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Kinematically Stabilized Microbubble
Actuator Arrays
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Abstract—In this paper, the concept, fabrication, and character-
ization of a kinematically stabilized polymeric microbubble actu-
ator (endoskeletal microbubble actuator) for a pneumatic tactile
display application are presented. The kinematic stabilization is
achieved by the combination of two polymeric layers with comple-
mentary functions: a microcorrugated parylene diaphragm layer
as a ‘“skeleton” to provide a directional deflection in a desired
axial direction while suppressing undesired lateral deflections and
an overcoated elastomer diaphragm layer as a ‘“skin” to help
the extended membrane recoil to its original shape, ensuring di-
aphragm stability. Arrays of microcorrugated diaphragms are im-
plemented in a mass producible fashion using inclined rotational
UV lithography, micromolding, and pattern transfer techniques.
Both the number of corrugations and the corrugation profile of the
endoskeletal actuator are determined through numerical analy-
sis, taking into account the constraints of the microfabrication
processes utilized. A prototype of a single endoskeletal bubble
actuator with a diameter of 2.6 mm has been fabricated and char-
acterized. For comparison purposes, elastomer microcorrugated
diaphragm (skin only) actuators and parylene microcorrugated
diaphragm (skeleton only) actuators of the same materials and di-
mensions have also been fabricated and tested. While the skin-only
diaphragm actuators demonstrated undesired omnidirectional in-
flation and the skeleton-only diaphragm actuators have shown un-
stable and irreversible deformation during extension, the proposed
endoskeletal microbubble actuators have shown stable reversible
axial extensions with a deflection of approximately 0.9 mm. A
6 X 6 array of endoskeletal polymer microbubble actuators in-
tegrated with a microfluidic manifold has been successfully fabri-
cated, demonstrating its mass manufacturability. [2006-0243]

Index Terms—Digital Clay, endoskeletal bubble, inclined expo-
sure, microbubble actuator, microcorrugated diaphragm.

I. INTRODUCTION

HILE CURRENT computer—human interaction relies
much on audio and visual effects, the additional usage
of real-time interactive 3-D haptic interfaces has the potential
to become a revolutionary means of communication for many
areas of engineering, art, science, and medical diagnosis. Such
a “Digital Clay” interface would enable both user-specified
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display of shapes as output from a computer and user-directed
input of shapes to a computer. A description of “Digital Clay,”
including various potential implementations of the clay, is
given in [1].

Digital Clay can be considered as a touch-based distributed
input/display device. High resolution is sought by using mi-
croelectromechanical systems (MEMS) technology to produce
valves, sensors, and actuators. A critical concern is the nature of
the actuators that gives Digital Clay the power to alter its shape
and to exert a resistive force upon user’s hands. Actuators for
Digital Clay must possess the following attributes: 1) ability to
generate large deflections for tactile input/output; 2) ability to
generate large forces to interact with human input; and 3) ability
to be mass-manufactured so that large arrays can be inexpen-
sively formed. In order to achieve the desired balance between
the required power and degree of miniaturization, a MEMS-
compatible hydraulically or pneumatically driven microbubble
actuator array is opted for. In this approach, the surface of
Digital Clay is defined by an actuated kinematic structure, i.e.,
microbubbles. Each individual microbubble actuator forms a
tactile “pixel” in the Digital Clay structure.

Previously, several types of pneumatic microactuators have
been fabricated using the MEMS technology. Among them,
microballoons made up of elastomer, such as silicone rubber
or polyurethane (PU), have the advantages of a relatively sim-
ple structure and fabrication sequence while being capable of
large deflection, as shown in Fig. 1(a). These actuators have
been used in end effectors [2], acoustic impedance control [3],
aerodynamic control [4], and a microfinger [5]. However, bal-
loons typically deflect omnidirectionally into a spherical shape,
which makes them undesirable for Digital Clay applications
requiring more directional or linear movements. Furthermore,
the relationship between pressure and radius is nonmonotonic
for balloon actuators, which raises instability issues when a
pure balloon actuator is either intentionally or accidentally
hyperinflated [6]. Research on actuators with large and stable
deflections in preferential directions is necessary.

