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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)
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—@— 5 micron Parylene,100 micron PU
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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-pim-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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Fig. 6. Overall fabrication process.

B. Transfer Molding of Sacri cial 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. 11. Diaphragm deflection as functions of the applied pressure for three
actuators: PU elastomer diaphragm, parylene diaphragm, and endoskeletal
bubble.
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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. 14. Displacements in subsequent loading and unloading cycles after an
initial deformation and recovery cycle for a PU diaphragm and an endoskeletal
bubble actuator with 2-pm-thick parylene and 150-pum-thick PU elastomer.
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Fig. 15. Calculated stress in an endoskeletal bubble actuator with 2-pm-thick
parylene and 150-pum-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 Veri cation

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-pim-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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