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A B S T R A C T

Layered Assembly is a voxel-based additive manufacturing method in which premanufactured voxels serve as the
feedstock for producing multi-material parts. The parallel placement of voxels necessary for Layered Assembly is
carried out by electroadhesion—a type of astrictive prehension, which is an elegant, scalable, low-power, solid-
state, and epoxy-free grasping method with numerous applications. In the present work, 2× 2 arrays of elec-
troadhesive grippers were designed in both comb- and spiral-shaped electrode geometries. Electrodes were
nominally designed for grasping voxels of 3× 3mm cross-section. Electrostatic field simulations were per-
formed in COMSOL Multiphysics for both single electrodes, and 2× 2 electrode arrays. The selective gripping
capability of the electrode arrays was tested at voltages in the 75–800 V range and applied to both polymer and
metallic voxels. A comparison of electrode performance in terms of geometry revealed that comb-shaped elec-
trodes were superior, due to ≈100% reliability when operating in the 600–800 V range.

1. Introduction

1.1. Multi-material additive manufacturing

Most of the additive manufacturing (AM) processes currently in use
are unsuitable for fabrication of dissimilar materials in the same build
process. While progress has been made in multi-polymer AM [1,2], and
multi-metal AM [3,4], material chemistry fundamentally prevents es-
tablished AM processes, nominally PolyJet, Powder Bed Fusion, and
Directed Energy Deposition, from co-fabricating parts comprised of
metals and polymers in the same build tray. To highlight these material
science limitations, consider that some of the most advanced 3D prin-
ters can manufacture FAA-qualified fuel nozzles [5], yet cannot fabri-
cate a handheld TV remote.

One way to broadly address this multi-material challenge is to fine
tune the properties of dissimilar materials to allow their co-fabrication
using established AM processes, such as those based on Material
Extrusion [6]. This approach was examined by Malone et al. [7], who
focused on its utility in the freeform fabrication of batteries and con-
ductive wiring in assemblies using a single FDM-like process. More
recently, Muth et al. [8] demonstrated the capability of printing strain
sensors in soft elastomers using an FDM-like process.

While these and other researchers have achieved some degree of
success, the methods they adopted suffer from two fundamental lim-
itations. First, sought-after material properties, such as high

conductivity and stiffness, are often compromised to achieve in-printer
compatibility. Second, as the resolution of most multi-material AM
processes is still relatively low, only relatively crude structures, such as
circuit interconnects, can be manufactured. Owing to these issues,
printing functional electro-mechanical systems remains a challenge.

Looking forward, successful multi-material printing will pave the
way for the production of smart structures containing sensors, actua-
tors, and microprocessors, as well as power and logic components.
Thus, the aforementioned drawbacks must be overcome by designing a
new AM process which can be employed in the fabrication of even the
most complex components requiring optimized nanofabrication pro-
cesses that have been perfected for decades. In this work, Layered
Assembly (LA) is introduced, as a potential candidate to broadly ad-
dress the multi-material limitations of current additive manufacturing
approaches.

1.2. Layered assembly

Layered Assembly (LA) is an additive manufacturing method which
systematically builds multi-material parts through layer-by-layer de-
position of 3D building blocks knowns as “voxels”. By using voxels in
place of the raw material, Layered Assembly fundamentally differs from
established AM processes [6] in how the raw material is shaped,
manufactured, assembled, and ultimately thought about in design
paradigms. The discrete and digital nature of the voxels used in Layered
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Assembly, starkly contrast the continuous filament, resin, or powder
melt pools used in established AM processes. Lastly, and most im-
portantly, LA differs from existing multi-material AM methods because
it enables the co-fabrication of parts comprised of both metals and
polymers in the same build tray.

Owing to their small scale, voxels can be assembled into a wide
range of geometries to produce recyclable and modular electro-
mechanical components, which in turn comprise a complex, multi-
material product. In LA, voxels serve as feedstock, replacing the tradi-
tional raw materials in the manufacturing process. As voxels are in-
dependent of the final product characteristics, they can be equipped
with microprocessors or batteries, extending their functionality beyond
what is associated with their intrinsic material properties [9]. More-
over, voxels can be reused, making LA a more cost-effective process and
paving the way toward sustainable manufacturing [10,11].

