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Additively Manufactured Robust Microfluidics
via Silver Clay Extrusion
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Abstract— We report novel, low-cost, high-temperature
compatible, high-pressure compatible, and chemically resistant
additively manufactured microfluidics. The devices were mono-
lithically fabricated by extruding silver clay with a fused filament
fabrication 3D printer frame fitted with a syringe extruder,
followed by annealing at 885 ◦C in air. Analysis of the printable
feedstock shows that the green material is an alloy composed of
silver and copper microparticles blended with an organic binder
matrix, while analysis of printed and annealed samples shows
that the material is completely free of binder and compatible
with at least 800 ◦C operation. Characterization of the thermal,
electrical, and mechanical properties of printed and annealed
structures yields values close to those of bulk sterling silver,
except for a significantly smaller Young’s modulus. Metrology
of test structures evidences linearity between printed dimensions
and computer-aided design values. Layers as thin as 150 µm
and working, watertight closed channels as narrow as 200 µm
were consistently resolved. A proof-of-concept microfluidic that
catalytically decomposes hydrogen peroxide was designed, fab-
ricated, and characterized; the experimental performance of
the catalytic microreactor is in agreement with reduced-order
modeling. [2019-0267]

Index Terms— 3D printing of MEMS, catalyst, hydrogen
peroxide, microfluidics, microreactor, silver clay.

I. INTRODUCTION

M ICROFLUIDICS are devices that process or manip-
ulate small volumes of fluid (typically nanoliters to

microliters) using channels with sub-millimeter and smaller
hydraulic diameter, i.e. microchannels [1]. Most microfluidics
use a network of closed microchannels (i.e. an interconnected
arrangement of long and narrow internal voids connected to
one or more external fluidic ports) to efficiently accomplish
tasks such as species mixing, heat transfer, particle sorting,
and other surface-to-volume-ratio-enhanced processes [2].

The great majority of microfluidics are made of silicone rub-
bers, e.g. polydimethylsiloxane (PDMS), which allow visual
monitoring of the flow dynamics from the outside [3]–[5];
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however, these materials don’t withstand high temperatures or
high pressures, neither are resilient to strong acids, alkalis and
organic solvents—liquids often used for chemical synthesis
and decomposition. More robust microfluidics can be made
via silicon and glass micromachining [6], [7] or ceramic
lamination [8]; however, these materials are fragile and their
associated manufacturing methods involve high cost, long
production time, no device customization, and elaborate design
iteration. Metals are a good choice for manufacturing rugged
microfluidics, as they are in general strong, ductile, shock
resistant, high-temperature compatible, high-pressure compati-
ble, and chemically resistant; moreover, transition metals have
catalytic properties that can be used in the chemical processing
conducted by the microfluidic device; nonetheless, micro-
fabrication technology for metals focuses on thin films and
wafer bonding [3]. In addition, fabrication approaches such as
electric discharge micromachining [9] and micro milling [10]
have been explored to implement metal microfluidics, but these
manufacturing processes are very expensive, very slow, and
require specialized tooling.

Additive manufacturing, i.e. the maskless, layered creation
of solid structures following a computer-aided design (CAD)
model, has been recently explored as a toolbox to implement
microsystems, particularly microfluidics [11]–[15]. However,
most 3D-printed microfluidics are made of polymers that
are not compatible with the aforementioned harsh conditions
and fluids. Conventional metal 3D printing methods include
lost-wax micromolding [16], inkjet binder [17] and direct
metal laser sintering [18]; unfortunately, these processes are
not ideal for producing monolithic, closed-channel microflu-
idics because they either require internal dummy structures
to define internal voids, or create parts with internal voids
filled with unprinted feedstock—both of which are difficult to
remove to have functional devices.

Fused filament fabrication (FFF) is a 3D printing technique
that creates solid objects via extrusion of thermoplastics using
one or more hot nozzles that raster, layer by layer, a volume
defined by a CAD file [19]. There are quite a few examples
of FFF-printed microfluidics [20]; although a few of these
reported devices are made in chemically resistant polymers,
e.g. polypropylene (PP), these materials can only operate
within a moderate range of pressures and temperatures, and
have no catalytic properties.

Metal clay extrusion is a novel 3D printing technique com-
patible with microfluidics manufacturing that creates objects in
much the same way as traditional plastic extruding, although
without involving heat in the extrusion process. Metal clays
are slurries of metal microparticles mixed with a water-soluble
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organic binder that were invented in the 1990s to allow making
complex jewelry without requiring extensive training [21]. The
metal clay is a thick paste that can be extruded, dried, and
annealed at high temperature to produce solid metal objects;
annealing of the green (i.e. as-printed) objects typically causes
them to shrink up to 15%. Metal clay extrusion offers key
advantages over the other 3D printing methods for metal
including (i) inexpensive printing hardware, (ii) low per-device
cost, (iii) room-temperature printing of the green objects,
(iv) no emission of particles or fumes during printing, and
(v) feasibility to create watertight structures with internal voids
via bridging (i.e. extrusion of feedstock across a gap, without
structural support within the gap [22]).

