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Abstract. The purpose of this paper is the fabrication, replication, and
wafer-level imprinting of a polynomial curvature to enable the realization
of an electrostatic out-of-plane zipper actuator with considerably altered
and enhanced voltage versus deflection behavior. This is achievable
only by changing silicon as established main material to a UV-curable
polymer, while retaining the lithography-based fabrication technology.
The basic concept of this actuator is explained, and with derived design
rules, a finite element analysis is established to design an actuator with
an integrated micro-mirror and 10-μm deflection at 60-V driving voltage.
The diamond turning of the master mold and the wafer-level fabrication
process of the polynomial curvature are explained in detail and realized
by unconventional wafer-level imprinting of a UV-curable, nonconducting
polymer. The experimental results of the deflection measurements show
a deflection of the intended 10 μm at 200 V. This deviation in necessary
driving voltage can be explained by fabrication-induced intrinsic stresses,
which bend the actuator beams upward. This increases the gap between
the electrodes, making it possible to achieve 26-μm deflection at 300 V.
This paper finalizes with an illustration about the now possible designs for
polymer-based electrostatic zipper actuators. © The Authors. Published by SPIE
under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI:
10.1117/1.JMM.12.4.041205]
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1 Introduction
Since the electrostatic principle is a surface effect rather than
based on the actuator volume, a relatively high energy den-
sity can be achieved. Thus, electrostatic actuators are versa-
tile and convenient for miniaturization and integration. They
are relatively easy to fabricate and widely utilized in modern
microelectromechanical systems (MEMS).1 Silicon as a base
material is still predominant, allowing small, precise, and fast
sensors and actuators.2 As a stiff material, however, the struc-
tures have to be fragile and miniaturized in order to provide
a usable deflection for a reasonable actuation voltage and the
possibilities of shaping silicon are limited by the according
fabrication technology. In addition, the combination with
other materials for enhanced functionality (e.g., microlenses)
is challenging. It is the intention to maintain wafer-level fab-
rication, comparable to the wafer-level fabrication of silicon-
based MEMS actuators, while scaling up the dimensions of
an electrostatic actuator. To fulfill the requirements of mm-
scale actuators, thus fitting in the gap between micro- and
mm-scale actuators, a different base material than silicon
is reasonable for realization. UV-curable polymers exhibit
a low elastic modulus, thus allowing less fragile, larger struc-
tures and higher deformations for a comparable actuation
force. In addition, the fabrication technology of some UV-
curable polymers presents the possibility of imprinting
complex freeform structures on wafer-level which can be

utilized to create enhanced actuators and functional elements
like microlenses or microgrippers. The fabrication technol-
ogy for such a polymer is still based on classic lithography;
therefore, the positioning as well as feature size accuracy
and resolution of lithographic photomasks can be achieved.
In contrast to silicon, most UV-curable polymers do not
possess the properties necessary for actuator functionality
themselves. Such can be integrated depending on the chosen
principle. As a surface effect, the electrostatic principle is
independent of the underlying volume; therefore only two
thin metallizations (and an insulation layer eventually) are
necessary to integrate electrostatic actuators in polymer-
based structures. Therefore, this paper presents the fabrica-
tion and actuation results of an imprinted freeform surface
for an electrostatic out-of-plane zipper actuator which is
completely based on a UV-curable polymer.

1.1 Outline

First, the basic characteristics of a simple zipper actuator
are briefly explained. Because of the more complex
setup, the whole actuator has to be designed utilizing finite
element analysis (FEA). For this, the requirements and
the basic idea of the actuator with an integrated micro-
mirror, as an example, are described and the design and
corresponding FEA results are presented, achieving the
intended deflection with no pull-in effect. Consequently,
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the previously theoretically designed polynomial curvature
has to be fabricated. The whole fabrication and especially
the wafer-level imprinting of the polynomial freeform are
described in detail. After each process step, the freeform
is analyzed and deviations from the design goal are calcu-
lated. Subsequently, the deflection of the fabricated actuator
was measured and the experimental results are discussed.
The conclusion and outlook give a summary of the achieved
results and examples describing the potential use of the
presented technology for future actuators.

