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Miniaturized Diaphragm Vacuum Pump by
Multi-Material Additive Manufacturing

Anthony P. Taylor and Luis Fernando Velasquez-Garcia, Senior Member, IEEE

Abstract—This paper reports the first demonstration of
a multi-material, fully additively manufactured, miniature
diaphragm pump for creation and maintenance of low vacuum
from atmospheric conditions. Using polyjet 3-D printing tech-
nology with 42 um XY pixelation and 16 um or 25 pum tall
voxels, a single-stage vacuum pump design with active valves
that has a total pumping volume of 1 em® with 5% dead
volume was implemented. Optimization of the devices resulted in
manufacturing different constitutive parts of the pump in flexible
materials of different stiffness. Finite element simulations of the
pump design estimate at 0.20 MPa the maximum stress on the
piston diaphragm root at full actuation, and at 106 Hz the natural
frequency of the compression chamber. While operating at
1.82 Hz, the devices consistently pumped down from atmospheric
pressure to 110 Torr in under 4 s, which is the smallest and
fastest base pressure reported in the literature for a micro-
fabricated diaphragm vacuum pump. In addition, the pumps
can deliver mass flow rates as high as 200 sccm at 535 Torr,
which is much higher than any of the reported flow rates
from a diaphragm vacuum pump manufactured with standard
microfabrication. The outgassing rate of the TangoBlack Plus®
photopolymer used to print the pumps was measured and is on
par with vacuum compatible elastomers. Compression chamber
diaphragms exhibited lifetimes approaching 1 millioncycles, while
the valves membranes have not leaked after over 2 million
cycles. [2017-0100]

Index Terms— 3-D printing of microsystems, diaphragm pump,
polyjet printing, miniature vacuum pump, vacuum microelectro-
mechanical systems (MEMS).

I. INTRODUCTION

VERY exciting research thrust in microtechnology is the

development of microsystems that require a supply of
gases at precise flow rates and pressure levels, e.g., minia-
turized analytical instruments [1], [2]. These systems need
vacuum pumps to operate, i.e., hardware that creates and
maintains vacuum at a given flow rate. Miniaturized pumps
that consume low power are needed to greatly extend the
autonomy and deployability of these microsystems.

Positive displacement pumps exploit gas compressibility
to create and maintain vacuum; they use active or pas-
sive valves to compress pockets of gas at low pressure to
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higher, e.g., atmospheric, pressure using a variable volume,
i.e., compression chamber [3]. Positive displacement pumps
are adequate for creating and supporting low vacuum (down
to Torr level), and as roughing pump in combination with other
kinds of pumps to reach lower pressure [4].

A diaphragm pump is a kind of positive displacement pump
where the changes in volume of the compression chamber
are caused by the displacements of a flexible membrane.
Several research groups have investigated the miniaturiza-
tion of diaphragm vacuum pumps using microfabrication.
For example, Zhou et al. demonstrated a pneumatically-
actuated, single-stage pump made of a silicon and glass wafer
stack that reached a 164 Torr base pressure [5], which is
until this work the highest reported vacuum from a MEMS
membrane pump creating vacuum from atmospheric pressure.
Also, Kim et al. demonstrated an electrostatically actuated
18-stage pump that produced an air flow rate of 4.0 sccm and
maximum pressure drop of 17.5 kPa (~130 Torr) [6]. In addi-
tion, Besharatian et al. reported an electrostatically actuated
24-stage pump in honeycomb arrangement that produced an
air flow rate of 0.36 sccm and maximum pressure drop
of 4.4 kPa (~33 Torr). In general, the reported microfabri-
cated pumps present a number of issues including (i) small
pressure drops due to their large dead volume compared to
the total pump volume, (ii) small flow rates due to the large
hydraulic resistances of the hydraulic network, small compres-
sion chambers actuated at a slow pace, and sometimes signif-
icant valve leak rate, and (iii) expensive and time consuming
manufacture, which makes them incompatible with low-cost
applications.

Additive manufacturing (AM) is a set of layer-by-layer
fabrication techniques that create solid objects using as tem-
plate a computer-aided design (CAD) file [8]. Compared
to standard microfabrication, AM offers advantages such as
rapid prototyping, device customization, definition of freeform
geometries, and broader material selection, while attaining
minimum feature sizes on par with microfluidic systems
(typical layer height is in the 10-300 xm range and typical
XY voxel size is in the 25 — 500 xm range). In addition,
a number of 3-D printing techniques make possible the defi-
nition of leak tight, closed channels or cavities; in particular,
AM could create miniature diaphragm pumps with larger
compression chamber displacements than what is achievable
with standard microfabrication for better vacuum generation
and larger flow rate. Several research groups have reported
3-D printed microfluidic devices —including pumps for incom-
pressible liquids; these microsystems perform on par or better
than corresponding microfabricated hardware, or demonstrate
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designs that are unfeasible/hard to make with standard
microfabrication [9]-[15].

Most of the reported work on additively manufactured
microfluidics is focused on one-material devices, that is, where
all the components of the device are made of the same
constitutive material [9], [10] —even in devices with monolith-
ically integrated actuators, e.g., valves [12]. The one-material
category includes devices made of a constitutive material and
a sacrificial material (e.g., when defining closed channels by
filling-in voxels with a dissolvable material encased in a non-
dissolvable material) because the use of a second material
reflects shortcomings of the manufacturing technique instead
of adding functionality to the printed object. It would be highly
desirable to tailor the constitutive material of each component
of the device because each component is intended to efficiently
satisfy specific requirements. For example, making rigid parts
made of a stiff material connected to compliant parts made of a
flexible material allows for implementing freeform long-stroke
actuators —analogous to the way a bone structure is actuated
by muscles in a vertebrate organism. At large, the manufacture
of these multi-material 3-D printed MEMS should be carried
out monolithically to obviate issues with post-assembly of
the microsystem, e.g., component-to-component alignment;
in particular, polyjet technology (roughly speaking, inkjet
printing of UV curable, liquid printable feedstock [16]) is
a mature AM method capable of monolithically printing an
object where each voxel is made of a flexible material of
different stiffness [17].