Bellows actuators with corrugated sidewalls characteristi-
cally have a large linear deflection in their axial direction.
Their implementation in the vertical dimension using microma-
chining techniques has been demonstrated [7], [8]. For these
vertical devices, however, the complexity of fabrication and
process time increase as the number of corrugations of the
bellows increases. Alternatively, a corrugated diaphragm made
up of nonelastomeric material with relatively high modulus can
be used to achieve axial deflection preferentially, as shown in
Fig. 1(b). Corrugated diaphragms are widely used in altimeters,
pressure gauges, speakers, and other applications that require

1057-7157/$25.00 © 2008 IEEE
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Fig. 1. Device concept: (a) Elastomer diaphragm actuator, (b) nonelastomer-

based microcorrugated diaphragm actuator, and (c) endoskeletal bubble
actuator.

large linear deflections. MEMS-based parylene corrugated di-
aphragms have been reported in the applications of pressure
transducer and electromagnetic actuator [9], [10]. However,
applications such as Digital Clay require even larger deflection
of corrugated diaphragms, which could not be achieved though
parylene corrugated diaphragms because they often have poor
self-restoration properties under a large deflection. When large
deformation occurs, parylene corrugated diaphragms can reach
a local stability point, not being able to return to the original
position even after the removal of the external pressure.

In this paper, we present a mass-manufacturable endoskeletal
microbubble actuator capable of reversible vertical deflection.
In our approach, microcorrugated nonelastomeric (parylene)
diaphragms are embedded under soft elastomer (PU) mem-
branes during the fabrication process to form a skeleton, as
shown in Fig. 1(c). The corrugated shape of the skeleton limits
the deflection to be primarily in the desired direction. The
elastomer acts to promote the “spring back” mechanism of
the corrugated diaphragm, thereby enhancing the linearity and
reversible expansion of the actuator even to the full extent of the
corrugations. Applications of such a structure extend beyond
the Digital Clay and may include passive pressure gauges and
sensitive pressure sensors. In this paper, the skeletal corrugated
sections of the microbubble array are obtained using a single
lithographic mask through a continuously rotating inclined ex-
posure [11]-[13], followed by sacrificial material molding and
parylene coating. This approach not only makes endoskeletal
bubble actuators mass-manufacturable but also can be scaled
down to even smaller dimensions if required.

II. CONCEPT AND DESIGN
A. Design of the Corrugation Profile

Commonly used corrugation profiles include “sinusoidal,”
“trapezoidal,” “triangular,” “rectangular,” and “toroidal” [14]

125

UV Light

Rotation
substrate

()

\ Cured SU-8 Uncured SU-8

Substrate

(b)

Fig. 2. Continuously rotating inclined exposure for concentrically corrugated
diaphragm with slanted side walls: (a) Exposure scheme and (b) cross-sectional
view of A — A’.

profiles. Sinusoidal and toroidal profiles are difficult to ob-
tain by conventional MEMS technology because of the round
surfaces. The rectangular profile can be obtained by a single
lithography process. However, the rectangular profile has the
largest flexural stiffness in the tangential direction compared
with other profiles. In addition, such profile adds difficulties to
mold release. Therefore, the triangular and trapezoidal profiles
are considered for microcorrugation.

In this paper, a combination of triangular and trapezoidal
profiles is obtained using a continuously rotating inclined
UV exposure technique, as shown in Fig. 2 [15], [16]. The
mask layout for corrugation fabrication contains six concentric
dark circles. A photopatternable negative tone epoxy (SU-8,
Microchem, Inc.) is spin-coated on a glass substrate and soft-
baked. The substrate is mounted on a rotational stage with an
inclined angle 6. An appropriate optical dose of UV exposure
in a rotational mode [Fig. 2(a)] is carried out after the mask
with a concentric circular pattern is placed on the substrate.
After post-exposure baking and development of the substrate,
a combination of triangular (lower portion of the tooth) and
trapezoidal (upper portion of the tooth) profiles is obtained,
which is shown in Fig. 2(b) [the cross-sectional view of A — A’
in Fig. 2(a)]. The dimensions of the corrugations are determined
by the width and intervals between two concentric circles as
well as the inclined angle.