1.2 Principle and Basic Design Rules

The electrostatic principle is widely known and used for
actuators and will, therefore, not be explained at this
point. The presented actuator is based on the so-called zipper
actuator, the fundamentals of a two-dimensional (2-D) zipper
actuator are discussed in detail in Refs. 3 and 4. For discus-
sion of the actuator presented in this paper, it is sufficient to
point out a few characteristics and basic design rules of an
electrostatic actuator, respectively, the zipper actuator. Due
to the highly nonlinear force-deflection-correlation, usually
only one-third of the whole deflection range of a parallel-
plate actuator is usable until the movable electrode is
pulled-in.5 This also occurs for zipper actuators. The pull-
in effect can theoretically be circumvented by specific elec-
trodes resembling a polynomial curvature.3 The degree of
that polynomial has great influence on the voltage versus
deflection curve. A polynomial with 0 ≤ n ≤ 2 leads to
a nearly bistable behavior with a distinct pull-in effect.
With an increasing degree of the polynomial, the deflection
versus voltage behavior becomes more linear at the cost of
increased voltage per micrometer deflection.4 To obtain
an analog deflection behavior with relatively low actuation
voltage, the polynomial degree of n ¼ 3 will be used for
upcoming simulations. Additionally, in Ref. 4, a satura-
tion-like behavior can be observed once the deflection of
the cantilever beam gets closer to the maximum deflection.
Subsequently, the maximum deflection δmax should exceed
the intended deflection of the actuator for an optimized
voltage-deflection ratio. Besides that, the performance
(generated force and deflection per volt) of the electrostatic
zipper actuator can exceed the more common comb-drive
and gap-closing actuators6 with a challenging fabrication as
downside. Such a polynomial curvature can be created via
silicon etching or deposition7 and is, due to limitations in
fabrication, only suitable for in-plane movement. To ensure
electrical insulation, the electrodes defined by the polyno-
mial curvature are often embedded with bumpers for a mini-
mum distance to the flexible cantilever beam,8 interrupting
the intended curvature, and altering the deflection behavior.
Despite those limitations, various design of silicon-based
zipper actuators are successfully implemented in several
devices such as fluid control9 or deformable mirrors.10

By changing the main material from silicon to a UV-curable
polymer it is possible to fabricate three-dimensional (3-D)
freeform curvatures with the scope of building out-of-
plane zipper actuators with a specific polynomial curvature
to alter the voltage versus deflection behavior considerably.
For this, the required polynomial freeform has to be precisely
replicated. In addition to the heavily changed fabrication
possibilities, the elastic modulus of such a polymer [e.g.,
Ormocomp® with 1.6 GPa (Ref. 11)] is considerably

lower than the elastic modulus of silicon [160 GPa
(Ref. 12)], thus drastically reducing the required voltage.

2 FEA Modeling and Actuator Design
A specific electrode curvature and setup known as the zipper
actuator is used for the intended minimization of the pull-in
effect and a linearized voltage-deflection behavior of a
micro-mirror (1 mm diameter) with an out-of-plane deflec-
tion range of 10 μm by equal or <60 V actuation voltage.
To be suitable for mobile devices, a maximum diameter
of 4 mm for the whole actuator device is set. The zipper
actuator presented in this work is similar to a classic design
of a zipper actuator.4 It is designed as a system of two electro-
des, one as a fixed- and curved-bottom electrode, the second
as a straight and flexible cantilever beam. The FEAwas done
with the FEA package CoventorWare from Coventor®.
CoventorWare utilizes the boundary element method (BEM).
BEM is based on a matrix in which the capacity between all
surfaces is stored and consequently, a meshed air volume
is not necessary to calculate deformations depending on
changes in capacity and force. This allows the simulation
of complex contact problems between two (or more) electro-
des. To satisfy the specifications of an actuator diameter of
equal or <4 mm, three (to assure the stability of the micro-
mirror) of the basic 2-D actuators [Fig. 1(a)] were arranged
in a circle following the circumference. A flexure hinge
between each beam tip and the central micro-mirror area is
provided [Fig. 1(b)].

FEA results of the micro-mirror deflection for this design
are shown in Fig. 2 with the thickness of the beam as a var-
iable parameter. It is obvious that deflection and required
voltage strongly depend on the thickness of the beam.

The intended deflection of 10 μm at 60 V is reached with a
beam of 50-μm thickness. With a beam of 30-μm thickness,
the required voltage for 10-μm deflection drops even below
27 V.

