MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Additive Manufacturing of Functional Microarchitected
Reactors for Energy, Environmental, and Biological Applications

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Kim, Seok et al. "Additive Manufacturing of Functional Microarchitected Reactors

for Energy, Environmental, and Biological Applications.” International Journal of Precision
Engineering and Manufacturing-Green Technology 8, 1 (October 2020): 303-326 © 2020 Korean
Society for Precision Engineering

As Published: http://dx.doi.org/10.1007/s40684-020-00277-5
Publisher: Springer Science and Business Media LLC
Persistent URL: https://hdl.handle.net/1721.1/129371

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’'s formatting or copy editing

Terms of use: Creative Commons Attribution-Noncommercial-Share Alike

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/129371
http://creativecommons.org/licenses/by-nc-sa/4.0/

Additive manufacturing of functional microarchitected reactors for energy, environmental,
and biological applications

Seok Kim!?, Do Hyeog Kim?, Wonpyo Kim?, Young Tae Cho?*, and Nicholas X. Fang’*

!Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA.
2Department of Mechanical Engineering, Changwon National University, Changwon, South Korea.
*Corresponding author: Young Tae Cho (ytcho@changwon.ac.kr) and Nicholas X. Fang (nicfang@mit.edu)

Abstract

The use of microreactors in the continuous fluidic system has been rapidly expanded over the past three
decades. Developments in materials science and engineering have accelerated the advancement of the
microreactor technology, enabling it to play a critical role in chemical, biological, and energy applications.
The emerging paradigm of digital additive manufacturing broadens the range of the material flexibility,
innovative structural design, and new functionality of the conventional microreactor system. The control of
spatial arrangements with functional printable materials determines the mass transport and energy transfer
within architected microreactors, which are significant for many emerging applications, including use in
catalytic, biological, battery, or photochemical reactors. However, challenges such as lack of design based
on multiphysics modeling and material validation are currently preventing the broader applications and
impacts of functional microreactors conjugated with digital manufacturing beyond the laboratory scale.
This review covers a state-of-the-art of research in the development of some of the most advanced digital
manufactured functional microreactors. We then the outline major challenges in the field and provide our
perspectives on future research and development directions.

Keywords
Microreactor, Architected materials, Additive manufacturing, Micro-/Nano-fabrication, Functional
materials

1. Introduction

Microreactors are widely used in modern chemical process engineering because of their energy efficiency,
scalability, safety, and finer degree of control. Unlike large traditional batch reactors, microreactors are
constructed from a network of miniaturized reaction structures in configurations measured in millimeters
and embedded with micrometer-sized pores or channels. Devices with these small dimensions provide a
more efficient mass and heat transfer because of their large specific surface areas, resulting in a higher yield
of reaction performance (Fig. 1A-B) [1]. With the development of microfluidic systems, these
microreactors have enabled the effective manipulation and control of working fluids that are geometrically
constrained within environments having internal dimensions, or hydrodynamic diameters. As a result,
advances in a microreactor have gained increasing importance in chemical, pharmaceutical, and energy
applications in the recent decades. Furthermore, the economic advantages and improved safety metrics of
microreactors for production purposes have further encouraged their adoption in real industrial applications.
A number of manufacturing technologies for microreactors, including hot embossing, laser ablation,
micromachining, and chemical etching, are currently commercially used. These techniques are generally
constrained in design to two-dimensional (2D) planar channel networks, with more intricate designs leading
to significant increases in cost, manufacturing complexity and production time. Thus, they do not allow for
the design complexity, such as the incorporation of intricate three-dimensional (3D) mixing pathways. The



viscosity has a dominant effect in the microscale because of the shear force, which is inversely proportional
to the thickness of fluid film in motion, hence achieving a nearly perfect mixing in a shallow well or
channels in the 2D geometry is difficult. This mixing issue can be easily solved if the well or channel
incorporates 3D structures. Here the use of additive manufacturing (AM) is a promising solution for
fabricating microreactors to allow the incorporation of innovative designs, which have previously been
limited to simple planar microfluidic devices [2]. Indeed, the concept of 3D microreactors by AM
technology has a long history and lkuta et al. introduced a microscale AM technique that can be utilized for
microfluidic systems and biochemical microreactors [3-6]. They suggested the concept and vision of 3D
microfluidic systems integrated with a silicon process for the electronic components and a polymeric AM
process for the fluidic components [3-6]. Far ahead of their time, they also proposed the big picture in this
field, including the biochemical microreactor-on-an-integrated circuit (IC) chip system, multiscale
integrated microreactors, multifunctional microreactors, and the need for mass production of a 3D
microreactor system (Fig. 1C) [6]. To meet a large demand for an analytic understanding of the biological
system, the authors suggested the basic design of a 3D micro-chemomechatronics device based on a real
biological cellular system. To date, 3D microreactors technology remains a high-barrier-of-entry
technological field because the manufacturing, materials, and integration processing have not yet matured
enough to implement those concept and visions [2, 7]. These challenges initiated an opportunity for the 3D
microreactors to explore advanced 3D microfabrication technologies that are at various stages of research
and development.
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Figure 1. A microreactor can lead to increased yields through high surface-to-volume ratio and rapid mixing. (A) The
surface-to-volume ratio exponentially decreases with the cell size, while the total volume remains constant; small cells
have a high ratio; and large cells a low ratio. (B) General plot of the yield, as a measure of the reactor performance,
versus the reactor volume. Only a slight decrease is found when increasing the reactor volume from 10-° to 103 md,
and this is referred to as the micro- and mini-range. A further increase in volume, also accompanied by a change from
continuous to batch processing, results in a considerable performance decrease. Reprinted from reference [1] with
permission. (C) Conceptual schematic and prototype of a 3D microfluidic reactor with an IC chip for a biochemical
analyzer, before two decades ago Reprinted from reference [3-6] with permission.

We have recently entered a new era of AM (or 3D printing) that is a key enabler to the fabrication
of complex, multiscale architectures and leads to previously unobtainable combinations of structural,
mechanical, chemical, thermal, and functional properties [8-9]. AM is particularly attractive in the
microreactor technology field because its fabrication method allows precise control over the topology,
geometry and composition of the designed functional reactors [10]. AM also provides a mass customization,
multimaterial fabrication, and the ability to produce parts with a complex geometry. For small production
runs, AM may be economical, and allows for an environmentally friendly efficiency (minimum waste and
tooling). More importantly, AM benefits from the compatibility of the digital design interacting with CAD
tools that can design additive manufactured devices in modules and predict the performance with finite
element tools prior to fabrication.

AM is transforming the microreactor paradigm to functional microarchitected reactors by
combining AM methods with advanced materials used for AM and digital freeform design. Architecture
has always played an important role in material properties and the mechanical efficiency of structures [4].
Materials with architected microstructures can achieve a higher structural efficiency. Furthermore,
architecture provides an additional degree of freedom in the material design. Architected materials (i.e.,
adding architectures into materials) offer the opportunity to tailor the physical properties. The device
performance is also fundamentally controlled by geometry at multiple length-scales. The combination of
geometry with material properties determines the behavior of architected materials, which are significant
for many emerging applications, including in catalytic, biological, and battery reactors and other
photochemical reactors. Therefore, considering the architected materials and the digital design used for AM
with the microreactor technology, the term “microreactors” is no longer valid, and should be replaced by
the term “microarchitected reactors (MAR)”, which can cover all aspects of 3D structural design and
materials of emerging microreactor technologies (Fig. 2). This transition is dependent on the advances in
the technologies and materials for AM as well as on improved digital design methods.

This review covers the recent advancements in AM that are making the paradigm of functional
MAR a reality. We first describe the tools for AM, including established and emerging methods, materials
used in AM, and design/modeling that enable the production of functional MAR devices. We then discuss
different AM applications for the chemical/catalytic MAR, bio/pharmaceutical MAR, and energy MAR.
Many of the application areas are emergent, and many challenges still exist to realize the full vision of
additively manufactured functional MAR. We conclude with an outlook on the future challenges and
opportunities in this exciting area.
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Figure. 2 Our perspective for the future microreactor technology along with AM technologies, digital design, and
functional material. Example of the iterative process of design, fabrication, and reaction for the functional MAR. Note
that some pictures have been reproduced from ref. [3-6] with permission.