This paper reports the first multi-material, additively man-
ufactured, miniaturized diaphragm pump in the literature.
The valves and the compression chamber of these devices
are made of flexible material with different stiffness, greatly
extending performance and lifetime compared to our initial
results of 3-D printed miniature diaphragm pumps using a
single material [18]. Section II explains the considerations
for selecting the printing method and printable feedstock,
describes the metrology of vertical resolution structures, and
reports the characterization of the surface topography, Young’s
modulus, and vacuum outgassing performance of the printable
feedstock. Section IIT describes the design and fabrication of
the mini pumps. Section IV describes the apparatus and exper-
imental procedure, while Section V discusses the experimental
results and proposes directions for future research. Section VI
summarizes the work.

II. SELECTION AND CHARACTERIZATION OF AM METHOD

The ability to 3-D print flexible, thin, and leak tight
membranes is essential to implement a diaphragm vacuum
pump. However, many of the 3-D printing technologies
require further refinement to attain such specifications and/or
improvement of the mechanical properties of the printable
materials [19]. For manufacturing the pump, three 3-D print-
ing methods with a high degree of maturity that could
yield nonporous, solid structures with embedded channels
were considered [20]: (i) fused filament fabrication (FFF),
i.e., an additive manufacturing method that creates layer by
layer freeform solids by extruding a thermoplastic filament;
(ii) digital light processing stereolithography (DLP-SLA),
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i.e., an additive manufacturing method that creates layer by
layer freeform solids using a bath of UV-sensitive resin; and
(iii) polyjet printing, i.e., an additive manufacturing method
similar to inkjet printing that creates layer by layer freeform
solids by UV curing droplets of liquid photopolymer that are
jetted on a build tray. Flexible and thin membranes can be
3-D printed by the FFF method; however, an earlier ver-
sion of our pump design made of the Ninjaflex® thermo-
plastic polymer [21] did not have leak tight membranes.
We also investigated using DLP-SLA to print the pumps
because microfluidic valves made by this method with up to
1-million cycles have been reported [12]; however, the max-
imum reported elongation of the photopolymers used in
DLP-SLA is not as large as that of the flexible materials
available for the polyjet method, which limits the ultimate
pressure that can be attained by the diaphragm vacuum pump
as it depends on the compression ratio of its chamber. In partic-
ular, while a maximum elongation of ~85% can be achieved
by the DLP-SLA-printable material FLFLGRO02 [22], up to
220% of maximum elongation can be achieved by the polyjet-
printable material TangoBlack Plus® with a Shore hardness
of 27A [23]. Therefore, TangoBlack® —a family of acrylate-
based UV curable photopolymers commercially available for
polyjet printing with large maximum elongation, was selected
as printable feedstock for manufacturing the miniature pumps;
mixing different ratios of the base materials VeroClear® and
TangoBlack Plus® results in printable feedstock with Shore
hardness values between 27A and 95A [24].

A. Vertical Feature Resolution

In a diaphragm pump the vertical resolution of the man-
ufacturing technique is very important because it strongly
influences aspects such as the mechanical performance of the
diaphragm and its leak rate. The vertical feature resolution
of two variations of the printable material (Shore hardness
of 27A and 50A) was investigated by comparing the corre-
spondence between designed and printed test structures. Step
pyramid test structures with step heights ranging between
208 um and 8,416 um were printed with a Polyjet Objet1000
Plus® printer (Stratasys, Eden Prairie, MN) using 16 gum
tall voxels with 42 um XY pixelation; metrology of the
structures was conducted using a white light optical interfer-
ometer. Fig. 1 shows the measured height versus the designed
(i.e., CAD) height of the steps printed in the TangoBlack
Plus® (Shore 27A) and a TangoBlack® blend with Shore 50A
hardness; each data point represents the averages of eight
measurements or differences between measurements, for a
total of eleven points for each material. The data demonstrate
that there is a close match between the intended height and the
printed height; linear best fits to the data have slopes within 3%
(TangoBlack® blend) and 5% (TangoBlack Plus®) of the ideal
1-to-1 correspondence. In addition, a small offset (14 xm for
TangoBlack® blend and 7 xm for TangoBlack Plus®) between
measured and designed heights was observed; this offset is on
the order of one slice, which is expected for an AM process.

B. Surface Topography Characterization
The surface topography of the printed material could
influence the pump performance in two important aspects,
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Fig. 1. Measured height versus CAD height of features on step pyramids

3-D printed in TangoBlack® and TangoBlack Plus® feedstock.

Fig. 2.

of (a) TangoBlack Plus® and (b) TangoBlack® blend with Shore
hardness 50A.