3 Fabrication Process
For imprinting the beforehand designed freeform curvature,
a master mold has to be fabricated and replicated on wafer
level. Although this mastering process is time consuming, it
is possible to completely imprint an 8 in. wafer with an array
of the desired freeform structures (or any other even more
complex curvatures). In the process, a stamp is pressed
into an initially liquid polymer which hardens under UV-illu-
mination. A master structure of sufficient quality containing
the required shape is mandatory for proper replication
results. In the case of zipper-type actuator modules, 3-D free-
form-like surface shapes are required in order to achieve
the intended movement with no pull-in effect and to reduce
the driving voltage. The surface profile of a single structure
can be manufactured by ultra-precision diamond machining
as described below.

As usual in MEMS technology, wafer-based batch tech-
niques are used instead of single devices for better handling
and in order to decrease fabrication costs. Consequently, an
array-like master structure is required consisting of several
identical structures placed on a fixed pitch. As an alternative
to the time consuming and, hence expensive fabricating of
the whole array by ultra-precision diamond machining,
a step and repeat process is used. This process relies on
the generation of copies of the stamp containing the single
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structure by laterally repetitive replication in UV-curing pol-
ymers on a common substrate. The whole process for the
generation of arrays of almost arbitrary structures depends
on a sequence of polymer dispense, single lens tool position-
ing, imprinting, UV-curing, and mold detaching (Fig. 3).

As depicted in Fig. 3, a transparent stamp (2) is made
from a diamond machined brass master (1). Liquid silicone
elastomer (Sylgard 184) is cast into the master mold for
the fabrication of the transparent stamp. Advantageously,
the material vulcanizes at room temperature and possesses
very little shrinkage. The drop of liquid silicone is placed
on a template glass substrate, which can be loaded into
the machine. In the subsequent step and repeat process (3),

the array-like master is produced. Finally, the entire wafer is
coated by UV-curing polymer, but illuminated only in the
gaps between the micro-structures for planarization (4).
Uncured polymer is washed-out after the exposure. From
the array master, a replication tool is generated by overcast-
ing with a liquid silicone elastomer (5). Subsequently, the
replication tool is used for the UV-replication of the micro-
structures on wafer level.

The fabrication of the initial master mold is based on an
ultra-precision diamond turning process of a brass tool insert.
The diamond turning of the structure takes benefit from
the unique properties such as the outstanding hardness, the
chemical resistance, the low friction, and the high thermal
conductivity of the cutting tool material.13

Ultra-precision diamond turning machines are routinely
used to fabricate optics with a center of symmetry. Since
the 3-D geometry shows no rotational symmetry but high-fre-
quency asymmetric features, a freeform machining approach
had to be applied. Therefore, the in-feed machining axis is
synchronized to the angular and radial position of the freeform
surface on the diamond turning machine’s workpiece spindle
to generate the freeform geometry. The forward and reverse
motions are achieved by an additional kinematic tool holder
of a low inertia device [Fast Tool Servo (FTS)]. The ultra-pre-
cision machining of high-frequency freeform surfaces using a
voice coil driven FTS system is described by Scheiding et al.14

The programming of the tool path geometry relies on a
point cloud description of the mold geometry. Therefore,
the geometry must be translated into a format where the

Fig. 1 (a) Illustration of the two-dimensional zipper actuator with assigned symbols. (b) Illustration of the intended zipper actuator design with
assigned symbols.

Fig. 2 Simulated deflection at the center of the micro-mirror. At 60 V,
the 50-μm thick beam reaches 10.9-μm deflection and fulfills
the requirement. With a 30-μm thick beam, the required voltage for
10-μm deflection is below 27 V.

Fig. 3 Schematic drawing of the mastering process: (1) ultra-precision diamond machined brass master; (2) transparent silicone elastomer tool;
(3) step and repeat process for the generation of an array of freeform micro-structures; (4) planarization of the array master; (5) array tool made of
silicone elastomer by overcasting the master structure; and (6) UV-replication of the micro-structures on wafer level.
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stroke z is a function of the polar angle ϑ and the radial dis-
tance to the center of rotation r. The analytic description of
the electrodes is developed in 1.8 × 106 points in a polar
mesh with a radial spacing of 5 μm and an angular step of
0.18 deg. A radius compensation of the cutting tool is not
necessary for this particular geometry since the radial slopes
are equal to zero.

The total FTS-stroke required for the fabrication of the
lens array is 14 μm. According to the frequency response
specification of the manufacturer, the FTS is able to operate
at >200 Hz at this amplitude.15 Assuming a constant spindle
speed, the highest required frequency of the FTS is expected
on the outer diameter. The possible spindle speed of
>500 rpm is reduced to 60 rpm because the excitation
does not follow a sinusoidal motion. To achieve a reasonably
smooth surface, the feed per revolution is adjusted to be in

the micron range. The cutting data are summarized in
Table 1.