B. Design of the Number and Angle of the Corrugation

A diameter of 2.6 mm has been selected first for the bubble
actuator to meet the requirement for Digital Clay. One of the
major concerns about a corrugated diaphragm in many applica-
tions is the mechanical sensitivity (defined by displacement per
unit applied pressure). In this paper, the maximal achievable
deflection is also of great interest. The maximal achievable
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Fig. 3. Mechanical sensitivity as functions of corrugation number and thick-

ness of parylene microcorrugated diaphragm.

deflection increases with both the number of corrugations and
the corrugation depth. The number of corrugations can be
changed by simply modifying the photomask design. Note that
with a given outer diameter of the diaphragm, the increase of the
number of corrugations results in the reduction of the corruga-
tion width.

Because the fabrication of the corrugated diaphragm is ac-
complished through rotational inclined exposure, the corruga-
tion depth is determined by the width of the dark circular
pattern on the photomask and the inclined angle. In order to
increase the corrugation depth, the inclined angle has to be
decreased (i.e., steeper sidewall), resulting in an acute angle
of each corrugation tooth that leads to difficulties in subse-
quent demolding processes, such as increased susceptibility
to mechanical instability and mechanical insensitivity due to
relatively vertical sidewall with limited lateral working space.
After testing various structures with various angles between
15° and 30°, an inclined angle of 17° was chosen as the
second parameter for the diaphragm design, which provides
both relatively large deflection and fabrication stability.

Next, the mechanical sensitivities of various devices as
functions of corrugation number and diaphragm thickness at
a pressure load of 100 Pa have been investigated using a
finite-element analysis (FEA) tool (ANSYS v.8.0, Ansoft, Inc.).
The results are shown in Fig. 3. A 2-D sxial symmetrical
model is utilized for the corrugated diaphragm. In general,
the diaphragm sensitivity increases as the corrugation number
increases for all the four diaphragms with different thicknesses.
However, as the thickness goes beyond 2.5 pm, the variation
in the corrugation number only has a negligible effect on the
resulting mechanical sensitivity of corrugated diaphragms. The
sensitivity is approximately inversely proportional to the square
of the diaphragm thickness, as also observed in silicon nitride
corrugated diaphragm. [17]. Because of its large sensitivity and
large deflection, a profile with six corrugations was selected.
The preferred thickness of the diaphragm is less than 2.5 pym.

A design of diaphragm with six corrugations, an inclined
angle of 17°, and a diameter of 2.6 mm have been adopted for
the fabrication of endoskeletal microbubble actuators. Deeper
corrugations in the center of the diaphragm enhance the ver-

tically oriented center deflection. The schematic view of the
corrugated diaphragm is shown in Fig. 4, and the dimensions
are listed in Table 1.

III. MATERIALS

The skeleton material, from which the corrugated diaphragm
will be made, should be flexible in order to provide large
deflection. And the skin material should have high elasticity
and an even lower Young’s modulus than the skeleton material
so that the overall stiffness will be dominated by the skeletal
material.

Parylene C (poly-monochloro-para-xylylene) has been se-
lected as the skeleton material due to its low Young’s modulus
and conformal coating capability over microstructures [18].
Moreover, its low permeability to gas and moisture and high
chemical resistance make it desirable for the application of
pneumatic and hydraulic actuators.