Optical micrographs of a nominally flat surface made

TABLE I

ARITHMETIC ROUGHNESS (R3) AND MAXIMUM TOP-TO-VALLEY
HEIGHT (Rz) OF NOMINALLY FLAT SURFACES

Sample TangoBlack Plus” TangoBlack® blend
Hardness Shore 27A Shore 50A

R (pm) 3.478 2.706
Standard dev. Ra (um) 0.716 0.567

Rz (um) 18.326 15.476
Standard dev. Rz (um) 5.597 5.409

i.e., (i) helping create a leak tight seal between two surfaces,
e.g., in the valves, and (ii) affecting the outgassing rate of
the material. The surface texture of 3.2 mm by 4.4 mm
nominally flat surfaces printed with 16 xm tall voxels and
42 ym XY pixelation in TangoBlack Plus® (Shore 27A) and
TangoBlack® blend (Shore 50A) was characterized using a
Keyence VK-X250 3D Laser Scanning Confocal Microscope
with a 20X objective lens images; the data were analyzed using
the standards ISO 4287 [25] and 4288 [26].

Optical micrographs of the surfaces are show in Fig. 2,
while Table I is a summary of the estimated arithmetic rough-
ness (R,;) and maximum top-to-valley height (R;, i.e., sum of
largest roughness peak height and the largest roughness valley
along a sampling length). The R, values are on the order
of a few microns, and the R; values are close to the layer
thicknesses (16 xm). In addition, Fig. 2 evidences striations
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in one direction with wavelength of about three XY pixels
(~120 um); we speculate that the striation is due to the
arrangement in lines of the nozzles in the print head. In a stiff
material, this topography could adversely affect the leak tight-
ness of a seal between two surfaces; however, in a flexible and
compliant material the topography helps seal the surface —this
is analogous to the ridges in a human finger that facilitate
object grasping [27].

C. Young’s Modulus Characterization of TangoBlack®
Blend With 50A Shore Hardness

Knowing the elastic properties of the printed material is
essential to model the structural performance of the mini
pump. The vendor of the polyjet-printable resins does not
provide values of the Young’s modulus for any of the
TangoBlack® materials [24]; there are papers that report
the Young’s modulus for TangoBlack Plus® [27], [28], but
to the best of the authors’ knowledge there is no reported value
for the TangoBlack® blend with SOA Shore hardness. There-
fore, uniaxial tension tests where conducted with a PASCO
Materials Testing Machine ME-8236 (Pasco, Roseville, CA)
on ten printed coupons to characterize the Young’s modulus
of the 50A Shore TangoBlack®blend. The printed samples are
flat strips of constant thickness with a central narrow portion
with constant cross section; the coupons have a ridge on the
top at both ends to interface with the flat coupon fixture
Pasco ME-8238. During the test the pulling rate was constant,
around 1.4 mm/min, and the sampling frequency was 2 Hz.
From the tests, the Young’s modulus of the TangoBlack® blend
with 50A Shore hardness is estimated at 0.76 +/- 0.04 MPa
(R? =0.99).

D. Vacuum Compatibility of TangoBlack Plus®

Characterization of the vacuum outgassing of the printable
material was conducted to help answer three important ques-
tions, i.e., (i) whether the material outgassed at a rate that
would affect the performance of the pump, (ii) the nature
of the outgassed material, and (iii) how the outgassing of
the material compared to the outgassing of typical vacuum-
compatible polymers. The outgassing rate of a sheet made
of TangoBlack Plus® was characterized using a 100 mm x
100 mm x 0.5 mm printed sample. The experimental appa-
ratus is at Edwards Vacuum laboratories (Burgess Hill, UK)
and is capable of generating 10~8 Torr base pressure and
conducting mass spectrometry of the vacuum using a resid-
val gas analyzer (RGA), detecting partial pressures as small
as 10~'* Torr. Samples are placed in a wire mesh basket sus-
pended in an ultra-high vacuum (UHV) compatible stainless
steel chamber equipped with a 68 1/s turbomolecular pump and
a Hiden Analytical 200 amu quadrupole mass spectrometer.
Partial pressure measurements of gas species with masses
ranging from 1 to 200 amu are acquired every ten minutes.

Fig. 3 is a plot of partial pressure versus atomic mass
taken after 1, 10, and 145 hours of time in the chamber; the
total outgassing rates (1-100 amu) along with values for water
(18 amu) and hydrocarbons (45-100 amu and 101-200 amu)
are listed in Table II. The calculated total outgassing rate
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TABLE II
OUTGASSING MEASUREMENTS
Mass Range | Rate, 1 hr Rate, 10 hrs Rate, 145 hrs
amu Torr.l/s.cm® | Torr.l/s.cm® Torr.l/s.cm?

ToTaL | 1-100 2.9E-06 1.8E-06 1.8E-07
H0 18 3.5E-08 1.9E-08 1.6E-09
C.H, 45-100 1.3E-06 7.9E-07 8.8E-08
CiHy 101-200 6.1E-08 5.2E-08 1.4E-08
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Fig. 4. The outgassing rate of TangoBlack Plus® decays over time.

of the sample at the 1- and 10-hour marks are in the range
reported for common vacuum-compatible elastomers such as
fluoroelastomer or Buna-N (10_5 — 1077 Torr.l/s.cmz) [29].
Therefore, the performance of a diaphragm pump should not
be significantly affected by the choice of a TangoBlack®
resin as constitutive material; moreover, TangoBlack®-printed
components, e.g., seal gaskets, should satisfactorily perform
in vacuum. The large fraction of the total outgassing rate
attributable to hydrocarbons with mass in the 45-100 amu
range indicates the polymer sample tested might not have been
fully cross-linked; we speculate that optimization of the layer-
by-layer UV curing during the printing process might reduce
the amount of hydrocarbon outgassing; this matter requires
further study.

