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Polymer microelectromechanical system (MEMS) devices emerge as the new class of sensor devices for bio-sensing applications exhibiting
high mechanical deformability and sensitivity. In this work, the design and fabrication of electrostatically actuated polydimethylsiloxane
(PDMS) MEMS cantilever on flexible PDMS substrate is presented. The physical parameters of the cantilever were analysed and
optimised using Taguchi method coupled with COMSOL Multiphysics software. This work focusses on the development of a novel
approach for the simple and cost-effective fabrication process of PDMS cantilevers and subsequently its arrays. The proposed device
consists of a PDMS body with the metal bottom electrode, PDMS anchor, and PDMS cantilever beam as its top electrode and
immobilization surface. The work presented is of the cracking phenomenon in the metal layer sputtered on the PDMS substrate.
The novelty of the fabrication process is the use of low-cost processes, no need for sophisticated lithography tools or etching equipment.
Also, the process allows the use of alternate material as base substrate (glass, silicon wafer etc.) wherein it is not consumed and is
reusable. The fabricated device is then electrically characterised for its pull-in characteristics.
1. Introduction: The cantilever-based microelectromechanical
system (MEMS) devices have established themselves as a viable
alternative solution to conventional assaying and diagnostic tools
due to its better sensitivity, fast response time, compact size and
cost-effectiveness [1–4]. Cantilever-based biosensing has shown
tremendous growth for detection of explosives [5], DNA [6],
bacteria [7], pesticides, environmental sensing etc.

The first step in the development of sensors is the design and
optimisation of MEMS cantilever beam structure. It affects the
device performance and hence factors like its geometry, dimen-
sions, mode of operation, readout technique and materials must
be determined. The MEMS cantilever beam can be operated in
static or dynamic modes of operation [8]. In static mode, change
in stress is measured due to deflection of the cantilever, whereas
in dynamic mode, a shift in the resonant frequency is due to
the added mass. Various readout mechanisms are available [9]
and have to be selected depending on the nature of loading,
the operating medium and the level of sensitivity required. The
materials generally used for the fabrication of MEMS include
silicon, polymer and metals.

A lot of research work has been focused on various aspects
related to metal and silicon cantilevers. The polymers are now
gaining particular interest in the research work due to their
unique and diverse material properties, cost-effectiveness [10],
comparatively simple structure processing [11–13] and their
excellent biocompatibility.

Development of the polymer MEMS devices requires reconsider-
ation of its design and fabrication with respect to conventional
MEMS devices and their micromachining methods. This is
attributed to its high mechanical deformation property. Also, it is
significant to design microsystems that employ integrated actuation
and readout mechanisms for improved portability. One such
popular scheme is the electrostatic actuation and capacitive
readout, wherein the two electrical contacts are used for actuation
as well as sensing. It has been widely explored for Si-MEMS
devices, whereas very few attempts [14] have been made in
polymer MEMS devices.

Pioneering work in the field of polymer MEMS cantilever was
done using SU-8 with optical [15], piezoresistive [16–19] readout
techniques reporting improvement in device sensitivity for target
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detection. An emerging potential candidate for polymer micro-
cantilevers is polydimethylsiloxane (PDMS). It is an inexpensive,
transparent, biocompatible material with good thermal and chem-
ical stability and adheres well to the surface of electronic materials
[20–22]. It has a low modulus of elasticity ranging from 0.36 to
0.87 MPa depending on the ratio of the curing agent. There are
few works on the use of PDMS for making either part [19] of or
entire microcantilever beam [23–26]. The research on PDMS
microcantilevers is still in the nascent phase, with various possibil-
ities in the fabrication techniques, readout mechanisms currently
being explored. There is no reported work utilising the electrostatic
actuation for PDMS MEMS cantilever.