The machining time for the whole geometry turned out to
be 15 min. The micro-roughness of the diamond machined
surface shows the typical turning structure overlaid with the
grain structure of the brass substrate material. A roughness
measurement using a white light interferometer (Zygo
NewView 600, Middlefield, CT) with a 50× objective
lens without filtering shows a micro-roughness of 5 nm
(rms) in a field of 140 μm × 140 μm.

4 Imprinting Results
The polynomial freeform derived from the FEA results was
imprinted on wafer scale as shown in Fig. 3. The numbering
of each single measurement is coincident with the numbering
of the process steps in Fig. 3. After every single process step,
the resulting freeform surface was measured with a white
light interferometer (Zygo NewView 600) with 2.5× magni-
fication. From this surface measurement, specific sections
with different radii r were extracted [Fig. 4(a)], then plotted
as diagram [Fig 4(b)], and evaluated with respect to the
deviation from the theoretical curvature. The curvature
was designed with a 14-μm deflection starting at a height
of 50 μm, and therefore ending at 36 μm preform height
[Fig. 4(b)]. The initial value of 50 μm was solely a result
of the semifinished preform and does not affect the intended
deflection behavior or actuator design. The theoretical data
points of the intended curvature of the preform are shown in
Fig. 4(a).

Table 1 Cutting data for the diamond turning of the master mold
insert.

Cutting data

Diamond tool radius r ε 350 μm

Depth of rough-cut ap >14 μm

Spindle speed 60 rpm

Feed rate 0.3 mm∕min

Fig. 4 (a) Example of an evaluated section with radius r . Letter “a” marks the starting point, letter “b” the end point of the curvature at which the
deflection reaches the maximum of 14 μm. (b) Intended curvature derived from the FEA with a polynomial grade n ¼ 3. The 14 μm falloff for
electrode height starts at an elevation of 50 μm and ends at 36 μm. Both letters mark the start and end point of the section, respectively, as
indicated in the picture top left. (c) Measurements of the curvature which was finally imprinted on an 8 in. glass substrate with the created
array master (step 6 in Fig. 3) compared to the design, to the preform, to the replicated freeform (step and repeat), and the manufactured
array master. The indermediate measurements are included and the numbering of each measurement is coincident with the process steps in
Fig. 3. (d) Evaluation of the deviation between the designed and the final imprinted freeform, the intermediate measurements are included
and the numbering of each measurement is coincident with the process steps in Fig. 3.
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Initially, the ultra-precision machined master was mea-
sured and evaluated as described. The offset of −700 nm
from the intended electrode starting height of 50 μm is
not critical as long as the quality of the curvature is main-
tained. Since the deflection and the shape of the surface
are only defined by the curvature, the offset from the initial
height will be neglected in the following evaluations. The
surface deviation between the first measurement and the
design values is 162 nm peak-to-valley (PV) and 30.7 nm
root-mean-square (rms). In the final step, the array master
was used to imprint the freeform in Ormocomp® on an 8
in. glass substrate as shown in step 6 of Fig. 3 [curvature
measurements in Fig. 4(c)], resulting in a PV of 706.9 nm
and an rms of 176.4 nm [Fig. 4(d)], respectively, for the
final freeform. The quantity of deviation in step 6 is expected
to be similar to step 3, due to the relatively soft silicone
molds, which is confirmed by the measurements (increasing
PV at about 101 nm and rms at about 76 nm, respectively).
The whole fabrication process was successfully concluded
with the wafer-level imprinted freeform of the intended cur-
vature with <1 μm PV and only 176 nm rms, respectively.
It is noticeable that the steps in which a silicone mold is
used to imprint Ormocomp® (Fig. 3, step 3 and step 6),
showed the largest increase in deviation from the previous
form. This can be explained by the relatively soft silicone
being more sensitive to the imprinting parameters, which will
be fine-tuned and improved with subsequent imprints.