Ideally, the material of the skin should be highly compliant
and elastic. However, all natural and synthetic elastomers are
viscoelastic. While they show a much larger elastic region than
other inorganic materials or thermoplastics, the deformation
curve within the elastic region is not linear. In addition, a large
hysteresis loop is observed during cyclic testing. The mechan-
ical properties of two types of common castable elastomers,
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning)
and PU (Poly 74-20, Polytek), particularly elastic and hysteresis
properties, are characterized by static tensile tests. The mechan-
ical properties of parylene C thin film have also been character-
ized. Table II lists the mechanical properties of parylene C and
elastomers (PDMS and PU). PU was chosen in our application
because of its extremely low Young’s modulus, large elongation
at break, and small hysteresis.

IV. NUMERICAL ANALYSIS

The FEA simulation results of the center displacement of
three endoskeletal microbubble actuators as functions of ap-
plied pressure are determined from the ANSYS finite element
program and are shown in Fig. 5. Two ANSYS element types
are used in the simulation. One is plane 82 for parylene, and the
other is hyper 84 for PU elastomer. Plane 82 is a 2-D eight-node
structural solid element with large strain capability, and hyper
84 is a hyperelastic solid element based on Mooney—Rivlin non-
linear elastic model [19]. The Mooney—Rivlin constants used
in ANSYS simulation are derived from the stress—strain curve
obtained by a uniaxial tensile test. These three endoskeletal
bubble actuators are with 2-pm-thick parylene and 100-pm-
thick PU, with 2-um-thick parylene and 200-ym-thick PU, and
with 5-pm-thick parylene and 100-pm-thick PU. The deflection
curves for the two actuators having the same parylene thickness
but different PU thickness are adjacent close to each other.
However, the slopes of the curves of the two actuators with
different parylene thickness but identical PU thickness are
much different. It is concluded that the mechanical stiffness of
the endoskeletal bubble actuator is dominated by the thickness
of parylene.
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Fig. 4. Schematic cross-sectional view of a corrugated diaphragm with six corrugations.

TABLE 1
CHARACTERISTIC DIMENSIONS OF THE CORRUGATION DIAPHRAGM WITH S1X CORRUGATIONS
Symbol t T b1 bz b3 b4 h1 h2 h3
Dimension | 0.002 1.3 0.05 0.15 0.25 0.3 0.245 | 0.409 | 0.491
(mm) 0.005
TABLE 1I
MECHANICAL PROPERTIES OF CANDIDATE POLYMER MATERIALS FROM TENSILE TEST
Young’s Tensile Elongation Yield Yield
Modulus strength at break (%) Strength elongation
(MPa) (MPa) (MPa) (%)
Parylene 2000 68 200[19] 68 3.7
PU 0.26 0.86 600 / /
PDMS 1.18 6.27 250 / /
Parylene

Displacement (mm)

—H— 2 micron Parylene,100 micron PU
A— 2 micron Parylene,200 micron PU
—@— 5 micron Parylene,100 micron PU

40 50 60 70 80 90 100
Pressure (kPa)

Fig. 5. Computed results of center displacement of the endoskeletal
bubble actuators with composite diaphragms of 2-pm-thick parylene and
100-pm-thick PU, 2-pm-thick parylene and 200-pm-thick PU, and 5-pm-thick
parylene and 100-pm-thick PU.

V. FABRICATION
A. SU-8 Micromold for Corrugated Diaphragms

Fig. 6 shows the overall fabrication process of the endoskele-
tal microbubble actuators. A master pattern of the corrugated
diaphragms, as described in the previous section, is fabricated
using SU-8 [Fig. 6(a)].
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~
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Fig. 6. Overall fabrication process.

B. Transfer Molding of Sacrificial Polyethylene
Glycol (PEG) Micromold

A 10: 1 mixture of PDMS elastomer base and curing agent
is well mixed and degassed and then cast onto the SU-8
master pattern to obtain a negative replica [Fig. 6(b)]. After
curing at room temperature for 24 h, the PDMS negative is
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Fig. 7. Comparison of (a) SU-8 mold and (b) replicated PEG mold: inset shows a cross-sectional image of the corrugation profile.