The evolution of the gas species over the 145-hour study
is depicted in Fig. 4. During the first two hours the
hydrocarbon outgassing rate increases while the water
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Fig. 5. CAD drawing of a cross-section of the diaphragm pump showing
the compression chamber, valves, and fluidic ports; the cross-section cut
passes through the centers of the valves and compression chamber. Different
polymer blends may be used for the valve block (material 1) and the piston
block (material 2). The dead volume of the pump is comprised of the two
passageways between the compression chamber ceiling and the valve seats.
During fabrication, the internal cavities of the pump are filled-in by a support
material; after printing, the support material is removed with a 2% NaOH
solution in HyO and agitation.

outgassing rate decreases, suggesting there could be a capillary
effect allowing trapped hydrocarbons to migrate to the surface.
However, bursts in the outgassing rate of the hydrocarbon
signatures after 70 and 100 hours of measurement suggest
trapped gases are leaving the sample during these periods;
this is quite possible due the granularity of the printed part,
i.e., the printed object is made of discretized voxels stitched
in air at atmospheric pressure. The continuous emission of
hydrocarbon traces suggests that using a TangoBlack®-printed
pump in a miniaturized analytical instrument could pose some
challenges, e.g., the outgassing could increase the noise floor
of the measurements.

III. DEVICE DESIGN AND FABRICATION

A CAD model of the additively manufactured single-stage
miniature diaphragm vacuum pump is shown in Fig. 5 and an
example of a monolithically printed pump is shown in Fig. 6.
The pump consists of a compression chamber, two active
valves, and the internal hydraulics that connect the valves,
chamber, and ports; the device measures 28 mm wide by
35 mm long and 24 mm tall, and has a total pumping volume
of 1 cm? with 5% dead volume. The pump creates vacuum by
removing pockets of gas from a cavity, compressing them,
and releasing them to a reservoir at atmospheric pressure.
Active valves were chosen in this design because their timing
can be set to optimize pump performance. The valves are
pneumatically actuated; researchers have reported microfab-
ricated valves with other means of actuation, e.g., piezo-
electric [30], thermal (bimetallic) [31], and electrostatic [32].
Passive check valves were not explored, but they do offer the
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Fig. 6. Example of a diaphragm pump 3-D printed in one piece of a
TangoBlack® blend with Shore 50A hardness. The device was cut with a
razor blade after printing and post-cleaning of the sacrificial material that
filled-in the cavities.

advantage of not requiring additional energy and signals for
actuation, and can be optimized to yield less dead volume
than active valve pumps. There are reports of 3-D printed
passive check valves [33]; however, passive check valves are
limited in aspects such as the ratio between the forward and
reverse pressure drop across the valve, the maximum operating
pressure, and reliability [34].

The diaphragm pumps were polyjet 3-D printed in flexible
photo-definable polymers of the TangoBlack® family using
42 um-wide, 42 ym-long, and 25 or 16 um-tall voxels; the
printable support material FullCure® 705 temporarily filled-in
the internal cavities of the pump during manufacturing. The
support material was removed using a solution of 2% NaOH in
H,0O and mechanical agitation; removal of the support material
cannot be rushed; otherwise, the pumps could get damaged
in the process. Although the pumps can be monolithically
printed and the support material can be satisfactorily removed
(e.g., in Fig. 6), printing the device in two monolithic blocks
greatly facilitates the support material removal effort. In Fig. 5,
the two blocks are shown in different hues; the blocks connect
at the line drawn through the middle of the diagram. The
lower half of the pump is the piston block, which contains
the compression chamber and related internal hydraulics; the
upper half is the valve block, which houses the vacuum and
exhaust valves along with the inlet and outlet pipe network.
Alignment of the block assembly is not critical because the
two blocks meet at an interface with fairly large (2-mm
diameter) features. The external top and bottom sides of the
printed blocks are sticky to the touch and form a vacuum
tight seal when placed in contact with each other, while being
slightly compressed between the plates of the apparatus used
to characterize the pumps (see Section IV). Arrangement of the
four ports on top of the pump in a linear array with sufficient
spacing allowed for using miniature brass pipe fittings barbed
for 14” tubing.

The in-plane dimensions of the 3-D printed mini pump
and its components (Table III) are similar to those of the
single-stage diaphragm MEMS pumps made with semicon-
ductor microfabrication reported in [3] and [5], which also
have exactly the same components. Specifically, the total
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TABLE III

IN-PLANE DIMENSIONS OF COMPONENTS
OF 3-D PRINTED VACUUM PUMP

Dimension Value (mm)
Outer diameter compression chamber 20.0
Diameter compression chamber piston 12.8
Outer diameter valve 6.0
Diameter valve piston 4.0
Diameter valve ports 2.0

The radial dimension of the diaphragm of the compression chamber is 3.6
mm, and the radial dimension of the diaphragm of the valve is 1.0 mm.

TABLE IV
DESIGN ITERATIONS

PART Layer Pump Diaphragm Hardness
height (um) | width (mm) | thickness (mm) (Shore)
VALVE 1 25 24 1 27A
VALVE 2 25 28 1 27A
PISTON 1 25 24 1 27A
PISTON 2 25 24 1 S50A
PISTON 3 25 28 0.9 S0A
PISTON 4 16 28 0.9 S50A

In the table, VALVE X refers to the valve block iteration X, and PISTON Y
refers to the piston block iteration Y.

in-plane dimensions of the Si microfabricated MEMS pumps
are 50 mm by 33 mm; also, the Si microfabricated MEMS
pumps have a 20-mm diameter compression chamber, 4-mm
diameter ports (pump inlet, outlet, and pneumatic actuation
ports), and two 6.4 mm diameter valves. The 3-D printed
pump design is significantly thicker than the pumps described
in [3], [5] because (i) in the 3-D printed design the valves are
placed on top of the compression chamber to save in-plane
area, and (ii) the compression chamber of the 3-D printed
pump has a 2.4 mm stroke versus the 6 um stroke of the Si
MEMS pumps.