Each type of voxel used in the LA process can be mass-produced
separately by traditional optimized methods. When fabricating multi-
material products, voxels of required design and functionality are as-
sembled akin to building blocks using a pick-and-place style robot to
produce multi-material systems of virtually unbounded complexity.
Such voxel-based structures have been termed “digital materials” by
industry practitioners [12] and academic researchers [11,13]. Table 1
shows the relationship between different voxel types and the design
space afforded by their use. Clearly, as the number of distinct types of
voxels expands, the design scope grows exponentially. As demonstrated
in nature, even a small range of distinct building blocks can give rise to
a virtually unlimited number of unique designs, as only 22 amino acids
were sufficient for the emergence of the immense diversity of biological
life on Earth [9]. Once the goal of harmoniously assembling multi-
material structures has been attained, printing fully functioning sys-
tems, such as robots, will be possible, thus bringing AM to its logical
conclusion [10]. Two examples of fully functioning electromechanical
systems are shown in Fig. 1, where a relatively small number of voxel
types is employed to produce vastly different objects, in this case a
smartphone, and an insect-like walking robot—both comprised of over
one million voxels. Thus, it is easy to envisage the vast potential of this
approach as the range of voxel types expands and the technology ad-
vances further.

Another benefit of LA is the possibility of manufacturing objects
using self-alignment, as this enables constructing objects that are more
precise than the machine that built them. The important consequence of
this paradigm shift is that the burden of precision is no longer on the
machine, but rather the feedstock, which is easier to control. The self-
alignment concept is utilized exceptionally well in the LEGO™ brick
design, which ensures that all individual components are compatible
and can be used to build an infinitely large number of complex struc-
tures of much higher precision than that characterizing the hand that
built them. Owens et al. [14] achieved ∼1 μm stacking precision with
their LEGO™-based microfluidics system. In their approach, micro-
fluidic channels are micro-milled into LEGO™-like bricks before being
snapped together to build intricate microfluidic architectures. To ex-
tend the functionality range, LEGO™ bricks can be equipped with mi-
croprocessors, to combine the benefits of self-alignment with those of
modular electromechanical architecture. Such modular

electromechanical architectures were proposed by Gershenfeld [15],
who is of view that the benefits of digital materials are largely un-
explored and that LEGO™-style materials and architectures have im-
mense manufacturing potential.

1.3. Parallelization: bringing Moore’s law to digital manufacturing

In LA, resolution can be improved by reducing voxel size and in-
creasing voxel count, which can only be achieved by parallel voxel
placement to maintain speed when the process is scaled-up. For ex-
ample, a million-voxel-class assembly would require twelve days to
assemble on leading pick-and-place systems, such as the M2-iA robot
made by FANUC America Incorporated [16]. Unless process scalability
is vastly improved, a billion-voxel assembly would take nearly a year,
as the total assembly time using a serial pick-and-place process in-
creases linearly with voxel count. This example aptly illustrates the
necessity of a parallel process that can considerably shorten the man-
ufacturing time.

The proposed LA process addresses this issue effectively, as the time
required for assembly increases as the cube root of the number of voxels
required. Moreover, optimizing the use of parallel arrays allows LA to
scale with the number of layers, rather than the number of voxels,
which is highly beneficial, given that the difference between linear and
cube root scalability grows rapidly with the increase in the number of
voxels required for assembly.

In order to realize a highly parallel assembly process, the optimal LA
gripper arrays must be mechanically robust, scalable, and compatible in
a wide variety of environments, including outer space, while requiring
low power. In pursuit of this goal, as a part of the work presented here,
the potential for parallelizing the pick-and-place assembly process
through the use of parallel gripper arrays was investigated.

1.4. Electroadhesion

Robotic grippers are typically classified as astrictive, ingressive,
impactive, and continguitive. Astrictive processes, for example, require
fields—which could be a pressure field (e.g., partial vacuum), electro-
static, or electromagnetic—to produce binding forces. Continguitive
grippers, on the other hand, achieve prehension via thermal and che-
mical effects and thus require direct contact between the gripper and
object surfaces. Impactive grippers achieve prehension by applying

Table 1
Different voxel types and the design spaces they enable [9].