We report the first instance of design, optimisation and novel fab-
rication methodology of electrostatically actuated PDMS MEMS
cantilever beam structure. This methodology can be extended to
the fabrication of arrays of cantilever beams for the bio-assaying
applications. This involves precision in the gap formed between
the two electrodes, the formation of electrical contacts on the
PDMS cantilever beam, etc. A classical fabrication approach to
create a suspended beam structure consists of lithographic steps
for patterning and etching. Etching of the layer usually makes the
process expensive. In view of developing a simple and low-cost
fabrication method, we have tried to take an alternative to both
the steps. We have used a glass base substrate, which is reusable
at the end of the fabrication process. The patterning is done using
PTFE adhesive tape. We have utilised Aluminum foil as the sacri-
ficial layer, which eliminates the etching step from the fabrication
process, making it simpler. Also, we studied various aspects
related to cracks induced due to metal sputtered on the PDMS
substrate.

2. Device design and operation: In the static mode of operation,
the electrostatically actuated MEMS cantilever device comprises a
mechanical cum transduction platform, an actuation element and
an immobilization layer. The actuation element is the bottom elec-
trode, which acts as one of the electrodes for voltage actuation. The
mechanical cum transduction platform is a multilayered structure,
identified as follows as they appear from bottom to top: (i) top
electrode (ii) structural layer (iii) electrical contact layer (iv) encap-
sulation layer. The top electrode facilitates the development of an
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electric field between itself and the bottom electrode whereas, the
structural layer provides mechanical stability and acts as a stress
collector. The electrical contact layer acts as a contact pad and
forms electrical contact to the top electrode, while the encapsulation
layer is used for the structure insulation.
The PDMS electrostatic MEMS cantilever beam comprises of a

bottom actuation pad and an anchor on the flexible substrate, and
a cantilever beam projecting from the anchor. The anchor and
the bottom actuation pad consist of PDMS and metal layer, respect-
ively. The cantilever beam consists of a PDMS layer as the struc-
tural layer sandwiched between the metal layers acting as the top
electrode (below) and the electrical contact layer (above). The
metal gets coated on the sides of the PDMS layer forming a
contact between the alternate metal layers. Above the top metal
layer, there is another layer of PDMS acting as an encapsulation
layer. Thus, we get a four layered polymer–metal–polymer–metal
structure at the free end of the cantilever beam. The bottom-most
metal layer of the cantilever beam forms the top electrode of the
entire structure. The schematic representation of the device is
shown in Fig. 1.
The electrical biasing develops an attractive electrostatic force

which causes the displacement of the top electrode leading to a
change in capacitance. The voltage at which the top electrode
touches the bottom electrode leading to the flow of current
through the device is known as the pull-in voltage [27]. Pull-in
voltage occurs when the beam traverses one-third of the total gap
between the electrodes and happens due to the rapid increase of
the non-linear electrostatic force than the linear spring restoring
force. The pull-in voltage acts similar to the threshold voltage
and can be used in sensor applications.
Miniaturised cantilever beam can be simply used as sensors in

ambient environments with good sensitivity. For its use as a
sensor, an immobilization layer is coated only on one side of the
cantilever beam (preferably on the top) to guarantee the formation
of differential surface stress. It is chemically modified and immobi-
lised with receptor molecules specific for the target analyte. The
chemical interaction reaction of the specific target molecule from
the mixture of molecules with receptor molecules on the cantilever
surface causes a change in its surface-free energy density due to
change in its interaction between neighbouring receptor molecules.
This produces a bending moment that is monitored as the deflection
of the cantilever. This is depicted in Fig. 2. Depending on the devel-
opment of compressive or tensile stress, the cantilever bends in the
Fig. 1 3D schematic representation of multilayered MEMS cantilever beam

Fig. 2 Molecular-adsorption-induced bending of a cantilever beam
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downward or upward direction [28], respectively. The deflection
due to surface stress induced by adsorption is very small (in nm).
Thus, the readout mechanism should be sensitive enough to
capture such interactions.

For improved portability of the system, electrostatic actuation can
be coupled with capacitive readout technique [29–31]. In this tech-
nique, depending on the downward or upward bending of the beam,
the capacitance, either increases or decreases. This scheme offers
good sensitivity and is mechanically simple and robust.