5 Fabrication Process
The successfull wafer-level imprinted freeform surfaces are
compatible with the developed fabrication process which we

established in Ref. 16. The fabrication process for the whole
actuator with integrated micro-mirror is shown in Fig. 5.
Starting point is the imprinted freeform surface on a glass
wafer (coincident with the result from Fig. 3, step 6).
Then two basic lift off processes are used to structure a
thin-film metallization (150 nm Ti) and an insulation layer
(2 μm SiO2). A second wafer is spin-coated with photoresist
A on which Ormocomp® is imprinted (step 4), UV-cured
and developed (step 5). A second metallization layer
(150 nm Ti) is then sputtered on top (step 6) and structured
by an etching process with a photoresist B as etching mask

Fig. 5 Fabrication process steps of the polymer-based actuator with a freeform surface for an out-of-plane deflection.

Fig. 6 Experimental results of the deflection versus voltage behavior.
Due to fabrication-induced intrinsic stresses the beams are bent
upward, resulting in a higher initial gap and therefore increased
voltage. Instead of 60 V now 200 V are necessary for the intended
deflection of 10 μm. Although with only plus 100 V an overall deflec-
tion of 26 μm can be achieved.
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(steps 7–9). This photoresist B is then removed and due to
the photoresist A on the second wafer the according
Ormocomp® structure can be flipped and connected to
the freeform structure of the first wafer (step 11), thus creat-
ing free standing cantilever beams for an electrostatic out-of-
plane actuator.

Figure 5 shows this unconventional approach to fabricate
electrostatic actuators that solely utilizes conventional UV-
lithography and photomasks. The process is only realizable
with a UV-curable polymer as base material. It is notable
that all layers were structured without deposition through
mechanical shadowmasks. Instead a lift-off or an etching
process, based on conventional UV-lithography, was used.
This makes it possible to use the positioning as well as
feature size accuracy and resolution of lithographic photo-
masks. Additionally, and quite important for complex actua-
tor designs, it is possible to mask isolated areas without
the necessity of supporting bars. The width of conducting
lines is limited only by photolithography and etching/lift-off
process parameters.

6 Deflection Results
The measurement of the deflection-voltage dependency was
run with a Keyence LK-G10 laser displacement sensor in the
center area. A LabView-based software was used to control
the voltage regime and measurements, ramping up the volt-
age in steps of 2, respectively 3 V with 200-ms interval
between each in which the deflection was measured. After
the peak of 200, respectively 300 V, the voltage was ramped
down with the same parameters. This regime was repeated
two additional times to ensure the reproducibility of the
results, which are shown in Fig. 6 as deflection versus
voltage.

With 200 V for actuation, the intended deflection of
10 μm was reached. The increased required voltage can
be traced back to fabrication-induced intrinsic stresses,
resulting in upward bent beams. This involves a greater pos-
sible deflection, so with 300 Van actual deflection of 26 μm
is reached. With less than 1 μm deviation, the repeatability of
the actuator performance is good and shows only a small
hysteresis. Unfortunately, the increased initial gap does
not allow a final conclusion if the analog behavior extends
over the whole possible deflection range.

7 Conclusion and Outlook
In this paper, it is shown that the quality of the fabrication,
replication, and wafer-level imprinting of a polynomial cur-
vature is well suitable for the intended electrostatic actuator.
Based on requirements derived from an exemplified

micro-mirror device, an actuator design was presented and
polynomial curvature and cantilever geometries were derived.
In this work, the successful array master molding and the
imprinting of the required freeform surface on an 8 in.
wafer with a PV of 706.9 nm and an rms surface roughness
of 176.4 nm are described. The intended deflection of 10 μm
was reached at a higher actuation voltage of 200 V due to
the fabrication-induced intrinsic stresses and the resulting
upward bending of the beams, allowing a higher maximum
deflection, leading to a deflection of 26 μm at 300 V.

Reducing the intrinsic stresses to a minimum or even
eliminating them completely is a difficult task or maybe
not possible with a reasonable effort. Therefore, the intrinsic
stresses and the resulting upward bending of the beams
should be reflected in the future actuator design and com-
bined with the ability to imprint polynomial curvature
surfaces and freeforms, thus leading to a variation of possible
actuator setups (Fig. 7).

The unusual and challenging approach to electrostatic
actuators based on a nonconductiong polymer offers very
different advantages especially in comparison to silicon-
based electrostatic actuators. The required actuation voltage
is noticeably smaller due to the soft polymer and the polymer
itself allows a whole new range of fabrication processes.
Therefore, even complex freeform surfaces are possible
and can be fabricated fast and cheap on a whole wafer in
one process step only. With the layer-wise surface microma-
chining, each layer can be individually altered in the accord-
ing process step. Due to the possibilities of imprinting
freeform surfaces in polymer, the applications are not limited
to micro-mirrors.
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