Voxel Type Design Space

Structural+ Support voxels Arbitrary geometries
+ Soft voxels Graded materials
+ Conductor voxels 3D Interconnect
+ Resistors, transistors, capacitors Analog 3D circuits
+ Batteries and PV voxels Power handling
+ CPU / FPGA voxels Embedded intelligence
+ Sensor, actuator voxels Fully operational robots

Fig. 1. Layered assembly concept: Illustration of (a) a crawling robot and (b) a
smartphone, both comprising of millions of building blocks from a small re-
pertoire of functional types, namely structural, electrical, light emitting, and
actuating.
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mechanical forces to the surface of the intended object. Finally, in-
gressive grippers permeate the surface of the target object to achieve
prehension [17]. At present, impactive and astrictive grippers are the
most commonly used in the automation industry [18].

Since gripping strength of astrictive methods is proportional to the
surface area, they are better suited for gripping smaller parts, which
inherently have higher surface area-to-mass ratios. In the present study,
electroadhesion was adopted, since it can be implemented with solid-
state circuits. In addition, it scales well to parallel arrays, and is com-
patible with both conducting and non-conducting materials. However,
it is worth noting that electro-osmosis methods have also been in-
vestigated for parallel pick-and-place application [19,20]. Nonetheless,
as electroadhesion requires relatively little hardware compared to other
astrictive prehension methods, like vacuum and electro-osmosis, it was
deemed the most optimal choice for the present investigation. Ad-
ditionally, electroadhesion exhibits ultra-low power consumption and is
compatible with the conditions in outer space [21–23]. Electroadhesion
is particularly well suited for use in vacuum, as electrodes are less
susceptible to arcing, thus ensuring higher gripping strength. Batra
et al. [24] explored the possibility of in situ voxel construction beyond
Earth’s atmosphere, indicating that electroadhesive grippers can have a
wide range of applications in vacuum.

Electroadhesion is the electrostatic effect of astriction that occurs
between two surfaces subjected to an electric field. In the im-
plementation described in this work, electroadhesion occurs between
an electroadhesive pad generating high electric field gradient and the
separated charges in the target object—in this case a voxel. When plates
with high positive and negative electric potential are in close proximity,
a steep electric field gradient is generated. This field gradient causes
any free electric charges in the vicinity to separate into positive and
negative clusters. This includes any object within that field, and thus
the voxel and the electrodes themselves. Upon separation, negative
charges in voxels will be attracted by a positively charged electrode,
and vice versa, creating an attraction force.

Electroadhesion is a complex phenomenon. To date, 33 independent
factors influencing process success have been identified ranging from
intrinsic material properties (such as dielectric permittivity) to en-
vironmental factors (such as humidity and barometric pressure) [25].
Both conducting and non-conducting materials can be subject to elec-
troadhesion, albeit based on different physics phenomena. In con-
ductive materials, electroadhesive forces are generated mainly by
electrostatic induction, while polarization is the source of electro-
adhesive forces in non-conductors [22].

In their study, Ruffato et al. [26] performed FEA-based 2D optimi-
zation of the electrode geometries of centimeter-scale electroadhesive
grippers intended for bio-inspired wall climbing robots. They conclude
that highly interdigitated spiral electrode geometries are optimal for
cm-scale robotic grippers. While the study is subject to different man-
ufacturing constraints than this work, it served as a starting point for
some of the electrode geometries in this study, albeit for mm scale ra-
ther than cm scale. The grasping of smaller objects is studied by
Monkman et al. [27] showing promising results on the utility of elec-
troadhesive microgrippers in grasping arbitrarily shaped sub-millimeter
sized objects. Despite the advances made by these and other authors,
parallel electroadhesive gripper arrays have not been explored in extant
studies, leading to a gap in pertinent models, control strategies, and
design paradigms. This gap in the extant knowledge has motivated the
present work, the aim of which was to demonstrate the design and
implementation of a gripping array.

Fig. 2 shows an illustration of a 32× 32 electrostatic gripping array
selectively holding as many as 1024 voxels of an arbitrary configura-
tion. Extrapolating from this example, it is evident that a set of nine
such arrays in a 3× 3 configuration could assemble up to 9216 voxels
per layer. Assuming that one layer can be assembled per minute, 1
million voxels would be correctly placed within two hours. In this
paper, we report on the implementation of a 2×2 array, as the first

step towards 1024-voxel array fabrication. We commence the discus-
sion by describing the construction of the electrostatic electrodes, fol-
lowed by their scalability and reliability analyses. The experimental
work reported in this paper aimed to demonstrate the manufacturing
methods employed, as well as validate the performance of the proposed
design in terms of polymer and metallic voxel gripping success.