In this study, we explore metal clay extrusion as a 3D
printing technology to implement monolithic, low-cost, and
rugged microfluidics using silver clay as printable feedstock.
Silver clay was chosen as printable material because is com-
patible with a wide range of microfluidics, from heat exchang-
ers to microreactors, given its high thermal and electrical
conductivities, chemical resistance, and catalytic properties.
Other printable feedstock were also considered, but were
discarded as they present significant disadvantages compared
to silver:

• bronze is cheaper than silver, but bronze clay needs
to be annealed in an oxygen-free environment, which
is typically accomplished using a vacuum furnace or
particle-generating carbon feedstock next to the printed
part;

• gold has excellent chemical, electrical, and heat transfer
properties, as well as catalytic properties, but is an 85-fold
more expensive than silver;

• copper has excellent electrical and heat transfer proper-
ties, and is cheaper than silver, but copper is more reactive
than silver, e.g. it can degrade more easily when used as
a catalyst.

Section II describes the fabrication process using a modified
FFF 3D printer, while Section III reports the metrology charac-
terization of test structures, and Section IV details the material
characterization of green and annealed structures. Section V
summarizes the electrical, thermal, and mechanical characteri-
zation of the annealed feedstock, while Section VI reports the
design, fabrication, and characterization of a proof-of-concept
microreactor that catalytically decomposes hydrogen peroxide
as an example of a microfluidic that can be made via silver
clay extrusion. Finally, Section VII summarizes the work.

II. FABRICATION

Test structures and devices were additively manufactured
with a PC-controlled FFF 3D printer frame fitted with a
high-torque gear reduction that can deliver over 300 pounds
of force to the plunger of a syringe filled with metal clay [23].
The printer extrudes metal clay at room temperature through
a 400 μm-diameter nozzle; the extruded material is collected
on a build plate, i.e. a sheet of bonded magnet that attaches to
the top of the printer platform. During printing, the pressure
acting on the clay reservoir of the syringe can be rapidly
modulated with the gearbox reduction, allowing for precise
control of the clay flow —a potentiometer controlling the

Fig. 1. Schematic of 3D printing process to create metal clay-extruded
objects.

motor that actuates the syringe allows for fine tuning of the
clay reservoir pressure, ensuring continuous flow at a given
nozzle rastering speed.

To print a structure (Fig. 1), a CAD model is created in
STL format (SolidWorks 2015, Dassault Systèmes, Waltham,
MA, USA) and exported to a slicer software (Simplify3D,
Cincinnati, OH, USA), which is a script that discretizes the
CAD model into a set of horizontal cuts, i.e. slices, and creates
a G-code file with the traveling path of the nozzle to raster
each slice with associated conditions (e.g. rastering speed,
nozzle flow rate). The G-code file is then transferred to the
3D printer, which, following the G-code, rasters the build plate
while spreading silver clay (EZ960, Cool Tools, Jefferson, WI,
USA). After printing, the build plate is detached from the
printer platform and stored in a desiccator for 12 hours at 20%
humidity to allow the printed object to dry; the green object
is then carefully removed from the build plate and transferred
to an air kiln to be annealed for 4 h @ 885 ◦C, burning out
all the organic binder of the clay. No post-treatment of the
printed objects, e.g. polishing, was carried out.

III. METROLOGY CHARACTERIZATION

Green and annealed test structures were measured with
a confocal microscope Keyence CX-X200 Series (Keyence,
Osaka, Japan) to characterize the in-plane and out-of-plane
resolution and repeatability of printed positive (solid) fea-
tures, as well as the in-plane resolution and repeatability of
negative (void) features. The data show linearity between the
dimensions of green structures and corresponding CAD values,
and between the dimensions of annealed structures and corre-
sponding CAD values. Positive in-plane, positive out-of-plane,
and negative in-plane dimensions of green structures are about
92% CAD values; positive in-plane, positive out-of-plane,
and negative in-plane dimensions of annealed structures are
about 81%, within about 6%, and about 80% CAD val-
ues, respectively. However, the shrinkage values significantly
vary depending on the slicing height. Watertight, closed
microchannels as narrow as 200 μm were demonstrated.

To first order, based on the scaling factors obtained in
these experiments, one can compensate the shrinkage from
printing and annealing to create a final part with dimensions
very close to those intended. However, in our experience it
is challenging to completely eliminate the mismatch between
actual dimensions and intended dimensions. In our opinion,
the reasons for this result include:
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Fig. 2. Accumulated printed step width vs. CAD dimension, measured
before and after annealing, of step pyramid test structures. In the least-squares
fittings, PD = printed dimension, CD = CAD dimension. Solid markers
denote data from as-printed objects, while hollow markers denote data from
annealed objects. Least-squares fittings of green data are dashed lines, while
least-squares fittings of annealed data are dotted lines.