2. Tools for AM of functional microreactors
This chapter provides a brief overview of the key components for AM that will enable the functional MAR
with an emphasis on the AM technologies and materials and digital design.

2.1 Established AM methods

Variations on AM methods have recently focused on improving spatial resolution, printing speed, and
production quality on integrating multiple materials in of printed 3D constructs. These advances have
transformed AM from a technique for rapid prototyping to an established technology that is transforming
industrial production. However, most AM technologies are limited to a narrow range of materials, and the
fabrication of functional devices is still greatly hindered by limitations in size, resolution, or complexity.
The resolution-to-manufacturing time ratio (RTM, expressed with units of 10 m? min*) was developed as
a gquantitative metric to compare the efficiency of different AM techniques and further classify various AM
technologies in terms of fabrication efficiency (Fig. 3, Equation (1)) [11].
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R is the best spatial resolution achieved within the printing technology, expressed as the inverse of the
minimum feature dimension (d, measured in m). P is the delivery rate of the material being printed or
assembled, which is a function of the volume (V, measured in m?) delivered per unit of time, t (in minutes).
Note that R or P may vary depending on the materials delivered, the geometry, and the printing parameters.
Figure 3 represents the distribution of the various AM technologies in the parameter space with axes of the
d and P axes. The contour lines of the RTM ratio are plotted. The higher the value of the RTM ratio, the
more efficient the process. Most AM technologies are placed along the diagonal of the “d-P” parameter
space, indicating that constructing fine details results in lower delivery rates, which are represented by ovals
in the figure.
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Figure 3. The solid lines represent the resolution/time for manufacturing (RTM) ratio [10-3 m? min] of figure that
ranks various AM technologies according to their efficiency, considering the minimum feature width (x-axis) and
fabrication throughput (y-axis). A larger RTM ratio represents a more efficient printing process. The reported values
are an estimate of the possible values achievable with the technology. The true RTM ratio can differ from the value
in this figure based on the printing parameters, materials used, and required resolution. Reprinted from reference [11]
with permission.

2.1.1 Printing with light
AM technologies with light operate by solidifying the components in specific voxels of a photosensitive
material in response to an introduced UV light or laser source to form the desired 3D objects (Figure 4).
Selective laser sintering (SLS) is based on a beam of light focused at defined regions of a powder bed,
which utilizes a laser source to sinter or fuse polymeric powders in a heated powder bed by a raster-like
pattern layer upon layer. After each 2D layer, a new layer of powder is spread across the powder bed by a
roller for resupply before sintering another layer on top of the previously fused one. Once the 3D construct
has been fabricated, it is removed from the bed, and might undergo further heat treatment in a furnace. SLS
is commonly used in the production of a variety of thermoplastic polymers, metals, ceramics, mixtures of
polymer-ceramic, and polymer-encapsulated ceramic. However, the poor flowability caused by the high
interparticle frictional forces in SLS limits the high quality and consistency of a 3D printed structure. The
estimated RTM ratio for SLS is ~ 1 x 103 m? min* [12-13].

Stereolithography (SLA) is the first AM method made available. It typically uses a UV light to cure
a photosensitive resin layer upon layer by pointwise photopolymerization, which offers a high resolution
of approximately 25 um and few constraints on geometry. SLA applies a similar mechanism as SLS. Liquid
resin is cured into a solid form in the regions of light exposure upon irradiation. The process continues by



adding new liquid resin to the reservoir and generating the 3D constructs layer by layer. The estimated
RTM ratio is ~ 0.5 x 1073 m? min™* [14-16].

Meanwhile, two-photon lithography (TPL), which is also known as direct laser writing, involves
the use of a non-linear multiphoton polymerization process, which provides a high spatial resolution of the
final object down to a sub-micron scale with voxel-by-voxel printing (a voxel is defined by a physical object
of a collection of finite volume elements). Although the spatial resolution of this AM process has improved,
further progress in both material development and fabrication rate is needed. The RTM ratio is ~ 0.05 x
107% m? min?, indicating that TPL has a very high resolution despite taking a long time to manufacture
large structures [15-17].

Recent advances in photolithography-based AM have introduced new methods to increase
production speed. Digital light patterning (DLP) exploits a digital micromirror device (DMD) or liquid-
crystal display to project a 2D pattern into the reservoir, enabling the solidification of an entire layer in a
single exposure. Subsequently, the platform is vertically translated, and the process is repeated layer by
layer until the complete fabrication of the 3D object. The polymerization thickness lies between 10 um and
100 pm, which is dependent on the penetration depth of the light source caused by the combined effect of
the photosensitive resin characteristic and several key process parameters, including light source power,
exposure time, and photoinitiator concentration [15-16]. Although the primary material for the DLP process
is based on polymers, other types of materials, such as ceramics, could also be printed by a pre-ceramic
polymer resin. Furthermore, a multimaterial approach, which could be used for multifunctional devices or
shape-shifting architectures known as four-dimensional (4D) printing [18], has been reported. The
estimated RTM ratio of the DLP is up to 2 x 107° m? min™t [15-16, 19-20].

Continuous liquid interface production (CLIP) is an upgraded variant of DLP printing, which
significantly increases the production rate of light-based AM by introducing an oxygen permeable window
below the liquid resin bath. The oxygen rich zone, which inhibits photopolymerization at the interface
between the window and the growing part, can continuously print parts, thereby removing the need for a
sequential layer-by-layer process. The estimated RTM ratio is significantly increased to ~ 5-10 x 1073 m?
min~?, and remains one of the most efficient AM technologies [21].

The self-propagating photopolymer waveguide (SPPW) takes advantage of the non-linear optical
effect that traps the UV light in a waveguide if the index of refraction changes on polymerization. The
SPPW could be used to fabricate lattice-type structures with the maximum available thickness of several
centimeters and the minimum strut diameter of the lattice unit cell of about 10 um [15, 22]. The lattice
structure is fabricated by a single 2D exposure plane instead of a stacked layer-by-layer approach. If a mask
with a 2D pattern of apertures is simultaneously exposed to multiple collimated beams originating from
different directions, an array of waveguides will form from each of the collimated beams. The waveguides
will polymerize together at the points of intersection, or nodes, creating a self-supporting, open-cellular
lattice structure. The SPPW method is 100-1000 times faster than the traditional layer-by-layer methods
with one short exposure (1-2 min), which enables the fabrication of 3D structures at a higher rate with an
estimated RTM ratio of ~1 m? min~[15, 22]. However, only features linearly extending from the exposure
surface can be grown; hence, the ability is limited to the fabrication of lattice-type structures.

2.1.2 Printing with material deposition

Although light-based AM methods provide high resolution (Fig. 3), they are limited to printing with
photosensitive materials. In contrast, deposition-based AM methods are capable of utilizing myriad
materials in the form of printable inks that are formulated from a wide range of molecular, polymeric or
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particulate species [15, 23-27]. Deposition-based AM functions by depositing material in specific voxels to
fabricate the desired 3D object (Fig. 4).

Fused deposition modeling (FDM) has been extensively used to print the desired structures via
molten thermoplastic polymers extruded into filaments. The melted filament is deposited layer-by-layer
until the 3D structure is completed. The melted filament rapidly cools down below its glass transition
temperature and solidifies again upon contact with the ambient air. FDM is mainly used for thermoplastics,
but the filaments could be filled with other composite materials, such as carbon black, carbon fiber, wood,
metallic powders, and ceramic powders, to enhance the functionality or mechanical properties of the printed
part. FDM has an estimated RTM ratio of ~ 1 x 10 m? min1[15, 23].

Unlike in the FDM method, direct ink writing (DIW) extrudes a viscoelastic or viscoplastic ink in
a syringe through a nozzle onto the printing bed under an external force, such as piston-, pneumatic-, or
screw-driven robotic dispensing, thermal or piezoelectric actuators, and laser-induced forward transfer.
DIW is typically done under ambient conditions, although the ink and bed could be heated or cooled to a
desired temperature using a heating or cooling compartment. The DIW process can use a wide range of
materials, including ceramic and carbon materials, aerogels, and biomaterials, which is favorable for
catalytic materials. However, one of the main limitations of DIW is the low mechanical properties of the
viscoelastic ink that prevent the robust formation of resulting structures. Therefore, post-processing
techniques such as sintering or curing is typically required to improve the structural integrity. The RTM
ratio achieved with DIW is in the range of ~ 0.1-0.5 x 10° m? min1[15].