2. Materials and methods

2.1. Single electrode design

A cross-section of a basic electroadhesive gripper is shown in Fig. 3.
The highest electric field density, which corresponds to the maximum
electroadhesive strength, is attained in the gap between the positive
and negative plates. The design intent is to maximize electric field
density throughout the gripper surface, and therefore maximize the
length of this gap, denoted as interdigitation length. This design objective
necessitates highly interdigitated electrode geometries, as shown in
Fig. 4. Interdigitated electrode geometries have been explored in extant
optimization studies, as a part of which researchers adopted varied
manufacturing methods, at different scales, aimed at diverse applica-
tions [28,29].

Electroadhesive grippers were designed for maximum interdigita-
tion length, for traces bounded in a 3× 3mm design space. The lim-
iting factor was the minimum machinable channel width, estimated at
.010”, corresponding to the smallest commercially available endmill.
Renderings of the two resulting electrode array designs are depicted in
Fig. 5.

Fig. 2. Rendering of a Layered Assembly machine equipped with a 32× 32
electrode array selectively gripping a circular shape out of an array of voxels.

Fig. 3. Basic anatomy of an electroadhesive gripper (for a dielectric voxel, the
dielectric layer may be removed).
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2.2. Electrode array design

The electrode from Fig. 4A and E were configured in the alternating
2× 2 pattern shown in Fig. 5, thus differing from that depicted in
Fig. 2, which is closely packed with electrodes. These electrode geo-
metries were chosen for experimental validation as they are funda-
mentally different geometries. The sparse 2×2 pattern was chosen in
this particular case (1) to facilitate trace routing, (2) ensure superior
material handling, and (3) allow for more selective pick-and-place op-
erations. Such checkerboard-like patterns are desirable, as most elec-
tromechanical systems will inherently require interspersed voxels to aid
in cooling, as seen in the insect-like robot in Fig. 1. Interspersed elec-
trode placement is also beneficial for desensitizing the Layered As-
sembly process to voxel imperfections. To achieve 100% infill, check-
erboard style systems such as the one shown here will need to perform
three pick-and-place operations per layer.

2.3. Analysis

Finite element analysis was performed in a COMSOL Multiphysics
simulation environment for six unique single electrodes (Fig. 4) and the
two 2 × 2 electrode arrays (Fig. 5). Six single electrode geometries
were considered as is shown in Fig. 4. For each simulation the average
electric field was calculated at the face of the electrode traces,

representative of the location where it would contact an intended voxel.
Analysis results of single electrodes informed the design, selection and
manufacturing of the 2 × 2 electrode array.

2.3.1. Single electrode analysis
The best performing electrode was the comb shaped electrode with

.006” trace spacing, corresponding to an average electric field of
1.66MV / m as seen in Fig. 6F. We attribute this optimal performance
to high interdigitation length, and closely spaced traces. While the
comb shaped electrode in Figs. 4F, 6 F is the optimal electrode in si-
mulation, it is not possible manufacture with a CNC desktop mill and
was not manufactured in this work.

2.3.2. Analysis of electrode array
While the single electrode simulations informed electrode geometry

selection for optimal electric field strength, the simulation for the 2 × 2
electrode arrays is meant to show the selective capabilities of the array.
Specifically, the analysis sought to answer how much lower the electric
field was outside of the intended gripping area. To quantify the electric
field decay outside of the active electrode area, we averaged the electric
field at a central cross section of the electrode array. The plots of these
cross sections are shown in Fig. 7B and D, respectively. The electric
field of inactive areas adjacent to the square comb electrode traces is
86% lower, whereas for the spiral electrode it is 68% lower. Moreover,

Fig. 4. (A) Interdigitated spiral design with .010”
spacing. (B) A squiggly comb with .010” trace spacing.
(C) Interdigitated spiral design with .010” spacing, and
filled in background. (D) A Chevron-shaped comb de-
sign with .010” spacing. (E) An interdigitated spiral
design with .010” spacing. (F) Comb electrode design
with .010” trace spacing, and (F) a comb electrode
design with .006” spacing.