• The pressure acting on the syringe clay reservoir needs
to be finely tuned every time a new printing job is run
to make sure the material flows satisfactorily. The tuning
involves finely varying the force exerted by the piston to
make sure the material flows uniformly at a given nozzle
rastering speed.

• Clay extrusion is a printing method that does not involve
XY pixels; pixels in combination with the layer height
discretize into voxels the volume of the printed part,
which makes the printing process more dimensionally
robust.

• Clay extrusion involves high temperature annealing and
feedstock made out of particles with size spread; issues
such as temperature uniformity in the furnace used for
annealing and local particle size variation influence the
final dimensions of the part.

A. Positive In-Plane Feature Characterization

Step pyramids were printed using 150 μm-thick and
200 μm-thick layers and measured in both X and Y directions
to characterize the resolution and repeatability of positive
in-plane features; the data are shown in Fig. 2. Each pyramid
had six steps on top of a 1 mm-thick plate monolithically
printed with the steps. The structures spanned a combined
range of CAD step width between 4000 μm and 12000 μm;
15 structures were printed and measured at random in 4 points
within each step (i.e. each data point in Fig. 2 is the average
of 60 measurements). The steps were centered around the
vertical axis of the pyramid, and the separation between the
edges of adjacent steps was set at 400 μm in the CAD files.
Metrology of the test structures evidences linearity between
the CAD and printed in-plane features for both green and
annealed structures. On average, the dimensions of the green
structures are 93% the CAD values, while the dimensions
of the annealed structures are 81% the CAD values (i.e. the
in-plane features of the annealed structures shrink about 13%

Fig. 3. Out-of-plane printed dimension vs. corresponding CAD dimension,
measured before and after annealing, of stairs-like test structures. In the
least-squares fittings, PD = printed dimension, CD = CAD dimension. Solid
markers denote data from green structures, while hollow markers denote data
from annealed structures. Least-squares fittings of green data are dashed lines,
while least squares fittings of annealed data are dotted lines.

from the dimensions of the green structures). No significant
difference between measurements in the X and Y directions
was found, although the structures made with the coarser
slicing (i.e. 200 μm layer height) have associated less size
variation and closer correspondence to the CAD files.

B. Positive Out-of-Plane Feature Characterization

Stair-like structures were printed and measured to charac-
terize the resolution and repeatability of positive out-of-plane
features; the data are shown in Fig. 3. Each structure had a
total of 9 steps on top of a 1 mm-thick base plate that was
monolithically printed with the steps. The height of the steps
is the nominal slice height, which was set at 150 μm or 200
μm; 15 structures were printed and measured at random in
four points within each step (i.e. each data point in Fig. 3 is the
average of 60 measurements), spanning 150 μm to 1400 μm
in the CAD files. In all cases, we found that the height of the
base of the printed stair structure was equal to 0.98 mm instead
of 1 mm, probably reflecting the out-of-plane offset typically
present in the first layer printed by an FFF 3D printer [22]. The
slice height of the green layers is significantly closer to the
CAD values for the coarser slicing (197.3 μm ± 14.4 μm for
200 μm CAD slices, 174.0 μm ± 33.4 μm for 150 μm CAD
slices); after annealing, the slice height shrinks about 9% from
green values (176.0 μm ± 15.0 μm for 200 μm CAD slices,
157.3 μm ± 39.0 μm for 150 μm CAD slices). The least-
squares fittings of the data show linearity between the out-of-
plane dimensions of green and annealed structures compared
to CAD values: features of green structures are about 92% the
CAD values, while the dimensions of annealed structures are
between 95% and 106% CAD values.

C. Negative In-Plane Feature Characterization

Comb structures were printed and measured to characterize
the resolution and repeatability of negative in-plane features;
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Fig. 4. (a) Printed gap width vs. CAD gap width; in the least-squares fittings,
PG = printed gap width, CG = CAD gap width. (b) Confocal micrograph of
a test structure printed in 150 μm-tall layers; the trenches between the fingers
are 200 μm wide.

the combs had varying finger separation and were on top
of a 1-mm thick plate that was monolithically printed with
the comb structures. A set of 15 identical structures were
printed using 150 μm or 200 μm layers; the fingers were
400 μm or 600 μm tall, 12 mm-long and 600 μm-wide, while
the separation between adjacent fingers was varied between
350 μm and 600 μm in steps of 50 μm in the CAD files. For
each test structure, the gap between the fingers was measured
in 3 random points across the length of the fingers; the results
of the metrology are shown in Fig. 4. The least-squares fittings
of the data show linearity between the green and annealed
negative features and the CAD values, where the green features
are about 92% the CAD values, and the annealed features are
about 80% the CAD values (i.e. the annealed void features
shrink about 13% from green values). Uniform gaps as narrow
as 200 μm were successfully created (Fig. 4b).