Another technique which can be utilised is the electrical readout
mechanism [32] wherein the induced surface stress (from target–
receptor interactions) is combined with electrostatic actuation
mechanism to obtain final device deflection. The cantilever
device is stressed with an applied voltage, whose value can be
less than or equal to the pull-in voltage of the device depending
on the nature of induced stress due to the interaction reaction.
The resultant stress causes the cantilever beam to either touch the
bottom electrode due to the pull-in instability regime or enable it
to recover it from that regime. Thus, the pull-in voltage and the
pull-in instability regime plays an important role in the sensing of
receptor molecules. The current flow/discontinuity through the
device upon a specific combination of induced stress and voltage
applied is taken into consideration to estimate the final outputs.

The use of electrical readout mechanism in such cases is useful,
wherein the induced surface stress can be combined with electro-
static actuation mechanism to obtain sensing. Pull-in voltage is
the sensing parameter based on which different levels can be
calibrated. The current flow through the device upon a specific com-
bination of induced stress and voltage applied is taken into consid-
eration to estimate the final outputs.

The key performance factor for electrostatically actuated MEMS
cantilever is higher spring constant with lower actuation voltage. It
can be improved by optimising the design parameters like device
geometry, dimensions, material etc.

3. Optimisation: Optimisation was done using the Taguchi
method [33] coupled with COMSOL Multiphysics followed by
ANOVA analysis [34]. We selected nine control factors as shown
in Table 1 with the three-factor level and adopted the L27 ortho-
gonal array.

Based on the analysis, the following design parameters are
selected:

Bottom electrode: 3000 µm×3000 µm× 1 µm.
Gap: 22 µm.
Cantilever beam (bottom to top layers) include
Metal: 3000 µm× 3000 µm× 1 µm.
PDMS: 6000 µm×3000 µm× 160 µm.
Metal: 6000 µm× 3000 µm× 1 µm.
PDMS: 6000 µm×3000 µm× 12 µm.
Metal: Copper.

The multilayered MEMS cantilever beam with these design
parameters was simulated in COMSOL Multiphysics using the
Table 1 Control factors

Sr. no. Control factor

1 length of beam, µm
2 width of the beam, µm
3 thickness of structural PDMS layer, µm
4 thickness of PDMS layer (topmost), µm
5 length of metal layer (top electrode), µm
6 thickness of metal layer, µm
7 width of the bottom electrode pad, µm
8 Young’s modulus of metal, GPa
9 gap between beam and bottom electrode, µm
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Electromechanics physics with stationary study to obtain its spring
constant and pull-in voltage as 0.058 N/m and 2.5 V, respectively.
Fig. 3 depicts the maximum displacement obtained at the voltage
just before pull-in instability.
Fig. 6 Schematic step-wise process flow for bonding
a Peel off from glass and invert to form PDMS beam
b Use of Aluminum foil as the sacrificial layer
c Removal of the sacrificial layer to form MEMS cantilever beam
4. Fabrication: The fabrication process consists of two basic
steps – patterning followed by deposition. Following are the key
points of process:

† The MEMS cantilever device is fabricated on a glass base sub-
strate. The use of any other alternative material for the base
substrate is possible as the base substrate gets free after the fabrica-
tion and is reusable.

† The patterning at all layer levels is done by using PTFE thread
seal tape on the unrequired portion to create patterns

† Use of Aluminum foil paper as the sacrificial layer, thus omitting
the etching step, making the fabrication process low cost and
simple.

The fabrication of multilayered PDMS cantilever is done in three
parts namely, fabrication of bottom electrode and substrate, the
multilayered beam followed by bonding the above two parts to
form free-standing cantilever beam on the flexible substrate.
Figs. 4–6 depict the schematic representation of step by step fabri-
cation process steps utilised for device fabrication and is described
as given below.
Fig. 3 Pull-in voltage analysis in COMSOL

Fig. 4 Schematic step-wise process flow for Bottom electrode
a Spin coat PDMS (flexible substrate) on glass
b Pattern and spin coat PDMS (Anchor)
c Peel off entire structure from the glass substrate
d Patterning and sputter deposition of Copper (bottom electrode)

