8 obtained from a ground structure
with 40 by 40 elements and vertical symmetry enforcement.

Etching and underetching of structures

\\\\\\\\\{\\§§\\\\>§\§§\\§ Fig. 6. Steps in the process sequence after (a) depositiorpof ®ECVD
\\\\\\\i\\\\\\\\\\\\ \\§ glass and 2¢m silicon, (b) laser micromachining of a prototype mask, and (c)
\\\\\\\\\\\\\\\\\\\\\% two-step RIE process: anisotropic glass etch followed by an isotropic silicon

\\\\\\\\\\\\\\\\\\ etch.

W&\\\EE\\\\\\\\\ o ;/;ntfr; Fr:\ifactré%egsdznz%ﬁédﬁgzz rt)rr]c?b?grt:]m'zauon problem

Minimize & = (B, — Efj)?
N
subject to Z PV < Peen

e=1
Fig. 4. Four postprocessed micromechanisms: (a) a 1:1 inverter, (b) a 1:4 and 0< pmin < p° <1, e=1,---N (3)
inverter, (c) a gripper, and (d) a positioner. These designs are now ready to
be transfered to the laser micromachining setup. where, as beforey is the number of finite elements or design

variables,p® is the density of material in elemeant(design
variable e), pmin is the lower side constraint on the design
variables (for computational reasons), asfdis the volume
of elemente. Egk denotes the homogenized or averaged
elasticity tensor for the inhomogeneous material, which can
be found using the standard homogenization method (e.g.,
Bourgat [19]). The homogenization method implies the solving
of a finite-element problem with three load cases, namely, a
horizontal pull, vertical pull, and shear pulling case, just as
Fig. 5. Interpretation of one of the NPR material designs. one would do to test a real material.
finite elements and solving the finite-element problems f@. NPR Material Design Examples
several loading cases. The design variables are given as th
density of material in each finite element. As in the previo
section, the optimization problems are solved using the Sls
method.

Besign of an NPR material was done by specifying the
astic properties of a material with Poisson’s rati6.8 and
olving the optimization problem (3) for a quadratic base
cell discretized by 1600 quadrilateral finite elements, each
representing one design variable. The resulting topology is
seen in Fig. 3 (left). The base cell is repeated in Fig. 3 (right),
The behavior of a linear elastic material follows the genewhere the mechanism is seen more clearly. When the material
alized Hooke’s law is compressed horizontally, the triangles will collapse and
@) result in a vertical contraction, which is the characteristic
behavior of an NPR material.

A. Computational Method

0ij = Eijrien
where E;;;; is the elasticity tensor and;; and¢;; are the
stress and strain tensors. By distributing a prescribed amount IV. FABRICATION OF MICROSTRUCTURES

of material within the design domain (the base cell), we can e achieved designs for compliant micromechanisms and
design a porous and periodic structure with the prescribggb materials were fabricated using silicon surface micro-
elasticity tensor£y;,,, assuming plane stress conditions anghachining. The fabrication method employs a direct writing

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 09,2010 at 07:57:13 EST from IEEE Xplore. Restrictions apply.
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Fig. 7. NPR material testing bar composed of 20 by 8 unit cells. The handle is seen in the front. Upper right: view of the cantilever in the axigl direction
after cleaving. The pattern of the beam is also present at the bottom of the recess. Lower left: closeup of the NPR material. The roughness of the side
walls is due to the finite resolution of the laser micromachining.

approach, using laser micromachining of a silicon mask lay&he usage of a PECVD glass enables us to employ a simple
sputtered on top of a deposited glass layer. To manufactine-step reactive ion etching (RIE) process to make suspended
the mask for the mechanisms and NPR materials, we nesdtlictures. A Zzm-thick silicon was sputtered on top of the
to create an input file containing the patterns for the lasglass layer to be used as a masking layer [Fig. 6(a)]. The
micromachining. The mask is a “negative” of the structurénechanism designs were etched into the sputtered silicon by
as seen in Fig. 4, since the dark areas denote the areas t@lifRect etching with a laser micromachining system [Fig. 6(b)]
removed by the laser. The numerically produced topologif, [20]. This method of rapid prototyping made it possible to
should be slightly postprocessed by the operator, howevgst a large amount of device designs as they were completed.
they are easily interpreted as frame structures. The only poifit€ spot shape of the Am laser beam results in a roughness
of caution are the grey regions, where the topologies agg the side walls as it is seen on the side of the §tructure
not clearly defined. Currently, the grey areas are manua"}/ Fig. 7 (lower left). The structures were etched into the
interpreted, but we are working on improving the metho@l@ss utilizing a two-step RIE process that includes ané-
such that interpretation can be done automatically using@gisotropic glass etch in CF4/CHF3 and a 2@ isotropic
density—contour-based algorithm. The thickness of the narrG#jcoN €tch in SF6 at 120 mTorr. _