Based on the metrology results of the comb structures,
printing of closed, 12 mm-long microchannel structures was
carried out using 150 μm-thick and 200 μm-thick layers; the
microchannels were created on top of a 1-mm thick plate.
Preliminary experiments showed that channels with height
equal to one layer collapse after annealing; consequently, in the
CAD files the channels were between 300 μm and 600 μm tall
(i.e. 2 to 4 slices), while the channel width was varied between

Fig. 5. Closed microchannel width vs. corresponding CAD dimension
measured before and after annealing. In the least-squares fittings, PC = printed
channel width, CC = CAD channel width. Solid markers denote data from
green structures, while hollow markers denote data from annealed structures.
Least-squares fittings of green data are dashed lines, while least squares fittings
of annealed data are dotted lines.

Fig. 6. Close-up micrograph of an annealed test structure with a watertight,
180 μm-wide by 400 μm-tall microchannel. The test structure was printed,
dried, and carefully cut with a sharp edge before annealing; some smearing
of the edge of the microchannel is visible due to the cutting process. The
scalloping due to the extrusion of the feedstock during printing is also visible.

300 μm and 600 μm in steps of 50 μm. On average, channel
width shrinks about 27% from CAD values (Fig. 5); the
narrowest microchannel consistently printed is about 200 μm
wide after annealing (Fig. 6). The minimum width of the
channels definable by silver clay extrussion is on par or better
than reported values from FFF-printed microfluidics made in
a wide variety of polymers [20].

IV. CHARACTERIZATION OF PRINTABLE FEEDSTOCK

Analysis of the printable feedstock included scanning
electron microscopy (SEM), energy dispersive spectroscopy
(EDS), thermogravimetric analysis (TGA), and X-ray diffrac-
tion (XRD) techniques. The data show that the green material
is composed of silver and copper microparticles blended with
an organic binder matrix, while analysis of annealed samples
shows that the material is sterling silver completely free of
binder. The data also demonstrate that the printable material
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Fig. 7. Chemical (EDS) and microstructural (SEM inset) analysis of annealed
silver clay.

Fig. 8. XRD pattern of the annealed material. The data show that the material
is sterling silver–an alloy majoritarily composed of silver with traces of copper.

has dibutyl phthalate as solvent and ethyl-cellulose as binder;
in addition, the data demonstrate that the printed material is
compatible with at least 800 ◦C operation.

A. EDS and SEM Characterization of Annealed Feedstock

The quantitative and qualitative composition of annealed
samples of the printable feedstock were investigated using
an EVO MA25 ZEISS SEM equipped with an EDS micro
analytical system (ZEISS, Jena, Germany); the data are shown
on Fig. 7. SEM micrographs (Fig. 7 inset) show that the
annealed material is an alloy made of copper microparticles
dispersed in a matrix of silver-rich compounds. EDS analysis
demonstrates that the composition of the material is 9% copper
phase, 82% silver phase, and 9% oxygen; the oxygen present
is due to the formation of a thin oxide film on the surface of
the sample.

B. XRD Characterization of Annealed Feedstock

The XRD pattern of the annealed material is presented
in Fig. 8; the data were captured with a PanAnalytical X’Pert
Pro PW1800 diffractometer Malvern (Panalytical B.V., Eind-
hoven, The Netherlands). Diffraction peaks at 38.2◦, 44.3◦,
64.4◦ and 77.5◦ are observed, which correspond to the silver
phase with a face-centered cubic (FCC) crystalline structure;

Fig. 9. TGA of as-purchased silver metal clay, i.e. sample weight percentage
versus temperature, and derivative of weight percentage with respect to
temperature versus temperature.

the data are in accordance with the standard diffraction
pattern [24]. There is also a peak located at 43.3◦, which
corresponds to the copper phase with FCC structure, also
in agreement to the standard [25]. The diffraction pattern is
dominated by the silver phase, with a low amount of copper,
because the material is sterling silver—an alloy majoritarily
composed of silver with traces of copper.

C. TGA Characterization of Printable Feedstock

TGA analysis of the silver metal clay was carried out under
air atmosphere and at a temperature between 100 ◦C and
800 ◦C with a heating rate of 10 ◦C/min (TA Instruments,
New Castle, DE, USA). The decomposition of the clay occurs
in two events, as shown in Fig. 9. First, a small weigh loss
of 0.4% takes place around 156 ◦C, which is related to
the degradation of dibutyl phthalate [26]—an organic solvent
commonly used to promote plasticity in a clay formulation.
The second weight loss event is significantly larger (a few
percent) and occurs at 356 ◦C; this weight loss is attributed to
the decomposition of ethyl-cellulose [27]—the binder of the
formulation. There is a small weight increase for temperatures
above 500 ◦C that is related to the presence of copper in
low quantities in the clay, which creates a thin oxide film
on the surface of the alloy. There is no peak associated to
the degradation of the silver, demonstrating that the printable
material is compatible with operation at temperatures as high
as at least 800 ◦C.