Initially, the diaphragm pumps were entirely printed in
the most flexible material of the TangoBlack® family, i.e.,
TangoBlack Plus® with a Shore hardness value of 27A,
yielding mixed results. On the one hand, the valves printed
in this material did not show signs of leaking or degradation
after extensive testing; therefore, the design and constitutive
material of the valves was not iterated throughout this study,
only introducing variations of the frame that surrounds the
valve set to match any iterations of the compression chamber
(Table IV). On the other hand, the original compression cham-
bers developed fractures at the root of the diaphragms at rather
small number of cycles, which motivated an iterative optimiza-
tion process of this component to extend its lifetime. In all of
the iterations (i) the sidewalls of the compression chamber
are bowed to minimize the dead volume upon compression,
and (ii) the design incorporated fillets at the edges with the
highest stresses. Four parameters of the compression chamber
were varied in the optimization of this pump component
(Table IV): hardness of the printable material, height of the
printed layers, diaphragm thickness, and compression chamber
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sidewall thickness (i.e., width of the frame). Based upon advice
from Polyjet printing experts, the minimum thickness of the
diaphragm was set close to 1.0 mm to avoid the risk of a
leak across the membrane. The wider compression chamber
assembly with the thinner diaphragm thickness printed with
16 pm thick individual layers in the Shore S0A TangoBlack®
polymer yielded the best pumping performance and lifetime
results.

The dimensions of the components of the pump were
obtained by iterating the actual pump geometry (e.g., includ-
ing diaphragm fillets) based on the results of axisymmetric
finite element simulations using the commercial software
Solidworks 2015 (Dassault Systemes, Waltham, MA). The
finite element modeling effort focused on estimating the funda-
mental resonance frequency and the mechanical performance
of the compression chamber, which is the slowest component
of the pump, as well as the pump component that experiences
the largest deformation and stresses. The use of finite element
modeling was motivated by the non-linear nature of the
physical problem; also, finite element modeling is an accepted
engineering approach to accurately model structural problems
with realistic geometries [35].

The deflection of a diaphragm can be modeled using linear
deformation theory if the deflection of the membrane is
less than about half its thickness [35]. However, when the
deformation of the membrane is larger, the in-plane tensile
stress is comparable (or larger) than the bending stresses,
thereby increasing the plate stiffness. In such case, the non-
linear differential equation that describes the displacement w
of a circular, uniform membrane made of an isotropic, elastic,
and linear material, with loads perpendicular to the surface
of the membrane, constrained at its outer radius r = a, and
attached to a central stiff piston of radius r = b is [36]

dPw  1d*w ldo N-dw QO !
dr3+rdr2 r2 dr - D’ M
with boundary conditions

dw dw
w(r:a):O,E(r:a):O,E(r:b):O, 2)

where N, is the in-plane tension load per unit of circumfer-
ence, D is the flexural rigidity of the diaphragm, i.e.,

b_ Ef ;
12(1 —0?)
where E and v are the Young’s modulus and Poisson ratio of
the material, 7; is the thickness of the diaphragm, and Q is
the shear force per unit of length, given by
0~ Fpiston AP (r* = b?) @
S 2mer 2r
where A P is the pressure difference across the membrane and
Fpiston 1s the force acting on the piston, i.e., 7 - AP - b2 if
pneumatically actuated. There is no closed form solution of
equation (1).

Four physical properties are required to model the pump:
the Young’s modulus, the Poisson ratio, the tensile strength oy,
and the density of the material, p. The Young’s modulus and
Poisson’s ratio used in the simulations were set at 0.76 MPa

3)
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Fig. 7. Simulation results of the finite element stress analysis of the
compression chamber piston in full actuation.

(see Section II.C) and 0.3 [37], respectively. The tensile
strength values measured by others [28], [38] are within the
range of typical tensile strength for the TangoBlack® family
of polymers provided by the vendor (Stratasys, Eden Prairie,
MN) [24]; the tensile strength used in this study was set at
1.9 MPa, which is the lower bound of the range provided by
the vendor for the TangoBlack® blend with 50A Shore hard-
ness. For the density of the material, the middle of the range
provided by the vendor was adopted, i.e., 1.125 gr/cm? [24].

The fundamental resonance frequency f, of a diaphragm
with D; diameter and ¢4 thickness is [39]

1.015\* | E-13
fr—27[( Dd ) 12p (1_1)2), (5)

using Dy = 20 mm, f; = 0.9 mm, and the values of
the Young’s modulus and Poisson values previously quoted,
results in a natural frequency of the compression chamber
equal to 114.6 Hz. Finite element simulations of the pump
using the physical values previously quoted estimate at 106 Hz
the natural frequency of the compression chamber, which is
slightly faster than the actuation time of the solenoid valves
of the experimental apparatus used to characterize the pump
(see Section 1V).