In addition to FDM and DIW, several types of direct jetting-based AM methods can also be used
(i.e., polyjet printing and binder jetting). Polyjet printing is a combination of both deposition-based and
light-based AM methods, in which it uses a photosensitive polymer droplet that polymerizes upon exposure
of the UV source. Binder jetting operates by ejecting a droplet of a binder solution onto a powder bed,
forming adhered particles in the region where the binder is printed. The solvent binds the powder, forming
a slice of solid material. Subsequently, a new layer of powder is laid down, and the process is repeated to
build the 3D structures in a layer-by-layer fashion. The estimated RTM ratio of this approach is ~0.1 x 1073
m2 min~%, with a medium level of manufacturing efficiency [24-25].

Electrospinning is a common technique used to produce interwoven meshes of thin polymeric fibers.
Electrospinning involves an electrohydrodynamic process, during which a liquid droplet is electrified to
generate a jet, followed by stretching and elongation to generate fibers. A high-voltage electric field is
applied to create an electrically charged jet of a polymer, which is ejected from the tip of a Taylor cone and
gathered on a grounded collector. Despite being a relatively old technology, electrospinning is a versatile
and viable technique for generating ultrathin fibers. Remarkable progress has been made with regard to the
development of electrospinning methods to enable various applications such as catalytic supports,
energy/environmental components, and photonic/electronic devices, and biomedical scaffolds.
Electrospinning has an RTM ratio of approximately 0.1 x 102 m? min~*[15, 26-27].

2.1.3 Emerging technologies in AM

The promising advances that aim to tackle the throughput-associated concerns regarding AM techniques
are exhibited by the volumetric AM technique beyond the conventional layer-by-layer process. These
emerging light-based volumetric AM approaches are based on the use of multiple projection image
superposition via holographic, computed tomographic reconstruction, or combining multiwavelength
source in parallel [28-30]. The holographic volumetric AM could fabricate complex millimeter-scale 3D
polymeric geometries in the span of a few seconds without any supporting structures. This approach is
implemented via the superposition of holographically patterned light fields from multiple beams to be cured
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3D objects. Tomographic volumetric AM has recently been introduced as a method for rendering a solid,
3D object within a rotating photopolymer resin bath. Computed axial tomography is used to project an
evolving light pattern into the rotating bath to build complex 3D shapes during a single exposure. In another
emergent approach, the volumetric AM through dual wavelength is employed for two perpendicular
irradiation patterns at the blue and near-UV wavelengths to independently control either polymerization
initiation or inhibition, respectively, for the volumetric photopolymerization in bulk resin. The RTM ratio
of these volumetric AM technologies is ~ 1 m? mint. While these volumetric methods are not yet mature
and applied for microreactor fabrication, they could comprise another technology that avoids conventional
layer-by-layer processing and enables a concurrent solidification of all voxels that comprise a 3D object.
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Figure 4. Commonly used AM technologies in functional microreactors. Left: light-based technologies
(stereolithography [14-16], selective laser sintering [12-13], two-photon lithography [15-17], digital light pattering
[15-16, 19-20], continuous liquid interface production [21], and self-propagating photopolymer waveguide [15, 22]).
Right: deposition-based technologies (fused deposition modeling [15, 23], direct ink writing [15], polyjet printing [24-
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2.1.4 Current fabrication technology limitations

Both AM methods have some limitations and challenges to address prior to being applied in the functional
MAR technologies. Despite the system improvements in the AM technologies, the overall part size (and
fabrication speed) is traded off against the resolution and minimum feature size, as shown in RTM analysis
(Fig. 3). The small feature size is incompatible with a large-throughput fabrication; therefore, the existing
AM technologies tend to cluster by following the universal trend (representing the scaling law) (d-P plot,
Fig. 3). Behind this scaling law lies the discretized voxel (i.e., controlled volume elements acting as
informational units similar to digital bits) throughput within the AM methods. Reducing the voxel
dimensions will significantly slow down the AM process. In 2PP, for example, reducing the voxel size by
10 times will simply result in the 10° times increase of the fabrication time because of its point-by-point
scanning mechanism. Thus, the scaling problem of increasing the voxel throughput without compromising
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the resolution remains a challenge in AM technologies. We expect future AM methods to overcome this
scaling limit for the emerging MAR applications. Furthermore, based on the given functional requirements,
the design framework begins with the selection of AM processes and the related material options. Although
the AM methods have shown great advantages in fabricating multifunctional structures, there are still
several problems that need to be addressed. The kinds of materials that are available for the multimaterial
AM methods are usually limited [10, 31-32]. Broadening of the material library that can be additive
manufactured and enabling novel composites are critical tasks in the future.

AM-printed parts often show poor surface quality when compared to the smooth surfaces of parts
produced by subtractive manufacturing [33]. This stems from the available voxel size and layered nature
of AM technologies, resulting in an inherent surface roughness inside the microchannels of the reactors and
lowering the transparency of the printed reactors. Direct optical access would be a major advantage when
monitoring of the chemical reaction in the channel interior is desired [34]. The surface roughness could also
have an unexpected effect on the fluidic characteristics of the microreactor devices, such as mixing points,
flow paths, and residence volumes [35]. Thus, the improvement of the AM methods of the functional MAR
is needed to control the surface roughness of the reactor internals.

2.2 Design and modeling

AM technologies provide a rapid interaction between a computer model of 3D objects and their fabrication,
creating an the opportunity for computational topology optimization of the desired 3D structures [36]. This
section briefly discusses modeling and design tools to characterize the transport phenomena in flowing
systems and reactor engineering. First, the computational fluid dynamics (CFD) is introduced to
characterize hydrodynamics and heat and mass transfer in fluidic system reactors. Second, the topology
optimization method is described to fully leverage the AM capabilities combined with the materials used
according to the target application.

2.2.1 Computational fluid dynamics

The flow distribution in microreactors has been intensively studied in order to properly optimize the overall
performance of the functional architected reactors. CFD provides the numerical solution of conservation
equations for mass, momentum, and energy in a flow geometry of interest and the design optimization by
modeling the hydrodynamics of the flow reactors. The governing equations are not scale-dependent, and
can, therefore, be applied to a wide range of problems and length scales, from microreactors to large-scale
systems. The analysis of the hydrodynamics inside microreactors is directly utilized to control the different
variables, including channel shape and size, internal walls, mixer structure, and fluidic conditions (e.g.,
flow velocities and temperature). As shown in Fig. 5, this knowledge captured from CFD can be coupled
with experimental studies for a further design analysis. Several commercial software packages that are
either based on the finite element method (FEM) (e.g., COMSOL) or the finite volume method (FVM) (e.g.,
Ansys Fluent) are available. These computational tools can use a database of properties for the available
materials and inform on the proper print parameters and material choices to design the final part. The
geometry in the FEM is discretized by finite elements interconnected at nodal points, while that in the FVM
is subdivided into finite volumes enclosing the nodal points of the mesh. As a result, the FVM is a more
robust method for computing hydrodynamics and associated transport phenomena. In contrast, the FEM is
better suited for solving coupled multiphysics problems involving several domains (e.g., the coupling
between the chemical reaction rate and the fluidic transport in a given structure). For example, a solution is
pumped through a catalytic reactor where a solute species reacts as it gets in contact with the catalyst. The
CFD analysis can find an optimal catalyst distribution to maximize the total reaction rate for a given total
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pressure difference across the reactor. The catalyst distribution of the catalyst determines the total reaction
rate in the reactor. A large amount of catalyst results in a low flow rate through the reactor. In contrast, less
catalyst gives a high flow rate, but low conversion of the reactant. The CFD is also capable of performing
shape-based optimization. Starting from a pre-defined starting geometry and the corresponding CFD results,
the parametric change analysis to this geometry enables the optimization of a target function (e.g., for
pressure drop minimization). Although the resultant optimized “digital geometry” is difficult to fabricate
via traditional machining methods, AM can bridge this gap between digital geometry from the CFD and
the substantial physical object.