Fig. 5. CAD rendering of (A) a spiral electrode array, and (B) a comb electrode array. Both electrodes have 0.010” spacing between the leads.
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comparing Fig. 7B–D, we see the electric field of the comb electrode is
much more constant over the active electrode area. This may explain
why the comb shaped electrodes excel at grasping voxels at large
misalignments.

2.4. Electrode manufacturing

Electrodes utilized in the present study were manufactured on a
desktop CNC mill (OtherMill Pro) using endmill diameters ranging from
.010” to 0.125”. To optimize the surface finish of electrode traces,
finishing passes were employed. Additionally, an on-board vacuum

Fig. 6. (A) - (F) COMSOL Simulations of electrostatic fields corresponding to Fig. 4(A)–(F).

Fig. 7. COMSOL Simulation results of electrode arrays. (A) Normalized electric field plot of 2× 2 spiral electrode array. (B) Plot of normalized electric field for spiral
electrodes at x= 0.485mm cross section. (C) Normalized electric field plot of 2× 2 comb electrode array. (D) Plot of normalized electric field for comb electrodes at
x=0.485mm cross section.
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fitting was used to assist with in situ chip removal. Electrodes were
fabricated from single-sided FR1 boards. Following milling, electrodes
were tested for continuity between traces. The as-manufactured elec-
trodes are depicted in Fig. 8A and B, while the 3×3mm voxels used in
the study are shown in Fig. 8C.

2.5. Testing

2.5.1. Maximum allowable voltage
Electrode arrays were tested to failure by gradually increasing the

applied voltage. Failure was defined as the voltage at which arcing
occurs and the electrode loses its gripping capability. While electrodes

Fig. 8. An example of a manufactured (A) 2× 2 spiral electrode array, and (B)
2×2 a comb electrode array. (C) Metallic, metal-topped, and polymeric voxels.

Fig. 9. (A) Testing setup, zooming in on the alignment jig. (B) Close-up view of as-manufactured spiral electrode. (C) Spiral electrode shorting at a point of high
curvature.

Table 2
Reliability testing procedure adopted for 2× 2 electrostatic grippers.

1 Randomly position four voxels on the alignment jig
2 Align the jig with the electrode
3 Apply high voltage [75–800 V]
4 Move gantry down to apply 3 N of normal force to voxels at an approach speed of
100mm / min

5 Dwell for 1.0 s
6 Move gantry up at 200mm / min to the final height of 8 mm
7 Count the successfully grasped voxels
8 Turn off the voltage supply

Fig. 10. Voxels in the test rig. (A) Four voxels placed in the alignment jig,
awaiting pickup. (B) Following contact, the electrode array selectively picks up
two of the four voxels on the jig.
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with poorer surface finish were more susceptible to arcing at lower
voltages, arcing occurred at 900–1200 V irrespective of the electrode
type. As shown in Fig. 9C, arcing occurred in areas of high curvature
change, such as the electrode tips. Knowledge of this failure mode can
aid in future electrode design and geometry optimization.

2.5.2. Testing setup
As shown in Fig. 9A, electrode arrays were connected to a high

voltage transformer (Sunkee #CECOMINOD00 5509) powered by an
Agilent E3631 A Triple Output Power Supply. High voltage was mea-
sured by a Keysight 10076C High Voltage Probe. The electrode board
was then secured to the gantry of an X-carve CNC system capable of
75 μm axial precision [30]. The electrode board was attached to the
gantry using compressible 2mm thick VHB 3M tape. By allowing the
electrode array some degree of movement, the compressible tape de-
sensitized the system to± 2° tip / tilt misalignment errors, while also
ensuring that each voxel achieves flush contact with its respective
electrode leads.

To ensure adequate alignment in the xy plane, an alignment jig, also
depicted in Fig. 9A, was machined. The jig is equipped with two re-
ference surfaces to help locate the voxels with respect to the electrodes.
To achieve this objective, the reference surfaces were manually placed
at tangent to the electrode board prior to each trial. As shown in the
setup rendering, the white bracket of the jig is positioned on two layers
of 1mm thick neoprene foam to allow independent vertical movement
of voxels. This movement maximizes surface-to-surface contact

between voxels and electrodes and further desensitizes the system to
tolerance stack-ups between the electrode array and voxels. The voxels
used in electrode array trials conducted as a part of this investigation
are shown in Fig. 8C, which depicts (1) a polymeric voxel, (2) poly-
meric voxel with a metal top, and (3) an aluminum voxel.