V. PHYSICAL PROPERTIES OF ANNEALED FEEDSTOCK

The electrical resistivity, thermal conductivity, Young’s
modulus, yield stress, and ultimate tensile stress of annealed
feedstock were estimated from experiments and physical laws.
The measured properties are close to those of bulk sterling
silver values—with the noticeable exception of the Young’s
modulus that is an order of magnitude smaller.

We measured the electrical and mechanical properties of
the samples along the printed layers. However, the material
fuses after annealing, which, to the best of our knowledge,
should yield a fairly isotropic material (see for example the
experimental results from SS 316L structures 3D-printed at
room temperature via inkjet binder printing and annealed at
high temperature [16]). The exploration of the dependence of
the physical properties of the printed and annealed parts on
the orientation of the layers is outside the scope of this work.
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Fig. 10. Electrical resistance versus probe separation for a printed and
annealed wire. In the least-squares fitting, RW = electrical resistance,
LW = wire length.

A. Electrical Resistivity

Six long and narrow wires were printed and annealed to
characterize the electrical resistivity of the material. Each wire,
with 10.8 mm2 nominal cross-sectional area, was placed in a
Resistivity Apparatus EM-8812 (Pasco, Roseville, CA, USA)
and electrical resistance values for different lengths of the
wire were measured with a multimeter Fluke 8846 A (Fluke
Corporation, Everett, WA, USA); the resistivity versus length
data from of one of the samples are shown in Fig. 10; the
other samples yielded similar results. The least-squares fitting
of the data shows a linear dependence between the length of
the wire and its electrical resistance, in agreement with Ohm’s
law. The electrical resistivity of the material, ρ, was calculated
using the equation

R = ρ

Aw
X + 2Rc (1)

where R is the resistance of the wire, Rc is the contact
resistance, Aw is the cross-sectional area of the wire and
X is the distance between probes. From the slope of the
least-squares fitting, an electrical resistivity of 22.7 n� · m
is estimated, which is 19% larger than the literature value for
sterling silver (88% IACS, or 19.0 n� · m [28]).

B. Thermal Conductivity

The thermal conductivity of the printed and annealed
feedstock was determined using the Wiedemann-Franz
law [29] that states that the ratio between the thermal con-
ductivity k and electrical conductivity σ is proportional to the
temperature T , i.e.

k

σ
= LoT (2)

where Lo is the Lorentz number, whose value is 2.4 ×
10−8W · �/K2 for most metals at 298 K. Based on the
results of Section V.A, the electrical conductivity of the
printed and annealed material is estimated at 4.4 ×107S �m−1

(i.e. the inverse of the estimated electrical resistance); there-
fore, the thermal conductivity of the printed and annealed
material is estimated at 314.7 W/m·K, which is 13% smaller
than the reported value for bulk sterling silver in the literature
(361 W/m·K [30]).

C. Young’s Modulus, Yield Stress, Ultimate Tensile Stress

The Young’s modulus, yield stress, and ultimate tensile
stress of the printed and annealed material were estimated

Fig. 11. Stress vs. strain curve of printed and annealed sample. In the least
square fitting, ST = uniaxial stress, SN = strain.

via uniaxial tensile tests of samples. Six samples were man-
ufactured conforming with American Society for Testing and
Materials (ASTM) standard E8/E8M-08. The tensile tests were
performed using a materials testing system 5500R (Instron,
Norwood, MA, USA) while applying a deformation rate
of 10−4 mm/s. The stress and strain data were automati-
cally calculated from the raw data (i.e. applied force and
deformation) by the software that controls the instrument; the
stress-strain curve from one of the samples tested is shown
in Fig. 11; the other samples yielded similar results. The
material is clearly ductile: the transition from the elastic region
to the plastic region is quite sharp, followed by a plateau
deformation region with relatively low strain hardening rate. In
Fig. 11, the strain gradually increases as the material continues
to plastically deform, reaching its maximum value when the
strain is equal to 0.18 m/m; the material then weakens until a
strain of 0.25 m/m is reached, at which point the material
fractures. According the plot, the yield strength is about
48 MPa at 0.008 m/m strain, while the ultimate tensile stress is
estimated at 88 MPa at 0.18 m/m strain—both stress values are
in agreement with those reported for bulk, undoped, annealed
sterling silver (50 MPa ±10 MPa and 90 MPa ± 20 MPa,
respectively [31]). From the slope of the linear part of the
stress-strain curve, a Young’s modulus equal to 8.2 GPa is
obtained, which is an order of magnitude smaller than reported
bulk values [32]; the sharp difference in the Young’s modulus
should be further studied. Nonetheless, the data demonstrate
that the printed and annealed material is not fragile and can
withstand stress levels compatible with bulk values.