£ = = e BB . m
Figure 5. Examples of the CFD application in microreactor geometries. (A) Numerical study of flow hydrodynamics
at different flow rates in three different reactors. Reprinted from reference [8] with permission. (B) Optimization of
the structured catalytic microfluidic reactors. Reprinted from reference [37] with permission. (C) Simulation results
of the flow field and pressure drop in a fixed-bed reactor. Reprinted from reference [38] with permission. (D)
Characterization of the temperature field and velocity vectors inside porous substrates [39], (E) Simulated temperature
contour in fixed-bed microreactors. Reprinted from reference [40] with permission. (F) Optimization of a mixing unit
for a chemical microreactor. Reprinted from reference [41] with permission.

2.2.2 Topology optimization

Computational topology optimization offers a systematic framework for an efficiently architected material
design to control mechanical, thermal, and fluidic properties. Topology optimization has been developed
to define the ideal arrangement of two or more materials to achieve optimum macroscopic properties. For
example, powerful computational tools, such as commercial software Altair OptiStruct [42] and Autodesk
Within [43], were recently developed to optimize structures for mechanical efficacy. Accordingly, a
structurally efficient and lightweight architecture for a complex-shaped part can be computationally
determined with this topology optimization methods. A typical optimization starts with a solid part and
removes the material, whereby the user can choose to either achieve a favorable volume reduction or meet
defined load requirements. A typical example of the topology optimization design framework is as follows
[36]. For a given target application requiring multiple functionalities, the designer may develop a porous
microarchitected material to satisfy minimum mass, isotropic stiffness, and minimum fluid permeability.
Given these inputs and relevant manufacturing parameters, the topology optimization algorithm returns an
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optimized unit cell architecture that satisfies all the design requirements. As shown in the example
illustrated in Fig. 6A, the optimized unit cell architecture is then repeated in all directions and manufactured
to form the bulk material. The improving fluidic properties have drawn interest from the topology
optimization due to the necessity of fluid flow in a number of applications, from biomedical scaffolds to
thermal transport and catalytic reactors (Fig. 6B-C). With the topology optimization methods, the reactor
structure is initially not known but gradually forms through an iterative process, guided by the problem
optimization. The great advantage of topology optimization is that the complexity of the final solution is
unconstrained and, therefore, not burdened by our preconceived expectations. This method has recently
been successfully applied in designing optimal catalytic microreactors [44] and bioreactors [45].
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Figure 6. (A) 3D microlattice design approach for tissue engineering. (i) A defined topology is used to construct unit
cells with (ii) a specified porosity for (iii) generating a lattice structure with desired pore sizes. Reprinted from
reference [46] with permission. (B) Optimization for the design of plate-fin microdevices. Reprinted from reference
[44] with permission. (C) Microbioreactor with the topology optimization process. Reprinted from reference [45] with
permission.
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2.2.3 Current modeling limitations

Although the CFD can analyze the fluidic transport, heat/mass transfer, and the kinetic modeling of
microreactors where the reaction occurs in the bulk of the fluid, the detailed surface and fluid-phase
chemical reactions occur on the reactor surface. Thus, a multiscale modeling approach is required to capture
the different length- and time scales of species transport in the bulk fluid, adsorption on a surface, and
subsequent chemical transformation [10]. The structural difference of models across scales is a critical
challenge in multiscale modeling. The CFD treats the fluid flow as a continuum and captures only the bulk
movement. We need to consider the chemo-physical processes on the reactor surface in a discrete manner
to resolve individual molecules and capture stochastic events with certain probabilities. In addressing this
issue, most of the developed models use one-way coupling by passing the parameters extracted from the
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molecular-scale model to the continuum scale. For the molecular-scale modeling, the molecular dynamics
or kinetic Monte Carlo can be used to represent the chemo-physical properties; however, note that they are
restricted to limited time and length scales because of excessive computational resources. Therefore, the
common approach is to couple the macroscopic approach of the CFD for continuum modeling and the
molecular-scale simulations for parameter extraction. Most design methods are based on an iterative
process of computer-aided simulation work (e.g., CFD) to optimize the design parameters. However, the
CFD is computationally expensive, and relies on an accurate input of structural loads and material
properties. Consequently, the computational load reduction is an emerging topic, especially when the
capability of AM extends to multiple materials with complex shape and topology.

3. Applications of additive manufactured functional microreactors

The advances in AM technologies and digital design tools have enabled the realization of several functional
microreactors. We introduce herein three emerging applications of additive manufactured microreactors
that focus on the areas of chemical/catalytic, biological/pharmaceutical, and energy/environmental
applications.

3.1 Fluidic microarchitected reactors

Although microfluidics is now a mature field, AM enables the fabrication of geometrically optimized
microfluidic reactors. The shape and design of conventional fluidic reactors are limited by their
manufacturing cost and the limitations of conventional manufacturing technologies. In the last few years,
AM has been increasingly employed to fabricate microfluidic chips to reduce the time needed to transition
from a concept to a chip device and add functional elements into the microfluidic chip that enable the on-
chip mixing of fluids and the generation of fluid gradients. Directly additive manufactured microreactors
with dimensions that match the required economical throughput is not yet feasible; however, AM methods
could be used to improve the performance of conventional reactor layouts through optimized internal
structures.
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Figure 7. (A) 3D reactionware for the high-throughput solvothermal synthesis of a metal-organic framework.
Reprinted from reference [47] with permission. (B) 3D-printed micromixers. Reprinted from reference [48] with
permission. (C) Transparent microfluidic mixer. Reprinted from reference [34] with permission. (D) Microfluidic
reactors for a catalytic synthesis. Reprinted from reference [49] with permission. (E) 3D pressure-actuated multiflow
controller. Reprinted from reference [50] with permission. (F) 3D-printed membrane valve. Reprinted from reference
[51] with permission. (G) Modular microfluidics. Reprinted from reference [52] with permission.

The internal structure needs to realize the desired mixing regime when combining multiple reactants or
phases in a flow microreactor. Cronin and et al. demonstrated that the building of polymeric materials
enables the direct use of custom 3D-printed reactors, called “reactionware” for chemical synthesis and
analysis [53]. They also demonstrated how reaction vessels could be printed via DIW and how to insert
non-printable components during pre-programed pauses in the printing chamber. Interestingly, this
approach not only enabled chemical reactions to be monitored in-situ, but also allowed a reversal of
selectivity for the obtained product. Another example of a customized reactor used for a synthetic workflow
is the high-throughput reactor fabricated by FDM (Fig. 7A) [47]. In this context, the 3D-printed array
reactor was developed to increase the range and versatility of reactor devices for use in a hydrothermal
synthesis. Capel et al. introduced common AM techniques in the flow chemistry and compared each process.
They raised the issue of the low optical transparency caused by the internal surface roughness resulting
from the common AM materials, such as polymer and metals (Fig. 7B) [48]. To avoid this issue, Folch et
al. demonstrated the fully transparent bio-microfluidic devices between two glass surfaces printed by DLP
printing (Fig. 7C) [34]. In a different example, Benaglia et al. tested for a catalytic stereoselective Henry
reaction via FDM-printed flow reactors. Subsequently, AM flow reactors were designed and fabricated
from different materials to enable the catalytic synthesis of biologically active targets through a two-step
continuous-flow process inside the customized reactors (Fig. 7D) [49].

Apart from the optimization of passive elements in flow reactors, AM allows for a direct integration
of dynamic physical elements to manipulate the flow before, after, or inside the fluidic reactors. Lin et al.
utilized the multimaterial ink-jetting (i.e., polyjet printing) process to manufacture active microfluidic
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operators with complex geometries, including fluidic capacitors, fluidic diodes, and fluidic transistors (Fig.
7E) [50]. They evaluated the possibility of an on-chip automation of integrated fluidic systems and
investigated the theoretical and experimental approaches to tuning the control parameters of each functional
component. Meanwhile, Nordin et al. demonstrated DLP-printed microfluidic devices with active operators,
such as valves and pumps (Fig. 7F) [51]. The device with a sandwiched valve of a 20 um-thick membrane
enabled a dynamic mixer of working fluids with serial multiplexing and the combination of multiple valves.
The modular design is an inherent part of the AM technologies. SLA-printed polymeric discrete elements
for 3D microfluidics with packaged connectors can be built as interlocking modules, and are easy to operate
(Fig. 7G) [52]. Malmstadt et al. developed a sample library of standardized components and connectors to
build large-scale microfluidic systems in 3D, which are modular and reconfigurable. This assembly strategy
allows for a predictable fluidic system design by simple network analysis techniques (e.g., classical
electronic circuit design).