Fig. 5 Schematic step-wise process flow for beam
a Spin coat and pattern PDMS (structural layer) on glass
b Patterning and sputter deposition of copper (Cu) (electrical contact)
c Patterning and spin coat of PDMS (encapsulation layer)
d Peel off, invert, pattern and sputter deposition of Cu (top electrode)
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Glass substrate is surface cleaned using isopropyl alcohol.
Bottom electrode and substrate: Surface cleaned glass square box

is taken and a layer of PDMS (1 mm) is deposited by pouring the
PDMS solution and curing it at 110°C for 50 mins as in Fig. 4a.
Then, the anchor part of the cantilever beam is made by depositing
the PDMS layer of thickness equal to the gap between the beam and
bottom electrode. This is done by first patterning the substrate for
anchor position by PTFE seal tape, followed by spin coating the
PDMS. The PTFE tape is removed before curing the sample. It is
as shown in Fig. 4b. The PDMS mold is now peeled off from the
square box to get a flexible PDMS substrate and anchor on it as
shown in Fig. 4c. The sample is patterned to form bottom electro-
des. Copper is sputter deposited to obtain a thin layer of copper as
shown in Fig. 4d.

Beam: A glass substrate is taken and on its reverse side, beam and
anchor portions are sketched for chosen dimensions. The substrate
is then surface cleaned on the front side and spin-coated with PDMS
to act as the structural layer. The beam and anchor portion are cut
using a razor cutter according to the sketch. The PDMS layer is
first peeled off from the glass substrate and then placed on it
again as shown in Fig. 5a. The sample is then sputtered for a thin
film of copper to form the electrical contacts for the top electrode
of the beam as shown in Fig. 5b.

The glass substrate is patterned in such a way that the side edges
of the metal layer and the partial contact pad for the metal layer is
kept covered. It is then spin-coated with a very thin layer of PDMS
to form the encapsulation layer as shown in Fig. 5c. The multilayer
structure is then peeled off from the glass substrate, inverted and
fixed on the glass substrate using PTFE seal tape. It is patterned
for the formation of the top electrode partially at the free end of
the beam. Copper is sputter deposited to form the top electrode as
shown in Fig. 5d. The sample is taken off and the tape is
removed to get a four layered polymer cantilever, which is inverted
to get top electrode as the bottommost layer of the polymer canti-
lever beam as shown in Fig. 6a.

Bonding: The bonding of the above two fabricated parts for the
desired gap formation forms the crucial part. It is done at the
anchor portion to form a free-standing structure. PDMS–PDMS
bonding is done by spin coating thin layer over the anchor
portion of the PDMS substrate. The portion covered with PTFE
tape is replaced with a double layer of Aluminum foil (each with
a thickness of 10.5 µm, which acts as the sacrificial layer. Then
the multilayered beam structure is bonded to the anchor by hard
pressing both the parts. It is then kept to cure for 4 mins to strength-
en the bonding to form a structure as shown in Fig. 6b. Lastly, the
cantilever beam is released by gently removing layer by layer the
aluminum foil to get free standing cantilever beam structure as
shown in Fig. 6c.

The following subsection describes in detail the methodologies
for the preparation of different layers and analyses the layer
interfaces.

4.1. PDMS layer: The main constituent of the polymer cantilever is
PDMS, which is prepared as follows. A thin film of Sylgard 184 is
used as a PDMS. It comes as an elastomer along with a
Micro & Nano Letters, 2020, Vol. 15, Iss. 5, pp. 302–307
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cross-linking liquid (Hardener). A pre-cured solution of PDMS is
prepared by mixing siloxane base and curing reagent in the ratio
of 10:1. The prepared solution is degassed by putting it in a
vacuum desiccator for about 25 min so that all the bubbles are
gone from the solution. The PDMS mixture thus prepared is utilised
within 25 min.
PDMS is the main constituent in electrostatic cantilever devices,

wherein it acts as a substrate, anchor, structural layer and encapsu-
lation layer. This requires its deposition having varying thickness
for each layer. Thus, optimisation is required to obtain the desired
value of thicknesses.
The spinning parameters are rotation speed, ramp time (to reach

set speed) and the rotation time (at set speed). Table 2 shows the
resulting thickness obtained by varying these parameters, which
was measured by 3D Zeta microscope. Fig. 7 depicts the measured
thicknesses of the anchor and structural layer. Also, the thickness
can be expressed as a function of speed and time and can be esti-
mated for any desired value.
4.2. Copper on PDMS layer: The electrical contact layer is needed
to provide contact to the top electrode of the beam and for electrical
probing of the device. Thus, we deposit copper on the PDMS
structural layer to form the electrical contact layer. Copper is
sputter deposited on the PDMS surface to obtain its thin film.
Table 2 PDMS spinning parameters

Sr.
no.

