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Many complex natural and artificial systems are composed of large numbers
of elementary building blocks, such as organisms made of many biological
cells or processors made of many electronic transistors. This modular
substrate is essential to the evolution of biological and technological com-
plexity, but has been difficult to replicate for mechanical systems. This
study seeks to answer if layered assembly can engender exponential gains
in the speed and efficacy of block or cell-based manufacturing processes.
A key challenge is how to deterministically assemble large numbers of
small building blocks in a scalable manner. Here, we describe two new
layered assembly principles that allow assembly faster than linear time, inte-
grating n modules in O(7*?) and O(") time: one process uses a novel opto-
capillary effect to selectively deposit entire layers of building blocks at a
time, and a second process jets building block rows in rapid succession.
We demonstrate the fabrication of multi-component structures out of up
to 20 000 millimetre scale spherical building blocks in 3 h. While these build-
ing blocks and structures are still simple, we suggest that scalable layered
assembly approaches, combined with a growing repertoire of standardized
passive and active building blocks could help bridge the meso-scale assem-
bly gap, and open the door to the fabrication of increasingly complex,
adaptive and recyclable systems.

1. Introduction

Most man-made mechanical systems today are constructed of a large variety of
parts and components with arbitrary geometric and functional interfaces. The
arbitrary architecture of such integrations makes it difficult to systematically
design, simulate and fabricate complex three-dimensional machines, as well
as to repair, adapt and recycle existing machines. By contrast, electronic circuits
have reached very large-scale integration (VLSI) levels through the consistent
definition of elementary building blocks, interfaces and design rules. Biological
systems also construct, repair, adapt and recycle large-scale and complex organ-
isms by combining and recombining a relatively small repertoire of building
block types—such as cells, proteins or amino acids.

Here we explore an analogous concept applied to physical systems, where
machines would execute a large-scale integration of millions of small-scale
building blocks. The building blocks would be self-aligning and interlocking,
resulting in integrated and precise large-scale systems. Most building blocks
can be passive and low cost, while others could be active sensors, actuators,
computational and power components used more sparingly. A relatively
small set of elementary building blocks will enable a large range of machines
that can be fabricated, akin to how a small set of primary colours in a printer
enables a combinatorial space of colour shades and complex pictures.

Previous work by Gershenfeld and colleagues [1,2] and Whitesides &
Grzybowski [3] predicts that enabling large-scale integrations of components
in arbitrary three-dimensional configurations would usher what is essentially
a transition from analogue to digital in the manufacturing of physical matter.

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Layered assembly. (a) A meso-scale assembly gap currently exists between deterministic top-down assembly methods and bottom-up self-assembly. (b) A
layered assembler (centre) arranges raw building blocks into the desired object. Here, a rook shape composed of several thousand spherical elements is specified

electronically (left) and assembled into a physical object (right).

A major challenge to the realization of this vision, however, is
the difficulty of precisely assembling massive numbers of
small-scale building blocks into arbitrary configurations
within a three-dimensional lattice.

The challenge of assembling large numbers of com-
ponents is especially difficult at the meso-scale where
neither self-assembly nor top-down pick-and-place techniques
are particularly effective (figure 1a). Recent manufacturing
techniques such as bottom-up self-assembly [3,4] offer some
of the benefits of modular assembly in their ability to spon-
taneously assemble structures guided by local interactions
between components; however, self-assembly processes can
be difficult to control and are generally limited to regular,
semi-periodic or random structures [5-7]. Top-down determi-
nistic pick-and-place approaches [8] offer precise control over
production and are useful where a relatively small number of
components are to be placed. However, they are limited in
their throughput, and at small scales are often limited to
two dimensions.

Attempts have been made to reconcile different modes of
assembly such as hierarchical [9-13], directed [14-16] and
templated [17-19] self-assembly, but these approaches
cannot yet uniquely address each element in a massive
three-dimensional matrix or operate with meso-scale
prefabricated components.

Recent additive-manufacturing technologies such as selec-
tive laser sintering [20] have enabled top-down fabrication of
arbitrarily complex three-dimensional geometries, but those
methods also cannot handle multi-material manufacturing or
prefabricated building blocks [21]; as a result, they are limited
to a relatively small set of passive homogeneous materials
with mutually compatible rheological properties [22-26].