3.2 Biological microarchitected reactors

The microfluidic reactor serves as a bioreactor that engineers the cells by reproducing the biomimetic
stimuli, both dynamic mechanical cues and chemical cues, to the micro-engineered tissues. Conventional
2D flat and simple environments poorly reflect the key elements of an actual body, (e.g., 3D arrangement,
softness, elasticity, mechanical stimuli, fluid flow, and extremely diverse communications) [54-61].
Accordingly, 3D model platforms have been developed to overcome the limitation of 2D cultures in
biological and pharmaceutical applications. AM techniques with biological materials have the potential to
generate complex 3D constructs that more closely recapitulate the complexity and heterogeneity of tissues
and organs.
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Figure 8. (A) 3D microbioreactor for yeast cell culture. Reprinted from reference [54] with permission. (B) 3D
bicontinuous fluid networks for heat and mass exchange. Reprinted from reference [55] with permission. (C) 3D-
printed artificial cells that form the myelin sheath. Reprinted from reference [56] with permission.

Fang et al. presented a DLP-printed 3D microbioreactor to enhance the mass transport in cell culture (Fig.
8A) [54]. These microfabricated bioreactors showed a regulation of metabolism and the growth of yeast
cells by controlling the density of the micro-capillaries. The 3D microbioreactor had two ports for the
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injection needle cannulated flow, a series of 40 um-diameter capillaries, and an open wall to allow cell
seeding. They also demonstrated 3D branching fluidic microarchitectures built without flow cannulation
points.

Roper et al. presented a scalable approach to printing 3D bicontinuous fluid networks with thin-
walled interfaces, enabling a polymer heat exchanger toward artificial organs (Fig. 8B) [55]. These 3D
bicontinuous fluid networks were implemented by the fabrication of sacrificial polymeric scaffolds via DLP
or SPPW, conformal coating with parylene, and then selective removal of a sacrificial scaffold. AM with
the conformal coating method enabled an efficient bicontinuous fluidic network with prime surfaces and
allowed the use of interface materials to be selected for multifunctional properties such as electrical
conductivity, antifouling ability, and density. Furthermore, this approach opened up a new possibility for
biological heat and mass exchange systems toward artificial organs, including artificial lungs, with similar
overall size to natural organs.

Creating very soft 3D constructs, which match the brain tissue, and are still able to withstand the
pressure of adherent cells, has been particularly challenging. In brain tissue engineering, super soft 2D gels
mimicking the brain tissue differentiated into neurons has not been not able to visualize the myelin
formation in-vitro. Van Vliet et al. recently demonstrated an engineered artificial axon printed through the
DLP and DIW methods, which was completed with axons around which the oligodendrocytes could grow
(Fig. 8C) [56]. The thin, self-holding, soft fibers had extremely low stiffness, but remained freestanding
such that the oligodendrocytes cells could wrap the myelin membranes around it.

The advancements in additive biofabrication techniques have led to the construction of complex
organ-on-a-chip devices with a modular design and an advanced microfluidic system. 3D-printed organs-
on-a-chip have come into the spotlight with their capability to replicate organ-level functions by introducing
cells into a microfluidic device that includes precisely fabricated chambers and channels. Chen et al.
demonstrated cell-printed livers-on-chips by DLP-based 3D bioprinting (Fig. 9A) [57]. They fabricated the
liver unit, which is a lobule structure, by using two bio-inks of the 5% GelMA (~5 kPa compressive stiffness
similar to a healthy liver tissue) for the parenchymal tissue formation and the 25% GelMA/1% glycidal
methacrylate-hyaluronic acid (~4 kPa compressive stiffness) for vascularization. They also generated a
hexagonal liver lobule with a complex pattern that is composed of two parts, namely the parenchymal tissue
part of the human-induced pluripotent stem cell-derived hepatic progenitor cells and the non-parenchymal
tissue part with a radial structure of the supporting cells. This approach enables the development of a 3D
biomimetic liver model that recapitulates the native liver module architecture for early drug screening and
disease modeling. Sun et al. printed an artificial human cervical cancer with a porous 3D architecture to
ensure the oxygen supply [58]. They extruded the fibrinogen-gelatin-alginate biological ink containing
human cervical cancer cells (Hela) in a lattice pattern and observed the realistic morphological changes.
The 3D-printed Hela cells showed a higher proliferation rate in the 3D microenvironment and tended to
form cellular spheroids. These printed 3D tumor models can provide a useful toolbox for the evolution of
3D cancer study. Jiang et al. reported another strategy for the integration of electrospun membranes into
organ-on-a-chip platforms (Fig. 9B) [59]. The printed electrospun membrane was adopted as the solid
substrate and sandwiched between two slabs of polydimethylsiloxane (PDMS)-enclosed microchannels.
The printed device was demonstrated to improve the sensitivity and the signal-to-noise ratio of the
microfluidic immunoassay for HIV as compared to the commercially available track-etched polycarbonate
membrane. Compared with other methods, this approach is simple, cost-effective, and easily scaled up to
areas of 5 cm x 5 cm, thereby enabling usage in conventional immunoassays in microtiter plates as well.
Cho et al. introduced a novel AM approach with multiple nozzles that enabled the simultaneous printing of
biomaterials and non-biomaterials for organ-on-a-chip applications (Fig. 9C) [60]. The liver was selected

15



for their platform evaluation. The results showed a significant enhancement of the liver function of the
liver-on-a-chip. Less protein absorption was obtained compared to the PDMS platform. They also observed
a one-step fabrication of an organ-on-a-chip without a secondary cell-seeding process. This AM method
can be applied for various organ-on-a-chip applications with proper microreactor design and material
selection, and will provide a new paradigm in the field of organ-on-chip development.

Non-parenhymal

—

Figure 9. Complex organ-on-a-chip devices. (A) DLP-printed livers-on-chips. Reprinted from reference [57] with
permission. (B) Electrospinning-printed microfluidic chip devices Reprinted from reference [59] with permission. (D)
One-step and multimaterial printing of organ-on-a-chip. Reprinted from reference [60] with permission.

3.3 Microarchitected reactors for energy applications

The research interest in the use of AM technologies for electrochemical energy conversion and storage
applications has continued to gain momentum in the recent years [62-71]. AM has advantages to employ
in electrocatalysis as a method of rapidly producing and iterating prototype designs. Figure 10 summarizes
some representative examples of the prototype 3D-printed electrocatalytic reactors.
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Figure 10. Examples of additive manufactured electrocatalytic devices. (A) 3D-printed polymeric electrochemical
devices. Reprinted from reference [62] with permission. (B) Interdigitated bio-inspired graphite composite plate
channels. Reprinted from reference [63] with permission. (C) Polymer electrolyte membrane electrolyzers with Ag
coated on polypropylene. Reprinted from reference [64] with permission. (D) SLA-printed membrane-free electrolysis
cell. Reprinted from reference [65] with permission. (E) 3D conical arrays of the TiO. electrodes for the
photoelectrochemical reaction. Reprinted from reference [66] with permission. (F) 3D hierarchical catalytic
architectures. Reprinted from reference [67] with permission.

Ponce de Leon et al. investigated a 3D flow reactor cell printed with ABS and nickel electrodes
(Fig. 10A) [62]. The 3D-printed cell showed a turbulent flow at a low Reynolds numbers because of the
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electrolyte channel geometry. The further optimum design of cells was proposed based on the evaluated
mass transport behavior. In another example, a bio-inspired flow reactor design inspired by the venation
structure of a tree leaf was developed with SLS-printed graphite-composite plates (Fig. 10B). Numerical
and experimental studies were performed to investigate the transport efficiency of the bio-inspired reactor
design. The results showed a substantial improvement of the fuel cell performance by 20-25% compared to
the conventional designs [63]. Cronin et al. also demonstrated another prototype of FDM-printed
microreactor device, namely a proton-exchange membrane (PEM)-based water electrolyzer (Fig. 10C) [64].
They presented a low-cost construction of a lightweight electrolyzer with an integrated PEM and reported
a high energy efficiency of 86.48% at 2 A cm™ and 80 °C. The potential of the lightweight and cheap
electrolyzers will include the other electrochemical devices, such as flow batteries and fuel cells. Hashemi
et al. recently reported on SLA-printed electrochemical reactors to develop a membrane-less electrolyzer
that enables high-throughput and smooth surfaces for precise flow conditioning (Fig. 10D) [65]. They
demonstrated that the developed membrane-less reactor containing more efficient catalysts can provide a
higher throughput than its microfluidic counterpart and open up a new possibility for the realization of cost-
effective and scalable electrochemical reactors toward the renewable energy sector.