Fig. 7 shows a cross-section of the stress field solution
(in MPa) of the static stress simulation of the piston. In the
simulations, the displacement is set to the full stroke value
of 2.4 mm. This is equivalent to a pressure of 27.4 kPa applied
to the compression chamber piston and the 3.6 mm radial
diaphragm area. The maximum stress is at the root of the
diaphragm, i.e., the edge at which the diaphragm is attached
to the compression chamber. The maximum stress is estimated
at 0.20 MPa, which is well below the 1.9 MPa lower bound of
the tensile strength of the material [24], [28]. The compression
chamber was designed to allow for a maximum diaphragm
elongation of 20%, which corresponds to the suggested maxi-
mum elongation to avoid failure by fatigue of the TangoBlack®
Plus polymer [40].
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Vacuum G ge

Controls

Fig. 8. Photograph of the experimental apparatus used to characterize the
3-D printed mini pumps.

IV. APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus shown in Fig. 8 was used to characterize the
3-D printed pumps. A top aluminum plate and a bottom acrylic
plate held the printed devices with nuts and bolts. The pump
required to be compressed by 8% (2 mm) to prevent leakage
at the plate/pump interfaces; unfortunately, this procedure
has the collateral effect of reducing the displacement of the
compression chamber piston and increasing the relative size
of the pump dead volume. The acrylic plate has one threaded
hole to accommodate a miniature brass fitting with an o-ring
for actuation of the chamber piston. The clear acrylic plate is
also used as a window to observe the extent of displacement
of the piston as the Ny supply pressure is varied to optimize
the stroke.

The top plate has four threaded holes: the outer two for
vacuum and exhaust ports, and the inner two for vacuum and
exhaust valve actuation. Three-way solenoid valves (Clippard,
model EC-3M-12-H) with a response time of 10 ms are used
for valve and diaphragm pneumatic operation. Compressed
nitrogen is fed to one side of the solenoid valves, vacuum
to the other side, and %4” Tygon tubing is plumbed from
the barbed fittings on the plates to the solenoid valves. The
vacuum is supplied by an Edwards nXDS15i scroll pump
through 8 ft of NW25 bellows and 8 ft of Y4” tubing.

The pump exhausts to atmosphere and the vacuum port
is plumbed to a pressure gauge with an accuracy of
+/-15 Torr and a response time of 20 ms (Transducers direct,
model TDH31, vacuum to 15 psi range). The effective vacuum
chamber volume is 1 cm?; this volume includes the pressure
transducer volume, the pipework and fittings, and the printed
vacuum valve volume. An Edwards Model 825 mass flow
controller (MFC) with a maximum flow rate of 500 sccm
was used in parallel with the pressure transducer plumbed
to the vacuum port (not shown in Fig. 8) to measure flow
rate versus pressure of the diaphragm pumps. The MFC was
calibrated with an Omega Engineering Model FMA-5606,
0-500 sccm mass flow meter. Leak checks were con-
ducted to make sure the pressure versus flow rate data
reflected what was occurring inside the compression chamber.

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 26, NO. 6, DECEMBER 2017

TABLE V
VALVE AND PISTON TIMINGS

Frequency Vacuum valve Piston Exhaust valve Piston
(Hz) close, Exhaust up (ms) | close, Vacuum down
valve open (ms) valve open (ms) (ms)
1.82 2,10 263 2,10 263
2.13 2,10 223 2,10 223
3.23 2,10 143 2,10 143
5.26 2,10 83 2,10 83

Also, for all of the data presented, the effective speed was
calculated and was found less than the volumetric displace-
ment of the compression chamber per second (the actuation
frequency times the chamber volume, i.e., 1 cm?).

The solenoid valves are controlled with an Arduino micro
controller (Mega 2560) programmed to supply pressurized
N, or vacuum to the pump valves and diaphragm. The pump-
ing performance is optimized by adjusting the timing of the
valves and Ny pressure. Table V contains the sequencing and
delay times used. During pump testing, a Dataq DI-149 data-
logger collected voltage signals from the pressure transducer
at a rate of 8 Hz. The piston and valves are activated pneu-
matically with pressurized nitrogen regulated to 15 psig and
a vacuum supplied by an Edwards nXDS15i connected to the
three-way solenoid valves. When a three-way solenoid valve
is switched to either pressurized nitrogen or supplied vacuum,
the valves and piston are either pushed forward or pulled back.
Time between switching depends upon actuation frequency.
Operating the pump at low frequencies (e.g., 1.82 Hz, 275 ms)
results in much more time between switching compared to
operating at high frequencies (e.g., 5.26 Hz, 95 ms), which
allows more time for pressure to build or supply vacuum
pressure to drop behind the membranes being actuated. This
could result in less than full displacement of the compression
chamber diaphragm at higher actuation frequencies and hence
higher base pressures.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The printed devices consistently pumped down a 1 cm
volume from atmospheric pressure to 110 Torr in under
4 seconds while operating at 1.82 Hz (Fig. 9); the base pressure
is a threefold improvement over our earlier results using
a single-material printed pump [18] and represents a 33%
reduction in the lowest base pressure reported for a miniature
single-stage microfabricated diaphragm pump [5]; the base
pressure also compares favorably with that of commercially
available non-microfabricated miniature diaphragm pumps: the
2-stage diaphragm pump D27-D3k from TCS Micropumps has
a base pressure of 340 Torr [41], the 2-stage diaphragm pump
DPO110T from Nitto Kohki has a base pressure of 310 Torr
[42], and the 1-stage diaphragm pump 1610VD DC FKM from
Gardner Denver Thomas has a base pressure of 75 Torr [43].
Compared with our previous work, we attribute the improve-
ment to a stronger vacuum used to actuate the valves, a lower
actuation frequency, and a reduction in the compression of
the pump by the plates from 17% to 8%. The pressure on

3
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Fig. 9. Pressure versus time characteristic for devices composed of a Valve 2
assembly and Piston 4 assembly as described in Table IV. Data in green,
exponential curve fit in orange with exponent S/V= 1.797 s—L

the compression chamber piston is measured with an inline
Bourdon dial gauge between the regulated set point of 15 psig
when not applied and about 8 psig (54.4 kPa) when applied
during a pumping cycle. The applied pressure of 54.4 kPa is
larger than the modeled pressure of 27.4 kPa required for full
stroke displacement; the force exerted by the extra pressure is
absorbed by the frame of the mechanism, which is far stiffer
than the membrane.