separated from the substrate. A sacrificial material (PEG wax,
Kindt Collins) is cast into the PDMS mold [Fig. 6(c)] in
its molten state at 60 °C. Excess PEG is scrapped off the
surface of the mold. An epoxy acrylate substrate having a
matching orifice array pattern with the corrugation array is
fabricated by stereolithography (SLA) using a photocurable
liquid epoxy acrylate resin (Renshape SL.7510, Huntsman). The
PEG corrugation array is aligned and bonded onto the epoxy
substrate. During the transfer step, the PEG is kept at a soft
state to provide good adhesion. After attached to the epoxy
orifice array, the PEG is allowed to cool down to a room
temperature and harden. The PDMS mold is peeled off from
the SLA substrate, with the PEG corrugation replica left on the
substrate.

C. Fabrication of Corrugated Diaphragms

Three different types of diaphragms are fabricated: parylene
corrugated diaphragm (skeleton only), PU elastomer corrugated
diaphragm (skin only), and endoskeletal bubble.

1) Parylene Corrugated Diaphragm: A parylene layer is
conformally coated to the PEG corrugation array [Fig. 6(d)].
The sacrificial PEG is removed by dissolving in water to release
the parylene corrugated diaphragm.

2) PU Elastomer Corrugated Diaphragm: A stencil mask
fabricated by SLA is placed on the epoxy substrate to level the
top surface. A thin layer of the PU elastomer is then spin-coated
on top of the corrugated surface [Fig. 6(e)]. The elastomer is
cured at room temperature, and the sacrificial PEG is removed
by dissolving in water.

3) Endoskeletal Bubble: A parylene layer is conformally
coated to the PEG corrugation array to form the corrugated
skeletal diaphragm [Fig. 6(d)]. A stencil mask is placed on the
epoxy substrate to level the top surface. A thin layer of PU
elastomer is then spin-coated on top of the corrugated surface
[Fig. 6(e)]. The elastomer is cured at room temperature, and

the sacrificial PEG is removed by dissolving in water to form
endoskeletal bubbles.

D. Bonding and Assembly

A manifold with 36 fluidic channels is fabricated by SLA.
The epoxy substrate with a 6 x 6 diaphragm array is bonded
to the manifold so that each actuator can be addressed indepen-
dently [Fig. 6(f)].

SEM photomicrographs of a single corrugated SU-8 master
pattern and a corresponding PEG replica pattern are shown
in Fig. 7. The top diameter, the bottom diameter, and the
height of the diaphragm are 2.6 mm, 3.0 mm, and 600 pm,
respectively. An incident angle 6 of 30° of a UV light results in
a refracted angle of approximately 17° of the slanted sidewall
of the corrugation. The depths of the corrugations are listed
in Table I. The molded PEG structure faithfully follows the
original SU-8 microcorrugation, as shown in Fig. 7, the inset
of which shows the cross-sectional view of the combinational
corrugation with a trapezoidal shape on top and a triangular
shape on bottom. Fig. 8(a) and (b) shows an SU-8 microcorru-
gated mold array and a batch-transferred corrugated PEG mold
array mounted on a stereolithographically fabricated manifold
substrate, respectively.

VI. TESTING AND RESULTS

Diaphragm center deflection as a function of applied pressure
has been quantitatively characterized. Compressed air is ap-
plied to the diaphragm through the manifold channels, and the
diaphragm displacement is measured using a laser displacement
sensor (LK-G32, KEYENCE Co.). Comparison experiments
have also been carried out on parylene corrugated diaphragm
(skeleton only) and PU elastomer corrugated diaphragm (skin
only). The inflated shapes of diaphragms are captured by a
video microscope.
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Fig. 9. Inflated shape comparison of (a) endoskeletal bubble and (b) PU
elastomer diaphragm.