Here, we describe two processes that can address these
needs. Both processes translate an electronic blueprint
describing the three-dimensional configuration of building
blocks, into a physical object. The first process is based on

an opto-capillary effect that assembles an entire layer in par-
allel akin to the xerography process used in a laser printer.
The second process conceptually resembles an inkjet printer
and operates by rapidly depositing a row of building
blocks through a nozzle.

After considering a wide variety of constituent element
geometries [27], we chose to explore the layered assembly
process using spherical elements, because they represent the
optimal combination of manufacturability, precision and
self-alignment. Specifically, for millimetre scale or smaller
elements, spheres are easily mass manufactured, and avail-
able as existing commercial products like powders, pellets
and ball bearings. As for precision and self-alignment, the
geometry of spheres offer unique intra-layer self-alignment
where spheres underneath a given layer act as alignment
guides for the spheres in the subsequent layer, much like
Lego bricks act as alignment guides for bricks placed above
them. Finally, spheres are symmetric allow for efficient
mass manipulation with tools like a vibration feeder
(electronic supplementary material, section S1).

2. Parallel-layered assembly

The parallel method of layered assembly selectively assem-
bles an entire layer of elements at once. The key challenge
is how to selectively address individual voxels in a large
two-dimensional array. We solve this challenge by exploiting
light-sensitive capillary effects. Capillary effects are well
suited to manipulate millimetre scale elements in parallel.
We use optical energy to address region selectively, similar
to the process used in xerography. However, instead of the
light dissipating electrostatic forces on a photoconductive
surface, here the light is intense enough to locally dry a
water-based solution on the deposition head surface, and
thus locally control its capillary adhesion force.
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Figure 2. Parallel-layered assembly using spherical elements. (a) Prefabricated elements of multiple materials are poured into feeders and self-align into an ordered
lattice. (b) A projector selectively activates the desire cells on the wetted deposition tool by drying unwanted cells. (c) The head is pressed against the lattice and all
wetted regions pick up elements simultaneously and deposit them on the build stage (d). Steps A through D are repeated for each material of each layer. Once the
entire object is assembled (e), sacrificial support material may be removed to create freeform geometry (f).

Figure 2 illustrates the steps in the layered assembly pro-
cess. The desired object is first expressed in a blueprint made
up of a series of binary bitmaps that correspond to successive
layers of the physical building blocks to be assembled. Each
bit in the bitmap signals the existence or absence of a specific
physical element type in a specific layer in the target object.
Prefabricated elements of the appropriate types are then dis-
pensed into the material feeder trays. Elements of a single
material self-align using gravity and vibration in the tray
(figure 2a). The spheres are settled until they reach a perfect
two-dimensional hexagonal arrangement. In these demon-
strations, we used spherical 1.5 mm diameter elements in
55-unit triangular trays. We separately aligned two types of
spheres of different materials (see electronic supplementary
material, section S1). This fabrication process is scalable to
larger layers, a wide array of materials, and elements as
small as 100 mm, whose are dominated by stiction [28] and
Van Der Waals forces [29].

Once a uniform layer of a single material has been self-
aligned, we used a parallel capillary opto-fluidic effect to
selectively pick up elements specified by the electronic
bitmap through a process of selective wetting. First, a flat
print head containing a pattern of divots corresponding to
lattice positions is uniformly wetted using a solution of
water mixed with detergent (electronic supplementary
material, section S1). This solution was chosen to enable
favourable wetting characteristics. The bitmap of elements

is then transformed into a black and white image of a pattern
of dots that each coincide with a cell on the print head. Using
appropriate optics, this image is then projected onto the infra-
red absorbing deposition head using a digital light projector
with high infrared emitting mercury arc lamp (figure 2b). The
desired pattern of cells is dried in approximately one minute,
leaving the remainder of the cells wet and ready to pick up
building blocks through capillary effects.