In a diaphragm pump, the pressure p versus time ¢ charac-
teristic is an exponential decay given by [44]

p(t)=pf+(po—pf)e(_%t); (6)

where p (t — 00) = py is the base pressure, p (t =0) = p,
is the starting pressure (i.e., 1 atmosphere), V is the volume
being pumped down, and S is the effective pumping speed,;
this reduced-order model is an idealization, that is, it assumes
the pumping is done continuously instead of in a series of
discrete events. The data shown in Fig 9 is satisfactorily
described by an exponential decay fit with effective pumping
speed equal to 1.797 cm’/s (slightly less than the maximum
speed of a 1 cm?® volume actuated at a frequency of 1.82 Hz,
ie., 1.82 cm3/s), ps = 109.9 Torr, and (po — pf) = 673.7
Torr. The small offset of 23.6 Torr between the (p, — py)
value from the fit and the actual value (650.1 Torr) may be
accounted for in the measurement uncertainty of +/— 15 Torr
of the pressure gauge and the scatter in the data points near the
approach to py; the oscillatory behavior of the pressure-vs.-
time characteristic in a positive displacement pump has also
been reported by other researchers [45].

The base pressure of the pump improves as the frequency
of actuation is lowered (Fig. 10), suggesting that the chamber
compression is more complete when the pneumatics have
longer time to actuate the diaphragm at the lower frequency.
The 110 Torr base pressure is a single-stage compression
ratio of 6.9:1 and is equivalent to a pump with a 14.5%
dead volume. The base pressure as a function of the exhaust
pressure p, (i.e., 1 atmosphere) is

AL De/compression ratio 7

. V,
Pf—PeVp
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Fig. 10. Average base pressure (blue points) versus actuation frequency and
linear fit of the data (red line) versus frequency. Pump base pressure rises as
actuation frequency increases. The data were collected from pumps composed
of a Valve 2 assembly and Piston 4 assembly as described in Table IV. The
average base pressure at each frequency was calculated by taking the average
of several hundred data points; error bars represent one standard deviation.
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Fig. 11. Flow rate (blue points) versus average pressure and linear fit of

the data versus average pressure (red line) while operating at 5.26 Hz along
with published throughput data for a single-stage diaphragm pump from TSC
Micropumps, model DS27-D3k (green line). The data were collected with a
pump composed of a Valve 1 assembly and Piston 2 assembly as described
in Table IV. Error bars on the pressure represent one standard deviation, and
on the flow rate +/— 5 sccm.

where V; and V), are the dead volume and pump volume,
respectively. Three tentative reasons are proposed to explain
why the 3-D printed mini pumps did not achieve a base
pressure of 38 Torr as predicted by equation (7) for a 5% dead
volume. First, the compression chamber piston might not fully
actuate each cycle —particularly on the back stroke, i.e., when
the chamber piston is pulled down by the vacuum. Second,
the compression chamber volume is reduced when the pump is
compressed by 8% between the plates, while the dead volume
does not significantly change because it does not make contact
to the top or bottom surfaces of the pump; this would reduce
the compression ratio to ~18.4 and the base pressure would
increase to ~42 Torr. Third, it might be possible that the valves
have internal leaks. The experimental apparatus should also be
upgraded with a more precise pressure gauge to measure more
accurately pressures below 100 Torr.

The mass flow rate of nitrogen versus pressure measured at
diaphragm pump actuation frequency of 5.26 Hz is depicted
in Fig. 11. Each data point in the plot is an average of about
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TABLE VI
LONGEST COMPONENT LIFETIMES

PART Slice height | Pump width Diaphragm Lifetime
(um) (mm) thickness (mm) | (kilocycles)

VALVE 1 25 24 1 >1,000
VALVE 2 25 28 1 >2.300
PISTON 1 25 24 1 20
PISTON 2 25 24 1 108
PISTON 3 25 28 0.9 75
PISTON 4 16 28 0.9 >850

200 pressure readings at each flow rate, and the error bars
represent +/- one standard deviation of the values. As the
flow rate increases, the standard deviation of the average
pressure measurements also increases. A representative result
is a nitrogen flow rate of 200 sccm at 535 Torr; this flow
rate is much higher than reported flow rates from any micro-
fabricated diaphragm vacuum pump [5]-[7], and higher than
those reported for a commercially available diaphragm pump
of comparable dimensions made with standard manufacturing
(green curve, Fig. 11 [41]).