A. Inflated Shape

Fig. 9 shows the inflated and restored shapes for an en-
doskeletal bubble actuator [Fig. 9(a)] and a PU elastomer
diaphragm (skin-only) [Fig. 9(b)]. For the endoskeletal bubble,
the inflation of the diaphragm is confined to one direction,
i.e., out of plane, and the displacement is a reasonably linear
function of the applied pressure. After the applied pressure
is removed, the diaphragm returns to its original position and
shape. The PU elastomer diaphragm shows similar stability and
a spherical shape at small deflection but an omnidirectional
balloonlike expansion at large deflection, resulting in plastic
deformation of the material. Note that when the diaphragm is
deflated by removing the applied pressure, it becomes flaccid
and does not return to its original shape. The cross sections of
the deformed shapes of an endoskeletal bubble actuator and a
PU elastomer diaphragm at 0.91-mm deflection are compared
in Fig. 10. The cross-sectional area under the profile of the
endoskeletal bubble actuator is 80.7% of that of under the
profile of the PU elastomer diaphragm.
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Corrugated pattern array: (a) SU-8 master pattern array and (b) batch-transferred corrugated PEG corrugation array on an SLA manifold substrate.
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Fig. 10. Comparison of the cross-sectional area of the inflated endoskeletal
bubble and PU elastomer diaphragm.

B. Static Testing

The static pressure-deflection characteristics are tested for
the parylene diaphragm, PU elastomer diaphragm, and en-
doskeletal bubble. The thicknesses of the parylene diaphragm
and PU elastomer diaphragm are 5 and 150 pm, respectively.
The endoskeletal bubble actuator has parylene and PU layers
with the same thicknesses as those of the parylene diaphragm
and PU elastomer diaphragm. The results are shown in Fig. 11.
Among the three actuators compared, the PU elastomer di-
aphragm has an extremely low Young’s modulus and re-
quires the smallest pressure to achieve a given deflection.
The endoskeletal bubbles require the largest pressure for the
same deflection because they consist of a composite of two
materials—PU and parylene—each layer of the composite hav-
ing the same thickness as that of the other two diaphragms,
thereby resulting in the largest effective stiffness.

The distinct “jumps” in the pressure-deflection curve for
the parylene diaphragm indicate “unfolds” of one or more
corrugations, which results in the large deflection. The unfolded
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Fig. 11. Diaphragm deflection as functions of the applied pressure for three
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Fig. 12.  Center displacement as a function of the applied pressure load of a
parylene diaphragm in cyclic testing. In the first inflation, a parylene diaphragm
is loaded until the center displacement is 0.48 mm. The second inflation cycle
reaches a center displacement of 0.75 mm, and the third one reaches 1.46 mm.

corrugation does not always “refold” upon release of pressure
because the unfolding has led to another minimum energy state.
The addition of elastomer greatly enhances the linearity in
the pressure-deflection relationship of the endoskeletal bubbles
while maintaining the unidirectional deflection of the actuator.

C. Cyclic Testing

The performance of the three types of the aforementioned
actuators undergoing cyclic inflation and deflation at a constant
low rate is tested. The relationship between the applied load
and the deflection of a parylene diaphragm in cyclic testing
is shown in Fig. 12. In the test, a parylene diaphragm is
loaded with pressure until the center displacement is 0.48 mm
and then deflated. The second inflation cycle reaches a center
displacement of 0.75 mm, and the third one reaches 1.46 mm.
Three hysteresis loops are observed for the three loading cycles.
The hysteresis at small deflection comes from the viscoelastic
nature of parylene material. There is no evidence of unfolding
of corrugation in the inflation curve of the first loading cycle.
The unfolding of corrugation accompanied with the permanent
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Fig. 13. Cyclic behavior of endoskeletal bubble actuators with the same PU
thickness (150 pm) but different parylene thicknesses (1, 2, and 5 pm).

deformation of parylene in the second and third loading broad-
ens the hysteresis loops much more. The remnant deflection is
irreversible because the unfolding has led to another minimum
energy state.

Three endoskeletal bubble actuators with the same PU thick-
ness (150 pum) but different parylene thicknesses (1, 2, and
5 pm) are fabricated. Their cyclic behaviors are shown in
Fig. 13. The inflation and deflation curves form a hysteresis
loop in all the three cases. The hysteresis is defined as the
percentage ratio of the difference between two deflections at
the midpoint of the applied pressure to the maximum deflection.
The values of hysteresis for 1-, 2-, and 5-pm-thick bubbles are
13%, 24%, and 27%, respectively.