To pick up and deposit the desired elements, the selec-
tively wetted print head presses down onto the aligned
spheres. The water in the active divots wets around the per-
imeter of its respective sphere, holding it in place by
surface tension. The deposition head then lifts and carries
only these selected spheres to the build stage (figure 2c). A
liquid polyvinyl acetate binder was used to temporarily
bind the structure together during the build process. The
layer of binder is spread on the existing printed object, and
the current layer is deposited. Each sphere falls into the inter-
stitial region of the three spheres below it and is held by the
adhesive properties of the binder as the deposition head
moves away (figure 2d). The process described above is
repeated once for each material type for each layer. Since an
entire layer can be placed simultaneously regardless of the
number of elements in the layer, assembling an object with
1 elements can be accomplished in O(11'/?) time.

At several steps in this process, machine vision is used to
monitor and verify important information regarding the
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Figure 3. Examples of objects built by layered assembly: 1.5 mm spherical elements of multiple materials are assembled into a stable three-dimensional lattice such
as (a) a 22000 element structure. Selectively bonding elements enables freeform shapes such as a knight (b) and rook (c). Other material and post-processing
combinations result in a freeform stainless steel structure (d), a brass and stainless steel structure (e) and a copper—nylon structure which forms a simple electrical

network (f).

build (see electronic supplementary material, section S1).
During the self-alignment of elements in the feeders, any
errors (such as a void within the lattice or a dislocation) are
characterized and can be accounted for as necessary either
by resetting the alignment process, or by repeating the
layer deposition for error correction. During the selective
drying process, the significant change in reflectance between
wet and dry surfaces make optical feedback for this process
straightforward. Additional machine vision steps directly
before and after deposition verify which elements were actu-
ally deposited, and this information is used in a closed-loop
deposition algorithm to account for errors.

3. Serial-layered assembly

The alternative serial method employs a continuously scan-
ning deposition tool that deposits elements on demand, in
the same way that an inkjet printer deposits droplets of ink.
A cross-section of a deposition module is shown in figure 3a,
while a sample part constructed from this process is shown in
figures 1b and 3b. The elementary modules, in this case
spheres, are poured in the top of the reservoir. An alignment
paddle wheel runs continuously to replenish the one-
dimensional buffer below as it is emptied. The spheres
are gravity-fed through the buffer and deposited by a sole-
noid-actuated escapement mechanism. This mechanism is
designed such that every actuation of the solenoid releases
exactly one discrete sphere and advances the buffer by one.
An optical distance sensor is used in the serial process to
monitor and verify the placement of each element. Missing
elements are automatically corrected. For the implementation
described here, one material deposition module was used per
material in the finished object. However, the process scales in
a manner similar to inkjet printers by incorporating multiple
parallel jets per material. Ideally, a complete row of modules

can be deposited simultaneously simply by duplicating the
deposition heads, leading to a O(n*?) scaling with respect
to the number of elements placed. Additional technical
details can be found in electronic supplementary material,
section S2.

4. Results

Using the two three-dimensional-layered assemblers, we
constructed a variety of structures using different combi-
nations of metallic and non-metallic materials, including
a simple electrical network constructed of copper and
nylon elements. We created freeform geometries from sin-
tered stainless steel, using acrylic spheres as a sacrificial
material to support overhanging regions in steel elements
(see electronic supplementary material, section S3). Alter-
natively, we used acetone vapours to sinter acrylic
elements together, using steel elements as sacrificial sup-
port structures (see electronic supplementary material,
section S3). We have demonstrated the automated fabrica-
tion of structures with greater than 20000 elements in
less than 3 h (figure 3).

The performance characteristics of the serial and parallel
implementations are shown in table 1. As a comparison, we
included a high-performance pick-and-place benchmark
system that can place approximately three elements per
second. The serial process was configured to deposit approxi-
mately eight elements per second when depositing in a
continuous line. However, when accounting for re-positioning
the deposition head and error correction, the average depo-
sition rate is around 2.5 elements per second. The parallel
system places one material of one layer of up to 55 elements
in approximately 285 s. Therefore, it takes 90 min to complete
a full two-material, 10-layered build. The length of time
needed to complete a single layer is independent of the
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Table 1. Assembly rate scaling characteristics. As implemented, the serial assembly approach is much faster per element, but the parallel approach has a lower [}
error rate and scales more favourably to objects with many more elements.

fast pick-and-place serial parallel
(baseline) implementation implementation
minimum time/element 03s 0.13 s 516
averagetlme/element D
error réte ' ' . . . n.a. 1.57% ' 0.91%'
. scalab|l|ty(asfunct|on P elementsn) R O(n) O '0'(,',2’/3’)’ SRS ..0.(.,’.1/.3). R
expectéd time to assemble one billion bu'ilding 10 yearé ' 42 h  goh

blocks in a 1000-sided cube®

®Indludes error correction time.
PExcludes potential error correction time.