Additional post-processing strategies are sometimes required to enhance the electrochemical
performance of 3D-printed electrocatalytic reactors because the 3D porous electrodes with an enhanced
surface area are desirable for further increasing the electrochemically active area. As an example of the
post-treatment, Wallace et al. explored the feasibility of metal-based SLS-printed electrode arrays for the
photo-driven electrochemical catalytic water splitting. The electrode arrays were further enhanced by the
direct growth of TiO, nanotubes on the 3D-printed Ti surfaces [66]. While the initial printed features were
sub-mm, anodization allowed for further increasing of the active catalytic surface area by several orders of
magnitude (Fig. 10E). In addition, Biener et al. recently reported 3D hierarchical nanoporous gold with
engineered microarchitectures by combining DIW printing and the dealloying process (Fig. 10F) [67].
These hierarchical structures showed a large surface area, a high electrical conductivity, and a low-pressure
drop, resulting in enhanced mass transport and reaction rates for both liquids and gases.

In a continuous-flow microreactor operation, the heterogeneous structured catalytic material is
desirable for an easier work-up and an efficient chemical transformation [8]. The monolithic architecture
used in car catalytic converters is the most well-known example of a common structured catalytic material
(Fig. 11A) [72]. The many mm-sized (or sub-mm) parallel channels in monoliths enable high gas or liquid
flow rates with low pressure drops. A large pressure drop over a car exhaust catalytic converter would
increase the fuel consumption by several percent. With that said, the fluidic transport with the low-pressure
drop is one of the most important benefits of the monolithic reactors. However, a laminar flow is developed
inside the monolith channel because of its small size, which results in relatively poor transfer conditions
within the catalytic reactors. Therefore, the diffusion is dominant in the mass transfer of reactants (i.e.,
transport from the gas or liquid phase to the catalytically active channel wall). Accordingly, ~ 90% of the
exhaust emissions is converted after passing through the first ~ 10% of the monolith length because of the
high flow rates of reactants and slow diffusion of remaining low concentration of pollutants. In addressing
this issue, the monolith length is usually increased, thereby resulting in it occupying more space and
requiring more of the expensive catalytic materials. Reducing the channel size in the monoliths (i.e.,
increasing the monolith density) would reduce the reactant diffusion path, but would simultaneously lead
to an increased pressure drop. Thus, the efficient utilization of precious metal catalysts and removal of the
last pollutants in the catalytic reactor are becoming a more important issues when considering more strict
emission regulations [73].
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The promising approach to enhancing mass transfer is based on the introduction of a 3D
microarchitecture to transform the laminar to turbulence flow and promote transverse mixing by cross-
connected structures. However, most catalytic supports have not been able to obtain complex 3D geometries
because of the limitation of the traditional manufacturing methods, such as extrusion.

=" ¢
D printed reactor

Figure 11. (A) Conventional ceramic monoliths for catalytic converters [72], (B) DIW-printed alumina supports with
Cu-based catalysts [74], (C) 3D NiMo/PVA catalytic structures for process intensification [75], (D) DLP-printed
catalytic ceramic substrates [76], (E) Small-scale test setup of 3D-printed lightweight ceramic microlattice for low-
heat capacity reactors [S. Kim et al., unpublished], (F) 3D-printed Pd/C monolithic catalyst [77], (G) DLP-printed
microarchitected graphene aerogels [78], (H) DIW-printed graphene aerogel microlattices [79].

Here, the advancement of AM methods has enabled the shaping of 3D catalytic supports to improve the
mass and heat transfer characteristics. Gil et al. demonstrated the DIW-printed catalyst-immobilized
ceramic support for a metal/oxide heterogeneous catalytic system. They prepared an aqueous colloidal gel
ink based on a mixture of alumina ceramic powder, polymer binders, and Cu(NOs).. (Fig. 11B) [74]. After
sintering the 3D woodpile porous structures, Cu/Al,Os catalyst-ceramic supports were obtained with a high
mechanical strength, a high surface-to-volume ratio, and a controlled porosity (Fig. 11B). The resulting 3D
ceramic support showed high catalytic efficiency and good recyclability in different Ullmann-type coupling
reactions for the C-N bond formation. Another type of DIW-printed intensified catalytic reactors was
reported by Beltramini et al. They developed a printable composition of NiMoO, water-soluble PVA, and
starch. Even though the as-printed structures lost 70% of its initial weight during subsequent pyrolysis, its
geometry is maintained because of uniform shrinkage. A 3D carbon scaffold with catalyst-loaded carbon
containing up to 25 wt.% was tested in CO conversion at high feed flow rates (Fig. 11C) [75]. Ortona et al.
investigated the effect of exhibited topology on the mechanical and flow properties of new and novel
architected catalytic substrates (Fig. 11D) [76]. They proposed architected and controllable topologies
based on the minimal surface framework as catalytic substrates. After DLP printing with a photocurable
ceramic composite material, they focused on studying the mechanical and fluidic properties of the printed
structures toward catalytic ceramic substrates. Both numerical simulation and experimental test showed
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that a triply periodic minimal surface substrate exhibited the highest mechanical properties and the least
pressure drop among the tested substrates.

In addition to the improvements mentioned above, one approach, currently under development in
our lab, has been studied to improve thermal response of 3D ceramic substrates to alleviate cold-start
emission [S. Kim et al., unpublished]. Catalytic conversion efficiency largely depends on the temperature
of the constituent substrate and its thermal response. However, most of the conventional catalytic converters
with a slow thermal response, they cause cold-start problems which lead to excessive pollutant exhaust due
to low conversion efficiency. The key idea of achieving efficient catalytic substrates is leveraging on the
geometrical benefits of 3D microlattices of thin walled hollow-tubes realized through AM processes. In the
preliminary test (Fig. 11E), we have found the fast-thermal response and flow redistribution of working
fluids inside 3D ceramic microlattices compared to the conventional ceramic monolith structure.

Moreover, Liu et al. recently demonstrated a carbon-based 3D catalytic system was achieved with
the carbonization of thermosetting resins (Fig. 11F) [77]. The carbon macrostructure was printed through
the DIW method, and Palladium (Pd) was then loaded on the printed structures. The Pd/C 3D structures
were tested for the catalytic combustion of methane. Consequently, the Pd/C reactors showed an enhanced
catalytic performance, indicating that they can serve as efficient catalytic materials for industrial
applications. Carbon materials have been intensively studied as catalytic materials because of their inherent
advantages, such as high surface areas, good electrical conductivities, and chemical stabilities. Many
different carbon structures from nanoscale to macroscale have been used to improve catalytic performances.
The fabrication of carbon-based architected reactors is becoming more accessible with the help of AM
techniques. However, most 3D graphene foams exhibit a significant degradation of mechanical properties.
To alleviate this issue, Zheng and Worsley developed a light-based AM process to create hierarchical
microarchitected graphene structures with an arbitrary complexity, showing enhanced mechanical
properties at a decreasing density (Fig. 11G) [78]. The AM technique enables the obtainment of order-of-
magnitude finer features and opens up new possibilities for future graphene applications, including energy
storage and conversion, and catalytic reactor. Further, Worsley et al. also reported compressible 3D periodic
graphene aerogel microlattices for a broad range of applications, such as graphene-based electronics, energy
storage devices, and catalytic scaffolds (Fig. 11H) [79]. They demonstrated the DIW-printed periodic
graphene aerogel microlattices that were lightweight and highly conductive and exhibited super
compressibility (i.e., up to 90% compressive strain). Adapting AM technologies to graphene aerogels can
realize the fabrication of a complex aerogel architecture for a promising catalytic material.