Speed,
rpm

Ramp time,
s

Constant time,
s

Measured thickness,
µm

1 750 23 35 165
2 1500 44 35 67
3 2200 61 35 37
4 3000 87 35 22
5 5000 145 35 12.3
6 7000 203 35 4

Fig. 7 PDMS thickness measurement for the gap of
a 22 µm
b 165 µm
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The substrate-bonded thin films behave in a different manner than
the isolated thin-film layer. It is observed that metal thin film canti-
levers can rupture/ break at its fixed end even with small applied
strain. While for polymer-supported thin-films, the flexibility
increases due to the polymer layer, facilitating the handling of
larger strains and rupture at much longer elongations [35].

When the metal is sputter deposited on the PDMS substrate,
thermal stresses are developed during and after metal deposition,
which leads to the formation of the cracks thus limiting its conduc-
tion [36, 37]. This can be termed as process-induced cracking (PIC)
[38], which occurs due to metallization. These cracks are mainly
formed due to tensile stresses developed due to the melting point
of the metal, substrate temperature, metal deposition rate etc.
[39]. It is therefore desirable to initially study and investigate
proper metal deposition conditions so that the cracks can be
reduced.

Another type of cracking is associated with the post-process
strain developed due to peeling of the metal deposited PDMS
layer. This can be termed as the strain-induced cracking (SIC)
[38]. One of our fabrication requirements is to peel-off the metal
deposited PDMS layer to obtain a pattern. Thus, its study
becomes crucial.

The PICs depend not only on the metallization related factors but
also on elastomeric substrate deposition factor like the crosslinking
time, ratio of base to curing agent. For the development of MEMS
cantilever, the ratio of base to curing agent is kept fixed at 10:1 at a
curing temperature of 110°C, which gives it less viscosity and
proper elasticity.

We vary the crosslinking time of the sample as 10, 25, 50,
75 mins followed by metal sputtering for 20 min at 170 mA. The
following micrographic images of cracks induced on metal surfaces
are observed as in Fig. 8.

It is observed that the density of cracks increases with the
increase in the crosslinking time. Also, from the measurement of
crack widths, it is observed that the crack width increased with
time. The reason is the increase in crosslinking within the PDMS
layer causing the reduction in viscoelasticity and an increase in
cracks.

The metal sputtered PDMS layer is then peeled off from the glass
substrate and placed on it again. The micrograph images of the
resulting surface as depicted in Fig. 9.
Fig. 8 PICs induced on the surface with the crosslinking time of
a 10 min
b 25 min
c 50 min
d 75 min

Fig. 9 PICs along with SICs induced on the surface after peel-off with the
crosslinking time of
a 10 min
b 25 min
c 50 min
d 75 min

305
& The Institution of Engineering and Technology 2020



From Fig. 9, it is observed that SICs, depicted by thin lines within
the PICs is maximum in the sample with the least curing time of
10 mins, whereas as crosslinking time increases, the SIC reduces
and becomes thinner. This is due to the fact that with the increase
in crosslinking time, the elasticity increases and hence increases
the strain bearing capacity of the metal layer. This result is of
special importance due to the fact that the cantilever beam bends
on the application of voltage creating stresses on the beam.
Layers with fewer SICs will be preferred over their counterparts.
Hence, the crosslinking time should be chosen taking into consid-
eration both the types of cracks.

In order to deal with the SIC, another set of experimentation was
performed wherein; the cured PDMS samples were first peeled,
then placed on the glass substrate again. Then, the samples were
sputter-coated under the same initial conditions. Fig. 10 depicts
the micrograph images obtained.