A material with a large Young’s modulus can be used in
applications that require high stiffness, e.g. to keep the defor-
mation below a certain threshold. Consequently, microfluidics
made of a high Young’s modulus material would be easier
to integrate with other structures while keeping tight dimen-
sional tolerances within the system, for example, as part of a
deployable system, e.g. an unmanned air vehicle, a nanosatel-
lite, or a handheld device. Any loads, internal or external
to the microfluidic, would change little the dimensions of
the microfluidic; consequently, its allocated space within the
deployable system will change very little. Examples of these
microfluidics include miniature hydrogen peroxide monopro-
pellant rockets, heat exchangers, and steam generators for
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handheld biological decontamination. In particular, in a heat
exchanger the internal pressure of the fluid could be greatly
augmented to increase in the same proportion the flow rate,
without causing significant deformation of its pipes.

VI. EXAMPLE: MICROREACTOR FOR CATALYTIC

DECOMPOSITION OF HYDROGEN PEROXIDE

The physical properties of the annealed and printed feed-
stock, in combination with the metrology characterization of
printed and annealed structures, suggest that silver clay extru-
sion is a 3D printing technique suitable to create microfluidics
for applications such as heat transfer and chemical processing.
In particular, silver is an oxidation catalyst, e.g. utilized in
the industry to oxidize ethylene to create ethylene oxide
(widely used in applications such as detergents, textiles, phar-
maceuticals) and to oxidize methanol to create formaldehyde
(widely used in applications such as cars, textiles, adhe-
sives) [33]. Also, silver can act as an electron donor catalyst,
e.g. to decompose hydrogen peroxide.

Hydrogen peroxide is a water-soluble oxidant that
self-decomposes in the presence of heat or a catalyst. Various
materials such as iron chloride [34], silver [35], [36], plat-
inum [37], manganese dioxide [38] and perovskites [39] have
been used as catalyst to strike or increase the speed of
decomposition of hydrogen peroxide; in particular, silver is
an attractive catalyst for hydrogen peroxide decomposition
due to its high efficiency [40]. The catalytic decomposition
of hydrogen peroxide results in the formation of a two-phase
flow of oxygen (gas phase) and water (liquid phase); the
reaction liberates enough heat that, under the right conditions,
transforms water into steam. The by-products of the catalytic
decomposition of hydrogen peroxide could be used for a great
variety of PowerMEMS including monopropellant rockets,
fuel cells, and ejector pumps [41]–[45].

In this section, we report the design, fabrication and charac-
terization of a proof-of-concept, monolithic microreactor that
catalytically decomposes hydrogen peroxide. Unlike reported
work, e.g. [45], our microreactor does not require an external
source of catalyst since the device is fully made of silver. The
device takes 12 min to print, 4 hours to anneal, and costs
$25 dollars in printable feedstock. The microreactor operates
as predicted by the reduced-order modeling, attaining 87%
decomposition efficiency for 5 μL/min flow rate of hydrogen
peroxide with 30% w/w initial concentration.

A. Microreactor Design

The proof-of-concept catalytic microreactor is a block of
3D-printed sterling silver with a watertight, 2.5 cm-long,
straight, closed microchannel with 600 μm by 600 μm
cross-section and a fluidic port at both ends (Fig. 12). The
device was manufactured by extruding silver metal clay
in 200 μm layers. The fluidic ports are connected to standard
metal fittings to feed the hydrogen peroxide and remove the
byproducts using Tygon tubes. As hydrogen peroxide flows
through the microchannel, the reactant contacts the walls of
the microchannel, triggering a catalytic decomposition. For
testing, the microfluidic was covered in epoxy to minimize
heat losses hence decompose as much as possible the hydrogen
peroxide fed to the microfluidic.

Fig. 12. (a) Extruded monolithic catalytic microreactor with two ports and
a watertight, closed microchannel next to a US dime; (b) cross-section of
microchannel.

TABLE I

BEHAVIOR OF STATE VARIABLES AT EACH FLOW STAGE

B. Microreactor Modeling

A bulk, one-dimensional model was employed to simulate
the dynamics of the microreactor because the reactor length is
many times (>40) the hydraulic diameter of the microchannel.
The flow in the microreactor passes through five stages, as the
thermodynamic phases of the species change [46]:

• In stage 1, liquid hydrogen peroxide decomposes into
liquid water, oxygen, and heat, which increases the tem-
perature of the species up to the boiling temperature of
water;

• In stage 2, water changes phase at constant temperature,
becoming steam;

• In stage 3, the liquid hydrogen peroxide decomposes into
steam and oxygen, and the heat released further increases
the temperature of the species, until the boiling temper-
ature of the hydrogen peroxide at the reactor pressure is
reached;

• In stage 4, the hydrogen peroxide changes phase at
constant temperature, becoming gaseous.

• Finally, in stage 5 any remnant hydrogen peroxide in gas
form decomposes into steam, oxygen, and heat.