“Assumes identical deposition and feed rates as the demonstrated implementation with a deposition module per row.

%Assumes identical time per layer as the demonstrated implementation.

number of elements in a given layer but rather is limited by the
time needed for the drying process.

A fundamental characteristic that distinguishes layered
assembly processes from traditional pick-and-place assem-
blers is their ability to scale favourably to large numbers of
building blocks. At small numbers of modules, a fast pick-
and-place method may be superior. But as the number of
elements grows, both the serial and parallel methods
become asymptotically preferable in time per element. The
serial method can be adapted to deposit an entire line of
material simultaneously. The parallel method naturally
scales more favourably for high component counts because
increasing the number of elements per layer does not increase
the time per layer. The number of building blocks per layer
can scale to large sizes and resolutions limited only by the
current optical addressing technology, making the selective
deposition of 1000 x 1000 building blocks in a single pass
within reach. We note that all traditional pick-and-place, as
well as the proposed layered assembly methods can be trivi-
ally accelerated by adding multiple printheads or assembly
arms working in parallel or in a hierarchy.

In large structures, random dimensional errors of the
individual elements tend to cancel out. Theoretical models
also suggest that that the error in the dimensions of a
printed object grows more slowly than in proportion to its
size [27]. Specifically, stacking a pyramid of n layers of
building blocks, each with a random diametrical standard
deviation o, would result in a structure with a theoretical
dimensional precision € that grows as & ~ 0,+/n/14.7. The
unintuitive implication is that a printed structure can be
more precise that the assembler that assembled it. This
sub-linear error scaling was verified both with numerical
simulation and experiment (see electronic supplementary
material, section S4).

5. Conclusion

The objects and basic building blocks presented in this work
are a basis of both complex geometries and multi-material
structures that can be fabricated with layered assembly. The
principles underlying this process could have profound
implications for the way that complex machines are designed,
fabricated and recycled. For example, by printing layers of

elements that consist of different materials into a single
structure, layered assembly techniques could enable the
production of tunable material properties [30], as well as
combining mutually incompatible materials (such as metals
and polymers, figure 3d) in a single build. Biological
materials shaped into spheroids could permit fabrication
of heterogeneous tissue on demand for tissue engineering
applications [31].The path forward for this technology
is the continued development and refinement of solid-
state-actuated and software-controlled parallel positioning
devices which can position both passive and active materials.
Solid-state-actuation is particularly important for grasping
millimetre scale (or smaller) objects in densely packed
configurations, since it obviates the need for closely packed
motors typically used in impactive robotic grippers. Finally,
software control enables high processing speed and
capability of handling a large number of elements.

The flexibility of using prefabricated discrete elements as
fabrication building blocks enables layered assembly to go
beyond the creation of just passive materials. For example,
conductive and non-conductive elements permit the fabrica-
tion of three-dimensional electric circuits (e.g. figure 3f).
Microprocessors, sensors and actuators embedded in ‘smart
elements,” will allow fabrication of three-dimensional inte-
grated active devices such as robots. Moreover, systems
composed of elementary building blocks could be dismantled
and the building blocks reused for new objects, providing a
deeper level of recyclability not unlike biology.

Even a relatively small repertoire of carefully chosen
element types covering a finite range of structural and func-
tional properties will span a virtually endless space of
potential blueprints. New simulation and design tools will
be necessary to model, predict and explore this space. The
ability of layered assembly techniques to fabricate complex
designs on demand in a single desktop process may help pro-
vide more opportunities for designers to create and share
their ideas, and help remove many of the fabrication barriers
that currently prevent many ideas from being realized.
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the article and supplementary information.
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