2.5.3. Testing procedure
Electrode arrays were covered with Teflon tape to enable the ad-

hesion of conducting voxels. Each trial consisted of 20 attempts of si-
multaneously picking up four voxels from the jig. A video recording of
the voxel pick up is included in the references [31], while selected
video frames are included in Appendix A. The steps involved in the
testing procedure are presented in Table 2.

At the beginning and end of each trial, dry runs were performed to
check for false positive pickup, which occurred when using masking
tape as the dielectric medium. The issue of false positives was mitigated
by using Teflon tape with a silicone adhesive. After each pickup at-
tempt, the collected voxels were taken out of the jig and randomly
replaced to simulate the machine encountering a new layer of voxels in
the Layered Assembly process. Four voxels on the alignment jig are
shown in Fig. 10A, while Fig. 10B shows a pickup attempt in which only
two voxels were collected.

3. Results

3.1. Gripping reliability tests

Gripping reliability was the main objective of the present study, as it
must be guaranteed for the LA to advance forward. In the context of the
current investigation, reliability was defined as the ratio of collected
voxels to the number of attempted pickups. Specifically, a pickup was
deemed successful when a voxel is gripped for 1 s or longer at a height
of 8mm above the voxel jig (further details are given in the supple-
mentary materials).

3.1.1. Centered voxels
The gripping reliability of voxels that were centered to their re-

spective electrodes is shown in Fig. 9A. These trials represent nominal
testing conditions, in which the electrodes are aligned to +/− 0.1mm
of their intended voxel. As can be seen from the graph, spiral electrodes
outperformed comb electrodes at lower voltages, and asymptotically
approached 100% gripping reliability at 300 V. However, when elec-
trodes were covered with a dielectric (Teflon tape), comb electrode
arrays outperformed the spiral electrode arrays. The dielectric-covered
array is a more realistic configuration, as electrodes in the Layered
Assembly process must be able to handle both conductive and non-
conductive materials.

3.1.2. Misaligned voxels
We also tested gripping reliability at 50% voxel-electrode mis-

alignment in the y-axis direction and the results are reported in Fig. 11A
and B. Such large misalignment was intentionally chosen to explore the
possibility of the electrode arrays gripping voxels or parts that are of a
relatively bigger size, or uneven integer multiples of the checkerboard-
style spacing. These results will also benefit further research into de-
signs required for picking up hierarchal voxel geometries, as well as
parts of arbitrary shapes. As can be seen from the graphs, performance
of comb electrodes was superior to that of spiral electrodes under all
testing conditions.

3.2. Optimal electrodes and voltage ranges

The results obtained in the present study suggest that comb elec-
trodes with a Teflon tape dielectric are the optimal geometry for multi-
material grasping. Furthermore, these results indicate that the neces-
sary voltage for effective and reliable multi-material gripping is in the

Fig. 11. (A) Gripping reliability of a bare electrode when applied to polymeric
voxels. (B) Gripping reliability of a Teflon-coated electrode array when used to
collect polymeric voxels with copper tops. (C) Gripping reliability of Teflon-
coated electrode array when attempting to collect Al voxels.
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600–800 V range. We therefore conclude that comb geometry is the
optimal geometry for multi-material electroadhesive grippers for par-
allel pick-and-place maneuvers commonly employed in LA.

3.3. Building a part

To demonstrate the additive manufacturing capabilities of Layered

Assembly, a discretized letter “C” was manufactured out of copper-
topped voxels as seen in Fig. 12F. The “C” was comprised of three se-
parate pick and place operations shown in Fig. 12B–D. A false positive
pick-and-place was recorded (Fig. 12E), and manually removed. After
all voxels were placed on the build tray, voxels were sprayed with an
acrylic coating to bond them together. Layered Assembly is not limited
to acrylic coating, as the coating could easily be changed to match the

Fig. 12. (A) The beginning of the processes: an
empty tray in pink, and a blue deposition head.
(B) Completed placement of first batch of
voxels. (C) Completed placement of second
batch of voxels. (D) Completed placement of
third batch of voxels. (E) Extra voxel is noticed
and removed. (F) Final discretized “C”. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).