Following [36] and [46], a state-space model of these stages
was implemented in Mathematica (Wolfram, Champaign,
IL, USA) using as state variables the flow temperature T ,
the hydrogen peroxide mass fraction YP , the hydrogen perox-
ide quality fP, and the water quality fW (Table I). Mass and
energy conservation were enforced, and species transport was
modeled to study the evolution of the state variables versus
distance x along the reactor flow length, while accounting
for the chemical reaction and the heat loss from the walls
of the microfluidic. The chemical decomposition of hydrogen
peroxide is given by

2H2O2 → 2H2 O + O2 + Q (3)
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where Q is the molar heat release rate; the rate of change of
the mass fraction of hydrogen peroxide is given by

dYP

dx
= − MP Rr A

ṁ
(4)

where MP is the molar mass of peroxide, Rr is the reaction
rate, A is the reactor cross-sectional area, and ṁ is the total
mass flow rate. The equation for conservation of energy is

ṁc̄P
dT

dx
+ ṁYPh fg,P

d fP

dx
+ ṁYW h f g,W

d fW

dx

= −�HR Rr A − d Qloss

dx
(5)

where c̄P is the mass-weighted average specific heat of the
flow, h f g,P and h f g,W are the enthalpies of vaporization of
the hydrogen peroxide and of water, respectively, �HR is the
heat of reaction, and Qloss is the rate of heat loss through the
reactor walls; c̄P , h f g,P , h f g,W , and �HR are tabulated in
the literature as empirical functions of temperature [47]. The
reaction rate Rr is the number of moles of peroxide reacting
per unit time and unit reactor volume, given by

Rr = kρYP

MP
(6)

where k is the reaction rate constant [46], [48].
The rate loss of heat d Qloss

/
dx causes the temperature

of the flow to decrease, preventing the decomposition of the
hydrogen peroxide. The flow loses heat by internal convection
to the walls of the microreactor, and then by conduction
through the microreactor walls and natural convection from
the exposed surface of the device. Therefore, to minimize heat
loss, the device was covered with the epoxy Propoxy20 (HCC
Holdings, Inc., Cleveland, OH, USA), which has a similar
Young’s modulus than that estimated in the uniaxial tests
(4.6 GPa) and can withstand up to 149 ◦C.

The steady-state heat transfer between the flow within the
microreactor and the ambient was modeled with a thermal
resistance network. In the model, the device walls are assumed
isothermal because the conduction thermal resistance of the
microreactor walls is very small compared to the thermal
resistance due to flow convection; therefore, all convection
thermal resistances of each m-differential of the microreactor,
Rconv,m , are in parallel, i.e. connect between the flow tempera-
ture of the m-differential, Tm , and the wall temperature, Twall .
The conduction thermal resistance of the package, Rpack ,
connects between the reactor wall temperature and the ambient
temperature T∞.

The convection resistance of the m-differential, Rconv,m, is
given by

Rconv,m = 1

hconvd Asur f
(7)

where hconv is the convection coefficient (estimated from
empirical heat transfer correlations [49]) and d Asur f is
the differential surface area over which convection takes
place, i.e.

d Asur f = 2dx [CH + CW ] (8)

where dx is the length differential along the flow, CH is
the microchannel height and CD is the microchannel width.

Fig. 13. Hydrogen peroxide mass fraction versus distance along the
reactor, with inset close-up of the 0.6% and 0.9% w/w hydrogen peroxide
concentration curves for the length of the microreactor.

Therefore, at each m-differential of the microreactor, the heat
loss per unit of length from the flow can be written as

d Qloss,m

dx
= d

dx

(
Tm − Twall

Rconv,m

)

= 2hconv (Tm − Twall) [CH + CW ] (9)

The wall temperature is found by iteration while enforcing
conservation of energy, i.e.

∑n

m=1

Tm − Twall

Rconv,m
= Twall − T∞

Rpack
; (10)

Rpack is also iterated to find the minimum value at which full
peroxide decomposition and water vaporization is attained for
a given hydrogen peroxide concentration (1.8% w/w) and flow
rate(5 μL/min); the minimum value of the thermal resistance
of the package is 27 K/W, which was used in the state-variable
model previously described to model Qloss .

Using the tabulated values of the different parameters with
the geometry of the microchannel, the mass fractions of the
different species were estimated as a function of the reactor
length; the result for the mass fraction of hydrogen peroxide
is shown in Fig. 13. From this analysis, it was confirmed that
the microreactor is able to fully react a flow rate of hydrogen
peroxide equal to 5 μL/min with a concentration as high as
1.8% w/w.

C. Microreactor Characterization

To characterize the microreactor design, a syringe pump
(NE-1000 New Era Pump Systems, Inc., Farmingdale, NY,
USA) was used to supply hydrogen peroxide at a specific
flow rate through the microreactor inlet (Fig. 14). Catalytic
decomposition of the reactant begins as soon as the hydrogen
peroxide interacts with the walls of the microchannel. The
liquid by-products that come out of the outlet port of the
microreactor are collected in a tank connected to the down-
outlet of a T fitting connected to a tube attached to the microre-
actor outlet port, while the oxygen produced in the reaction
escapes through the up-outlet of the T fitting. The liquid phase
residues collected in the tank are analyzed with a refractometer
Atago PAL-39S, (Atago USA, Inc., Bellevue, WA, USA) to
determine the final concentration of hydrogen peroxide after
passing through the microreactor. The experimental setup was
verified using water to detect leaks before hydrogen peroxide
was flown into the microreactor.
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Fig. 14. Experimental setup to characterize catalytic microfluidic that
decomposes hydrogen peroxide.