3.4 Battery reactor and photomicroreactor
A 3D microbattery was identified as a novel design approach to deliver improved areal energy density while
maintaining good power and cycling performance. However, energy storing reactions, especially
multielectron reactions are still difficult to achieve with micron-sized structured battery materials [80].
Batteries and electrochemical capacitors consisting of two electrodes and one electrolyte exhibit
performances that can be improved by utilizing structured porous electrodes because of their shorter
diffusion length, smaller ionic transport resistance, and increased surface area. Thus, the ability of AM to
fabricate 3D structures with microscale dimensions can be of great benefit in 3D electrode architectures.
For instance, the developed 3D microarchitected electrodes of a lithium (Li)-based battery showed
great potential in achieving high power and energy densities. Lewis et al. demonstrated DIW-printed 3D
interdigitated microbattery architectures (3D-IMA) composed of lithium titanium oxide (LTO) and lithium
iron phosphate (LFP), which serve as anode and cathode materials, respectively. The concentrated LFP and
LTO inks enabled the printing of thin-walled (~ 30 um) anode and cathode structures. This 3D IMA
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exhibited a high areal energy density of 9.7 J cm™2 at a power density of 2.7 mW cm2 (Fig. 12A) [81].
Another promising prototype is the 3D microlattice electrodes with porous solid struts are fabricated by
direct aerosol jetting of silver (Ag) nanoparticles (Fig. 12B) [82]. Park and Panat reported that these
complex and controlled 3D electrode architectures led to a significant improvement in the battery
performance (e.g., 400% increase in specific capacity, 100% increase in the areal capacity compared to a
thin solid Ag flat electrode). These results indicate that a hierarchical structure of the 3D microlattice
architectures enables the enhancement of the electrolyte transport through the porous electrodes and
increases the accessible surface area for the electrochemical reaction.

However, these two DIW-based AM methods suffer from an inherently low throughput (i.e., low
delivery rate). As one of the alternative methods for overcoming this limitation toward a large-area and
high-throughput fabrication, other AM methods (e.g., SPPW) have been used to develop microlattices for
the microarchitected battery reactor application. Xu et al. developed a hollow Au microlattice as positive
electrodes for Li—O? batteries by initially fabricating an architected polymeric scaffold by the SPPW,
followed by depositing a thin Au layer through sputtering and electrodeposition prior to chemical etching
to remove the polymer (Fig. 12C) [83]. The experimental results showed that 3D microlattices may provide
enabling mechanical robustness and enhance the surface area over a factor of 30 compared with a thin film
with the same footprint.
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Figure 12. (A) DIW-printed Li-ion microbattery reactor [81], (B) Direct aerogel jetting-printed Li-ion microlattice
batteries, [82]. (C) SPPW-printed Li-O, Batteries (Left: optical image of a 3D hollow Au microlattice battery electrode;
right: SEM image of the hollow microlattice) [83], (D) 3D-printed luminescent solar concentrator-photomicroreactor
(LSC-PM) [84-85].
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More interestingly, with the combining effect of the microreactor and AM technologies, significant
effort has been devoted to developing a wide variety of energy-efficient continuous-flow photochemistry.
Luminescent solar concentrators (LSC) are glass or polymeric slabs doped with a luminophore, (i.e.,
generally, a fluorescent dye). The photons absorbed by the dye are reemitted via fluorescence and have a
high probability of being trapped in the slab due to total internal reflection [84]. Therefore, the whole slab
acts therefore as a light guide. When a flow microreactor is integrated into this design, the photons generated
in the LSC can be used to power a photochemical reaction (Fig. 12D) [84]. N6el et al. introduced a leaf-
inspired LSC-photomicroreactor (LSC-PM) that constitutes a merger between LSC and a flow microreactor
to enable efficient photochemical reactions powered by solar irradiation. The first LSC-PM device was
based on fluorescent dye-doped PDMS, and was used to collect sunlight, focus the energy to a narrow
wavelength region, and transport that energy to embedded microchannels, where the flowing reactants are
converted. FDM-printed LSC-PMs were then demonstrated for scale-up (Fig.12D) [85]. The AM method
helped to rapidly produce different prototypes and optimized key design parameters, including the inter
channel spacing, which is an important parameter for the scaling up of LSC-PMs.

4. Perspectives and outlook

A tremendous potential in the field of functional microreactor technology field has been observed with the
steady increase of the impact of AM technologies along with functional materials. The rapid interaction
between digital data and substantial objects, inherent to a digital fabrication flow, will be of increasing
value in streamlining both research and manufacture of reactors with structured materials. The interaction
between AM and digital design is a critical enabling approach for the rapid and versatile fabrication of
efficient MAR. We envision a future where the AM microreactor technologies and processes are fully
integrated into various energy, environmental, and biological applications. However, despite the
encouraging future of AM technologies, the challenges and research opportunities as regards extending the
range of printable functional materials, low throughput, and low feature resolution remain prior to the broad
implementation of this paradigm.

4.1 Challenges

Material development and multifunctionality: A limited number of available materials can be processed
via AM methods, which are mainly restricted to polymers, certain metals and alloys, or ceramics. The
design framework begins with the selection of the AM methods and the related material library based on
the given functional requirements. Although AM technologies have shown great potential in fabricating
multifunctional structures, an important challenge for the AM methods is their limitation in functional
materials [16, 86]. Considering the diversity of functional materials, AM with functional materials is critical
in elevating its impact in the microreactor and material societies. The capability to fabricate functional
materials in 3D can provide new functionalities beyond the materials themselves if they are well designed
into specific geometries. In addition, the multifunctionality of a designed component usually requires using
multimaterial AM processes. Thus, multimaterial AM methods for multifunctional MARs should control
and optimize localized material properties of fabricated 3D structures with voxel-by-voxel (a voxel is
defined by a physical object of a collection of finite volume elements). However, the current multimaterial
AM capability is not sufficient for voxel-by-voxel printing due to the limited frequency and channels of
multiple material exchange. In addition, the spatial resolution of multimaterial AM processes is restricted
by material blur occurred in the adjacent regions of different 3D-printed materials. For example, the printed
material property (e.g., biocompatibility and/or biotoxicity) is specifically a critical challenge in biological
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MAR. While many materials have been combined to recapitulate the critical properties of actual biological
objects, they often fail to capture the full geometrical complexity and physiological functionality of the
original tissue/organs. Furthermore, the fabrication of biological architectures that match the mechanical
properties of the target tissue, cell, or scaffolds remains difficult. Therefore, the interaction between the
selected material and the target biological applications must be considered, which can limit the choice of
printable materials. The use of multiple materials of functional MAR in this review is based on either the
starting materials are pre-mixed or composited prior to the AM process, or the second material is integrated
by infiltration, impregnation, coating or other post-processing techniques. In the future, more new
functional materials must be explored and incorporated into printed 3D structures to achieve multifunctional
properties (e.g., ceramics with mechanical rigidity, scaffolds with bio-degradability, and nanocomposites
for chemical or thermal resistance) toward advanced chemical/catalytic MAR and energy MAR.

Scalable and multiscale AM: With the context of the scaling issue described in Section 2.1.4,
most of the existing AM methods can only fabricate 3D structures with a uniform resolution (d) and delivery
rate (P) (Fig. 3). However, the functional devices are desirable to contain both micro- and/or nanoscale
features (i.e., multiscale) or range from dozens of centimeters to several microns (i.e., scalable) [86]. The
existing AM methods can hardly fabricate such a complex geometric shape, produce the functional
performance of the built scalable and multiscale 3D objects. Therefore, the integration of printed parts at
different dimensional scales and different materials is one of the major challenges that must be addressed
before these AM technologies and materials can extend their applications in multiple fields.

Incompatibility of conventional STL format for design and modeling scale-up: Advancements
in the AM methods have led to increasing resolution and print volume; thus, another important challenge
as regards CAD software and STL format. Majority of the available CAD software are suited for
conventional manufacturing processes, such as extrusion, lofts, and revolves, and are not capable of
generating complex multiscale structures and specifying multiple material variations within an object. In
addition, the STL file format has not changed in three decades, and will become a limiting factor in
describing complex shape and topology because of the large STL file size for such parts. An STL file is
basically a list specifying all the triangular faces that make up an object, with each triangular face defined
by the 3D-coordinates of its three vertices. This is a limitation because a STL file can quickly grow from
500 MB to several GBs in size when a large order-of-magnitude difference exists in the minimal feature
size and the volume of an object. For example, hierarchical designs with the orders of magnitude in the
feature size and the span of multiscale creates difficulty with the STL format by requiring a large memory
during modeling and producing large files after exports. The STL file format is no longer suitable for high-
resolution and large-scale objects because it needs to list every single vertex of a triangular mesh over the
object surface. The development of another file format is required to address this challenge for multiscale
and complex objects.