In this case, similar results are obtained, but the crack widths are
reduced to a large extent as compared to its counterpart samples in
Fig. 8. This behaviour results from the strain release of the PDMS
layer when it is peeled off from the glass substrate. Thus, peeled
off the PDMS layer helps to reduce the PICs widths and give a
desirable surface.

From Fig. 11, it is observed that SICs still are formed similarly as
previous ones, but are thinner than in Fig. 9.

Thus, from these two experiments and subsequent graphs as
shown in Fig. 12, we analyse the effects of crosslinking time and
peeling off (pre-/post-process) on the cracks induced on the metal
surface. We conclude that the PDMS layer must be peeled off
Fig. 10 PICs induced on the surface with pre-peel off of PDMS layer with
crosslinking time
a 10 min
b 25 min
c 50 min
d 75 min

Fig. 11 PICs along with SICs induced on the surface after peel-off with
crosslinking time of
a 10 min
b 25 min
c 50 min
d 75 min

Fig. 12 Graph of crosslinking time versus
a Mean number of PIC per unit area
b Mean number of SIC per unit area
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before sputtering metal to obtain a metal-PDMS layer with
thinner cracks. The crosslinking time of PDMS is taken to be
50 mins as a trade-off between PICs and SICs.

Other experimentations (with pre-peel off) seeking the relation
between deposition rate of metal versus the cracks induced were
studied and it was found that the lower deposition rate led to a
reduction in crack density and thinner cracks formation. The depos-
ition rate was fixed at 155 mA current for 10 mins leading to a 1 µm
thick metal layer.

Fig. 13a shows the zoomed image of the released cantilever
structure with the bottom electrode on the PDMS substrate.
Fig. 13b shows the zoomed image of the top view of the reverse
side of the beam. Here the partially sputtered copper layer on the
PDMS layer forms the top electrode of MEMS cantilever device
structure. Fig. 13c gives the length and width of the fabricated
beam.

5. Electrical characterisation: The fabricated devices are tested
for current-voltage (I–V ) measurements to obtain the pull-in
voltage of the device. An electrical characterisation setup which
consists of Karl Suss shielded probe station, source measurement
unit (SMU) and Keithley 4200 Semiconductor characterisation
system [40] was arranged.

I–V measurements were taken by applying the ramp voltage from
0 to 5 V between the bottom electrode and the top cantilever beam.
For a set of straight cantilever beams, the current shoots up at a
voltage of 2.4 V depicting a switching phenomenon as shown in
Fig. 14. This is specified as the pull-in voltage for cantilever. At
Fig. 13 Zoomed image of
a Front view of released cantilever beam on PDMS substrate with the gap in
between cantilever beam and bottom electrode
b Top view of the reverse side of the beam
c Device dimensions after measurement

Fig. 14 I–V characterisation of fabricated device depicting pull-in voltage
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this voltage, the beam snaps, causing cantilever and bottom elec-
trode to come in contact and hence, set compliance value of
current passes through the device. For device safety, compliance
value is provided to prevent its breakdown.
Thus, we observe that even though the dimensions of the canti-

lever beam were slightly larger, the pull-in voltage of the device
still remained in the range, which will be useful in many applica-
tions. This is mainly due to the use of polymer as the structural
layer.

6. Conclusion: Polymer MEMS manifests to be a good alternative
to the existing silicon MEMS for bio-sensing applications. In this
work, we focused on PDMS MEMS cantilever device with electro-
static actuation operating in static mode. Its design and optimisation
is done using Taguchi analysis coupled with the COMSOL
Multiphysics. The MEMS beam was designed with the intention
of having the higher restoring force and lower pull-in voltage so
that the beam possesses better switching characteristics.
A high aspect ratio multilayered PDMS MEMS cantilever has

been fabricated and tested. The low-cost processes were used for
fabrication. Also, we have replaced the traditional etching process
for the creation of a gap with the use of Aluminum foil as the sac-
rificial layer. This enabled the process to further become low cost
and simpler. Study of process and SIC phenomenon to reduce the
cracks on the metal sputtered PDMS layer is done. The electrical
characterisation was performed and the analytical and simulated
values were verified with the experimental results for pull-in
voltage. These cantilevers can be used in various bio-sensing
applications.
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