regions (hinges) has a great influence on the overall behaviof” F19- 7. the final result of a suspended NPR material beam
and maximum stress in the mechanism. The optimal thicknéd? P€ seen. In the upper right of Fig. 7, the cross section of
and shapes of the hinges are currently being investiga beam shows the isotropy of the RIE etch; the selectivity is

using detailed finite-element analysis. In the present work, tﬁgproxmately 1:2. Fig. 8 shows three compliant mechanism

thickness and shape of the hinges are decided by the percep%%mypes'
of the engineer. Some of the postprocessed mechanisms are
shown in Fig. 4.
To be able to mechanically test the NPR material, the base V. EXPERIMENTAL RESULTS

cell is repeated eight and twenty times in the two directions. The samples with the micromechanisms were placed on a
The resulting bar is clamped at one end and equipped Wwitliguck with a vacuum fixture (Fig. 9). To operate the structures,
handle at the other end, as seen in Fig. 5. a probe on a vertically adjustable arm was placed om:-an

The structures were realized in an isotropic 6-m-thicktage. The stage was manually operated, and the movements
PECVD glass. This type of material as device layer enabl@ggre measured on a scale with Q.8 resolution. The struc-
us to make thick films(>5 pm) without grain boundaries tures can be monitored on a screen using a video camera, and
and with very low stress and isotropic elastic properties. Tlige response of the mechanisms was recorded on a video tape
PECVD glass was deposited on a 4-{i00) silicon wafer for subsequent evaluation.
and, subsequently, thermally annealed at 800n N for 1.7 For the NPR materials, the sideways extensions were deter-
h to bring the compressive stress in the glass close to zemined by adding the two sideways displacements of the two
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50 pm

(b)

I
100 pm
©

Fig. 8. Compliant micromechanisms: (a) a positioner mechanism, (b) 4:1 inverter mechanism, and (c) gripper mechanism.

sides of the cantilever. The Poisson’s ratio can be found fromere measured to have an NPR of 0:822.3% up to a 1.6%
—Ab/b @) elongation [see Fig. 10(a)].

) — ———

! AlJl Output displacements were determined using a ruler on the

whereAb is the sideways extension is the axial elongation, SCreen after calibration. The accuracy is determined by the
b is the width, and is the length of the beam. In the practicaresolution, which amounts to Am. The graph in Fig. 10(b)
test, the NPR materials designed for a Poisson’s ratie@B presents the response of the 1:1 and 1:4 displacement invert-

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 09,2010 at 07:57:13 EST from IEEE Xplore. Restrictions apply.
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Fig. 9. Test setup. The samples are placed on a chuck, and the mechanisms
are tested by a probe on a stage. The movements are recorded. The experiments @)
are evaluated using a monitor.
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A. Discussion E
/ A .
Experience shows that one should be careful with 2-33 5 | / E/ buckling

ers. They both show good linearity until the moment wher&
buckling appears. In the linear regions, the response of the 1&115 -
and 1:4 displacement inverters are ®#110% and 1:3.6+ £
10%, respectively. Eventually, the structures fracture.

@ (um)

o

output displac

fracture

=

calculations when the width of the interconnections become$
larger than the thickness of the structure layer. To reach bet#r fT/

results, the structures should be fabricated using thicker layers,0T 5 10 15 20 o5 30
for instance, by using electroplated materials. Requirements Input displacement (um)
could also be reached by scaling down the mechanisms, but (b)

this would require higher resolution of the fabrication methods. _ . .
El tions laraer than 2% could not be reached because Fﬁélo. (a) Response of an NPR material. Measured sideways extension
onga g 0 " ) \; us imposed axial elongation. The resulting NPR measured wast0.92
structures’ fracture due to stress concentrations in the fragil®s. (b) Measured response of 1:1 and 1:4 displacement inverters. The linear
glass material. More enduring structures would be obtainéigrlacement transformation hold_s unnl buqkllng appears, an_d, eventually,

ith thicker films or by using more elastic and less brittlthe structures fracture. The resulting linear displacement inversions measured
wi : y g . Svere 1:1+ 10% and 1:3.6- 10%, respectively.
materials, such as polymers or electroplated copper or nickel,
which require alternative fabrication techniques. Nonlinearities
such as those due to buckling could be avoided by increasing
the widths of buckling-prone elements in the structure. The authors would like to thank M. Mlenborn for his
assistance with the laser micromachining, T. Storgaard-Larsen
and L. S. Johansen for useful information on processing,

and the laboratory staff for assistance with processing in the
VI. CONCLUSION cleanroom.
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