4.2 Opportunities
Many opportunities that will accelerate the AM of functional MAR. This field will be enhanced by further
cross-disciplinary advances in each of the AM technologies, materials, and digital design.

Multimaterial printing toward multifunctional reactor devices: Multimaterial AM is a term
classified as a process, in which different materials or chemicals are physically delivered to any spatial
location in 3D during additive manufacturing and where compositional variation can be freely controlled
by a computer and a program [87]. The ability for the multimaterial AM technique is essential for
multifunctional microreactor applications. Recently, some methods in DIW [60, 88], DLP [18, 106], and
TPL [89] are capable of multimaterial printing from multiple materials. Another possibility which is
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complementary with the multiple materials approach is to use only a single material throughout the entire
AM process, but change a suitable stimulus during the printing. In response to the proper stimulus, the
material properties may change, leading to the possibility of many different material properties from a
single material. Conceivable stimuli that might be adjusted include power, wavelength or polarization of
light or the strength and direction of an electric field or magnetic field.

Furthermore, Vaezi et al. suggested hybrid AM methods being combined within the same machine
that is capable of fabricating multifunctional 3D structures in a sequential layer-by-layer process that
combines mechanical, chemical, thermal, electronic, and other functions in a single component [87].
MacDonald and Wicker also introduced a major opportunity of multiprocess (or hybrid) 3D printing for
fabricating of multifunctional structures with multiple materials, in which complementary processes, both
novel and traditional, are combined to advance the future of manufacturing [90]. This hybrid AM strategy
with complementary processes may provide spatial control of multiple materials, geometry, and
functionality. Ahn et al. also suggested a hybrid 3D printing process consisting of aerodynamically focused
nanoparticle (AFN) printing, micromachining, and focused ion beam milling, and spin-coating (Fig. 13A-
i) [91-93]. This hybrid process showed the potential to overcome the limitations of individual techniques
by enabling improved scaling, dimensional degree of freedom, and high-resolution down to ~ 50 nm. Kim
et al. recently demonstrated the hybrid AM method combined with light-based and material deposition-
based printing (Fig. 13A-ii) [94]. This multiprocess (or hybrid) approach can also provide the capability of
fabricating multiscale structures by the integration of multiple AM processes. However, the hybrid
approach can only adapt to building multiscale objects with a special design. How to integrate different AM
processes to fabricate 3D objects with any universal design still remains a substantial challenge.

Machine learning: Another opportunity can exist in adapting advances in machine learning to
improve the design of a functional MAR or hybrid AM processes. Machine learning techniques can be
applied to various machining processes to improve product quality and rates, to monitor the health of
systems, and to optimize the design and process parameters [95]. The processing parameters of AM can
exert a huge impact on the printed microstructure and on the performance of the subsequent products;
therefore, they are critical for building a process-structure-property-performance relationship for AM.
Considering the large dataset that is currently available, the strong computational power, and the
sophisticated algorithm architecture, machine learning techniques can help in several aspects of AM,
including model design, in-situ monitoring, and quality evaluation, instead of traditional numerical and
analytical models [96]. Zare et al. reported that machine learning could be employed to optimize the
chemical reactions in microreactors (Fig. 13B) [97]. By iteratively recording the results of a chemical
reaction and selecting new experimental conditions to improve the reaction outcome, their model showed
superior performance by using 71% fewer steps on both simulations and real reactions, thereby
demonstrating its capability of speeding up reaction optimization. The recent advancements in machine
learning have increasingly been used in multiple engineering fields. Engineers and researchers utilize
higher-level computational methods to help leverage the massive data streams of their findings for real-
world applications. We envision that the benefits of machine learning in engineering are vast and have
completely changed the research arena.

Multi-interaction (responsive) microreactor system: Advances of AM technologies and
printable functional materials can provide additively embedded sensors or communication functions into
MAR, enabling a data acquisition in-situ and a continuous interaction mode to operate multiple-reactor
platforms. Lewis and Parker recently have made an entirely 3D-printed heart-on-a-chip device with an
integrated sensor to measure the contractile strength of the tissue [88]. Using DIW, they deposited six
specialized inks to form a detachable sheet that folds upward upon cardiomyocytes contraction. The sensor
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layer consists of a strain gauge wire printed with a thermoplastic polyurethane ink. A mechanical model
was needed to precisely convert the measured resistance signals to the generated stresses by the tissues. An
automated and DIW-printed heart-on-a-chip device allows researchers to easily collect reliable data for
short-term and long-term studies. This approach to building organs-on-chips not only allows us to easily
change and customize the design of the system, but also drastically simplifies data acquisition. Microfluidic
reactor technologies enable the integration of multiple organ-on-chips in a single analytic system to
simulate the dynamic organ-organ interactions in a living body. The multiple fluidic interconnections for
organ-on-chips developed by Griffith et al. [98] has been used to construct a multi-microreactor platform
by adopting sophisticated recirculation architectures that better mimic the blood circulation and achieve a
differential flow distribution toward different organ models (Fig. 13C). The configurability of the multi-
reactor platform relies on an array of individually addressable micropumps in-line with microchannels that
are integrated in a single device. This multi-interaction system is especially helpful during the development
stage of multiorgan microfluidic platforms because one can modify the collection of organ models to
include and adjust the fluidic parameters (e.g., flow rates and flow distribution) without reinventing the
whole system. This sensing embedded and interacting system allows devices to become autonomously to
communicate their state and the state of their environments to the surrounding systems. Such a
communication ability would allow for the further integration of the device into advanced software systems,
and may lead to dynamic and smart microreactor systems.

Parallel and roll-to-roll process toward an economical, scalable AM process: Most of all, the
low printing throughput compared to silicon-based or machining-based subtractive manufacturing hinders
the adaptation of these AM techniques for the production of functional microreactors in the industry.
However, the trade-off between the throughput and the feature resolution will always exist in both 2D and
3D manufacturing by following the universal trend of miniaturization [99]. We envision that the
improvement of the printing throughput can potentially be achieved using multiple nozzles [100], beams
[2, 101], images [28-29], or lenses for parallel printing (Fig. 13D). In addition, the high-throughput and
cost-efficient processing of printable materials using continuous processes, such as roll-to-roll (R2R) [102-
105] are of great importance for their future adoption in the industrialization of AM methods (Fig. 13E).
The R2R process is a well-established process with applications ranging from commercial printing to large-
area electronics, photovoltaics, advanced functional devices, such as lighting, and sensors. Although the
implementation of R2R on 3D structures has still remained as a critical challenge, we anticipate that the
R2R process can be one of the promising tools for high-throughput, scalable AM printing in the near future.
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Figure 13. Future opportunities for additively manufactured functional microreactors. (A) Hybrid AM process of 3D
constructs [91,94], (B) Machine learning to optimize chemical reactions [97], (C) Multi-microreactor platform for
interconnected microphysiological systems [98], (D) Parallel AM printing system for high-throughput [i: [100]; ii:
[101]], (E) Roll-to-roll replicated PDMS microfluidics on an Al-coated paper [105].

In summary, the present and future impacts of AM technologies in the field of functional
microreactor are undeniable. Nonetheless, from the abovementioned discussions, the scope of improvement
that must be achieved is vast in order to extend their applications. Cross-disciplinary teams that transform
the way we design and implement functional microreactors should be essential in addressing several
challenges opportunities before AM technologies amplify their impact in diverse aspects of today’s industry.
Many research groups are currently exploiting the AM capabilities to meet the ever-changing needs for
high-performance functional microreactor devices. For the future, we envision that a more collaborative
and interdisciplinary efforts would lead to the ongoing development of new design methodologies for
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integrating the state-of-the-art AM technologies and materials to enable the improved performance through
devices and products, maximizing the impact on the community.
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