As previously described in Section III, four parameters of
the compression chamber were modified with the intention to
attain longer lifetimes: (i) hardness of the printable material,
(ii) height of the printed slices, (iii) diaphragm thickness, and
(iv) compression chamber lateral wall thickness (i.e., width
of the pump body). Table VI lists the largest number of
actuation cycles measured before diaphragm failure for a
given combination of parameters; the descriptions of the
different components tested are shown in Table IV. With
the improvements made to the design, compression chamber
diaphragms exhibited lifetimes approaching 1 million cycles,
while the valves membranes have not leaked after more
than 2 million cycles. As predicted by the finite element
simulations, the failed diaphragms show cracks at their root,
which is the point of maximum stress. Changing the hardness
of the compression chamber assembly from Shore 27A to 50A
increased a fivefold the lifetime of the hardware; however,
increasing the hardness to 70A (not shown on Table IV)
resulted in a diaphragm too stiff for full actuation, and a
significant reduction in lifetime. Therefore, it was assumed
that the optimal hardness was around SOA and variation of
other aspects of the pump was prioritized. The thickness of
the lateral material surrounding the compression chamber was
not equal on all sides in the 24 mm wide design (the lateral
material was 2 mm thick on two opposite sides and 7.5 mm
thick on the two other); during actuation it was noticed that
the thinner 2 mm thick walls deformed. Increasing the width
of the pump from 24 mm to 28 mm provided wall thicknesses
of 4 mm and 7.5 mm, resulting in less deformation during
actuation. During this iteration, the diaphragm thickness was
also decreased from 1 mm to 0.9 mm to improve flexibility
without causing leaks through the membrane. Printed in 25 ym
thick layers, the design yielded shorter cycle lifetimes than the
previous hardware iteration, but printed with 16 um layers
results in an order of magnitude increase in the lifetime,
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i.e., >850k cycles actuation prior to leakage. These results are
very encouraging; however, it is important to point out that the
reported exploration of the lifetime of the pumps is preliminary
and further studies are required. Sometimes the combinations
tested had visibly shorter lifetimes, probably due to print-
to-print variation, damage of the device during removal of
the sacrificial material that fills-in the internal cavities during
printing, and/or assembly/disassembly of the devices.

A number of directions for further development of the
miniature diaphragm pumps are identified. A first direction
is the demonstration of cascaded systems, that is, a set of
compression stages grouped in series with the objective to
lower the base pressure delivered by the pump. With the
demonstrated compression ratio of 6.9:1, it should be possible
to reach a base pressure below 1 Torr, which is a low enough
pressure to back a turbo-molecular pump for miniaturized
mass spectrometry instruments [2] or to be the main pump
in mid-resolution terahertz spectroscopy [46]. Having a multi-
stage diaphragm pump system also helps reduce the power
required in pumping by making the polytrophic coefficient of
the compression closer to the isothermal limit [47] assuming
there is no significant increase in power consumption from
having a plurality of valves added to the hardware. Given
the superior lifetime performance of the valves compared
to the main piston, there is considerable merit in exploring
pumping stages with smaller stroke, and looking closely at
the piston/volume geometry to minimize stresses, exploiting
on the freeform nature of AM processing.

A second possibility for further investigation is the develop-
ment of passive valves to avoid the need to provide actuation
to these components. However, the body of work on MEMS
valves demonstrates that active valves have associated smaller
leaks compared to passive valves [34], [48].

Third, a clear limitation of the current pump hardware is its
actuation because it restricts the portability and deployability
of the pumps. Furthermore, it is not physically possible to
produce lower vacuum than the actuation vacuum, regardless
of the nominal compression ratio of the chamber. A possi-
bility is to integrate mesoscaled off-the-shelf actuators with
the printed part; however, a more interesting direction is
to investigate 3-D printed actuators. This exploration might
imply a combination of printing methods because, besides
being capable of processing selected flexible, sacrificial, and
optically clear printable feedstock, the developers of polyjet
printing hardware have focused on providing very fine control
of the color of the printed part [17] instead of printing
functional materials, e.g., structures that transduce stimuli.
Transducing mechanisms compatible with long-stroke, large
force actuation are of particular interest for this application,
e.g., magnetic actuation. Researchers have recently demon-
strated 3-D printing of permanent magnets using extrusion of
thermoplastics doped with magnetic microparticles [49].

Finally, the issue of the variability of the physical properties
of the printable material needs to be further investigated.
The vendor of the printable feedstock specifies ranges for
many of the physical properties of objects printed with their
resins. The vendor is not clear on whether the variation
occurs across different batches of the same resin, within the
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same batch, if the spread is due to aging of the resin, etc.
Control of the physical properties would be highly desirable
for commercialization of the pump; otherwise, the designs
might need to be conservative and use the lower bound
values.

VI. CONCLUSION

The first demonstration of a multi-material, fully additively
manufactured, miniature diaphragm pump for creation and
maintenance of low vacuum from atmospheric conditions was
reported. Using polyjet 3-D printing technology, a single-
stage vacuum pump design with active valves that has a total
pumping volume of 1 cm® with 5% dead volume was imple-
mented. While operating at 1.82 Hz, the devices consistently
pumped down from atmospheric pressure to 110 Torr in under
4 seconds, which is the smallest and fastest base pressure
reported in the literature for a microfabricated diaphragm
pump; the base pressure also compares favorably with com-
mercial, non-microfabricated, miniature diaphragm vacuum
pumps. In addition, the pumps can deliver mass flow rates
as high as 200 sccm at 535 Torr, which is much higher than
any of the reported flow rates from a diaphragm vacuum pump
manufactured with standard microfabrication, and larger than
the reported flow rates of a commercial, non-microfabricated,
miniature diaphragm vacuum pump. The outgassing rate of the
printable photopolymer used to make the pumps is on a par
with vacuum compatible elastomers. Compression chamber
diaphragms exhibited lifetimes approaching 1 million cycles,
while the valve membranes have not leaked after over 2 million
cycles. Tentative research directions include cascaded systems
to lower the base pressure delivered by the pump, development
of passive valves to simplify the actuation of the pumps, and
development of 3-D printed long-stroke, large force actuators.
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