The 1-pm-thick device shows the least stiffness as well as the
lowest hysteresis among the three bubbles. It would be the most
desired bubble actuator in our application. However, during
test, it is found that 1-pm-thick devices are insufficiently robust
compared to the other two bubbles.

After an initial deformation and recovery cycle, repeated
inflation and deflation cycles result in much less hysteresis,
demonstrating the functionality of the kinematically stabilized
actuator, as can be seen in Fig. 14.

It is hypothesized that the observed hysteresis consists of two
components: a plastic deformation of the underlying parylene
layer during the initial inflation and a viscoelastic dissipation
occurring primarily in the PU elastomer overcoat in subsequent
inflations. To test this hypothesis, finite element models are
utilized to determine if the plastic limit of parylene is exceeded,
particularly in the sharp bends of the corrugation, during the
initial inflation. Furthermore, after the initial deflection, the
hysteresis performance of the endoskeletal bubbles is compared
to the PU elastomer diaphragms to see if any additional hys-
teretic effects of the endoskeletal bubbles over and above the
PU-only diaphragms can be observed.

Fig. 15 shows the calculated stress using the FEA in an
endoskeletal bubble actuator with 2-pm-thick parylene and
150-pm-thick PU elastomer, under a pressure load of 44 kPa
and a center deflection of 0.697 mm. At corners of the
trapezoidal-shaped corrugations, the stress exceeds the yield
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Fig. 15. Calculated stress in an endoskeletal bubble actuator with 2-gm-thick
parylene and 150-pm-thick PU elastomer with a center deflection of 0.697 mm.

stress of parylene, which is 68 MPa. Approximately 4% of the
parylene layer yields at this pressure load.

After the initial inflation, the hysteresis performance of the
endoskeletal bubble is compared to that of a PU elastomer
diaphragm. As shown in Fig. 14, after the initial inflation,
the hysteresis of the 2-pm-thick endoskeletal bubble actuator
is reduced to 8.4%, which is comparable to that of a PU
elastomer diaphragm of the same nominal thickness (6.5%, as
shown in Fig. 14). The observations, which show that the FEA
model predicts the plastic deformation of the parylene layer on
the initial inflation and that the hysteresis of the endoskeletal
bubble actuator after the initial inflation is comparable to the
hysteresis of a PU elastomer diaphragm, are consistent with the
hypothesis discussed above.

D. Actuator Performance Verification

To verify the performance of the endoskeletal bubble actu-
ator, the numerical analysis results by ANSYS and the exper-
imental results of each actuator are compared. Fig. 16 shows
the center displacement of an endoskeletal bubble actuator as a
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Fig. 16. Comparison of the experimental and FEA results for an endoskeletal
bubble actuator with 2-pm-thick parylene and 150-pm-thick PU elastomer.

function of the applied pressure, where a bubble actuator with
a 2-pm-thick parylene and a 150-um-thick PU elastomer has
been used. The experimental data exhibit good linearity and
agree reasonably well with the simulation results. The discrep-
ancy may have resulted from the inaccuracy in the parameters
used for the nonlinear elastic model in ANSYS simulation.

VII. CONCLUSION

A pneumatically driven kinematically stabilized endoskele-
tal bubble actuator has been proposed and implemented for
future use in Digital Clay research. The mass-manufacturable
actuator has been fabricated using the approaches of lithogra-
phy and micromolding. The skeletal corrugated sections have
been fabricated using a continuous rotating inclined exposure.
PU elastomer microcorrugated diaphragm (skin-only) actuators
and parylene microcorrugated diaphragm (skeleton-only) ac-
tuators with the same profiles have also been fabricated and
characterized for comparison. The endoskeletal bubble actuator
has demonstrated a stable directional deflection as a function
of the applied pressure, and the experimental deflection results
show good agreement with those of the FEA.
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