Fig. 15. Summary of effectiveness of hydrogen peroxide decomposition by
the catalytic microreactor, i.e. final hydrogen peroxide concentration vs. initial
hydrogen peroxide concentration. In all cases, the flow rate is 5 μL/min.

In the experiments, 1 mL of hydrogen peroxide (Hydrogen
peroxide solution 30% (w/w) in H2O, Sigma-Aldrich, St.
Louis, MO, USA) at a given concentration (w/w, mixed with
deionized water) is loaded to the syringe and allowed to flow
at 5 μL/min. During filling-in of the syringe, care was taken
so that the air trapped inside the channel was completely
removed. It was visually confirmed that the decomposition
of hydrogen peroxide forms large amounts of oxygen in the
form of bubbles and slugs with small amounts of reacted
liquid. The same procedure was carried out at other w/w
concentrations of hydrogen peroxide. The concentrations used
in the experiments are 0.6%, 0.9%, 1.8%, 3.75%, 7.5%, 15%
and 30% (the latter is the concentration of the source of
hydrogen peroxide employed in this study).

The microreactor was characterized, decomposing 5 μL/min
flow rate of 30% w/w initial hydrogen peroxide concentra-
tion with 87% efficiency (Fig. 15). The microreactor was
designed for total decomposition of hydrogen peroxide for
concentrations below 1.8%; such decomposition was carried
out with 100% efficiency. Tests carried out at higher concen-
trations show that the decomposition of hydrogen peroxide
is not complete, where higher initial concentration implies
higher final concentration. The experimental results agree
with the reduced-order model and theoretical design of the
microreactor.

The reported catalytic microreactor is intended as a proof-
of-concept demonstration of the feasibility to use silver
clay extrusion to create watertight microfluidics; it was not
designed with an application in mind. However, it would be
straightforward to increase the efficiency of the microreactor
for higher initial concentration, specifically by

• Increasing the length of the microreactor. Fig. 13 shows
that for a given flow rate and microchannel cross-section,

Fig. 16. Ratio between final and initial hydrogen peroxide concentrations ver-
sus 30% w/w hydrogen peroxide flow rate for a microchannel with 600 μm by
600 μm cross-section and 2.5 cm length. Full decomposition of the hydrogen
peroxide is achieved at 1 μL/min flowrate.

a longer reactor can completely react a larger w/w con-
centration of hydrogen peroxide. Based on our model,
a 10 cm-long, 600 μm by 600 μm microchannel would
completely decompose a flow rate of 5 μL/min with up
to 30% w/w hydrogen peroxide concentration.

• Reducing the flow rate of hydrogen peroxide per
microchannel by flowing the liquid thought several chan-
nels in parallel (this increases the surface-to-volume ratio
of the liquid for a given total flow rate). Fig. 16 shows
the percentage of reaction (i.e. final hydrogen peroxide
concentration over initial hydrogen peroxide concentra-
tion) versus flow rate of 30% w/w hydrogen peroxide for
a microchannel with 600 μm by 600 μm cross-section
and 2.5 cm length, evidencing that a smaller flow rate
implies a more complete reaction.

VII. CONCLUSION

This work explored the use of silver clay extrusion to imple-
ment low-cost, monolithic, robust microfluidics. Metrology of
positive in-plane, positive out-of-plane, and negative in-plane
dimensions of green structures are about 92% CAD values,
while in-plane dimensions of positive, annealed structures are
about 81% CAD values; out-of-plane dimensions of positive,
annealed structures are within about 6% of CAD values, and
in-plane negative features part of annealed samples are about
80% CAD values. Watertight closed microchannels as narrow
as 200 μm were consistently resolved.

Analysis of the printable feedstock shows that the green
material is composed of silver and copper microparti-
cles blended with an organic binder matrix, while the
annealed material is sterling silver completely free of binder.
Characterization of the electrical resistivity, thermal conduc-
tivity, and mechanical properties of the printed and annealed
material result in values close of those of bulk sterling silver,
except for a significantly smaller Young’s modulus for the
printed and annealed parts.

Finally, the design, fabrication, and characterization of
a proof-of-concept catalytic microreactor that decomposes
hydrogen peroxide was reported. The experimental results
are in agreement with our modeling, including the complete
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decomposition of hydrogen peroxide with initial w/w con-
centration up to 1.8 % and 5 μL/min flow rate, and 87%
decomposition efficiency when the initial hydrogen peroxide
w/w concentration is increased to 30%. The reported 3D
printing method is compatible with heat transfer and microre-
actor microfluidic applications, e.g. compact heat exchang-
ers, nanosatellite monopropellant rockets, and handheld steam
generators for biological decontamination.
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