Fig. 13. (A) The beginning of the grasping
process for SMT resistors. (B) Electrode array is
lowered to contact resistors surfaces. (C)
Electrode array selectively grips intended re-
sistors. (D) Voltage is turned off and resistors
drop. (E) The beginning of the grasping process
for polymer voxels. (F) Electrode array is
lowered to contact voxel surfaces. (G)
Electrode array selectively grips intended
voxels. (H) Voltage is turned off and polymer
voxels drop.
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needed form and function. The entire build process is shown in Movie
S2.

3.4. Grasping circuit components

In addition to the discretized letter “C”, this work explored the
capability of electrode arrays to grasp commercially available compo-
nents such as the surface-mounted resistors shown in Fig. 13. Towards
this, selective pickup was effectively demonstrated for these resistors as
seen in Movie S3. This capability has important implications for the
employment of Layered Assembly both as a novel additive manu-
facturing method and a parallel pick-and -place technology for placing
electronic components on circuit boards.

4. Discussion

4.1. Optimal geometry

Based on the findings obtained in the present study, comb electrodes
appear to be the more effective geometry relative to the spiral design
when considered for the checkerboard-style packing required for par-
allel voxel assemblies. They are more effective at gripping with di-
electric insulators and more robust against large electrode–voxel mis-
alignments. Large misalignment performance is largely dependent on
the routing of traces leading up to the electrodes since when misaligned
voxels contact traces, the traces effectively act as electrodes. The testing
conducted in the present study shows that the comb (and potentially
spiral) electrode arrays could also be well adapted to picking up arbi-
trary cross-sections, increasing their usefulness in other pick-and-place
applications. Specific to LA, comb electrodes can be positioned more
efficiently in a checkerboard array and are easier to manufacture re-
lative to the spiral design. Although comb electrodes have shorter in-
terdigitation lengths than the spiral electrodes, they utilize more of the
bounding box area (Fig. 4), which we postulate to be the primary de-
terminant of their superior performance. These assertions and other
results reported in this paper can be further confirmed with finite ele-
ment simulations of electrostatic fields, as one of the fruitful avenues
for future LA research.

4.2. Future work

Gripping reliability demonstrated in this work could be further
improved by enhancing the electrode flatness, and thereby increasing
the surface-to-surface contact between electrode and voxel. This can be
achieved by adding fillers between electrode traces, allowing for more
uniform contact between the dielectric strip and the electrode surface.
Going forward, we plan to investigate the effects of dwell time, com-
pression, and alternating voltage, as these parameters could potentially
enhance gripping reliability. In addition, they may facilitate gripping at
lower voltages, which would improve safety and cost effectiveness, as
well as reduce transistor size and complexity. Finally, gripper reliability
can also be improved by the implementation of both manual and au-
tomated visual feedback to diagnose mishandled voxels.

5. Conclusions

A Boeing 747 airplane is comprised of over six million parts, as-
sembled by a custom manufacturing system, and relies on an intricate
global supply chain involving 1500+ companies. Would it be possible
to build recyclable systems of similar complexity on our desktops? What
would the world look like if ubiquitous manufacturing systems could
fabricate fully-functioning robots on demand? A nascent manufacturing
technique we call Layered Assembly could be the answer to each of
these questions. In this work, we demonstrated the practical application
of the Layered Assembly concept by employing electroadhesive grip-
pers, as they are inherently solid-state lower-power grippers that

parallelize well for n× n arrays.
Electroadhesion required for gripping even a single voxel is a highly

complex phenomenon influenced by dozens of variables. The findings
yielded by the present investigation nonetheless demonstrate that
electroadhesion is a viable method of astrictive prehension for the se-
lectively parallel, multi-material gripping necessary for Layered
Assembly. We further demonstrated successful selective parallel grip-
ping of 3×3mm conducting and non-conducting voxels. These results
will inform design decisions of electrode geometry and larger parallel
electroadhesive gripping architectures going forward. Ultimately,
Layered Assembly will bring the same exponential speed increases to
the manufacturing sector that Moore’s Law has brought to computing
power.
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