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Charge-programmed three-dimensional printing
for multi-material electronic devices

Ryan Hensleigh'?7, Huachen Cui®'37, Zhenpeng Xu®'3, Jeffrey Massman#*, Desheng Yao'3,

John Berrigan® and Xiaoyu Zheng ®123562<

Three-dimensional (3D) printing can create complex geometries that could be of use in the development of electronics.
However, the approach is mainly limited to non-functional structural materials, and the 3D printing of electronic devices typi-
cally requires multiple process stages of embedding, spraying and writing. Here, we report a 3D printing approach that can
volumetrically deposit multiple functional materials within arbitrary 3D layouts to create electronic devices in a single step. Our
approach prints 3D structures with a programmable mosaic of distinct surface charge regions, creating a platform to deposit
functional materials into complex architectures based on localized electrostatic attraction. The technique allows selective volu-
metric depositions of single metals and also diverse active material combinations, including ceramic, semiconducting, magnetic
and colloidal materials, into site-specific 3D topologies. To illustrate the capabilities of our approach, we use it to fabricate

devices with 3D electronic interfaces that can be used for tactile sensing, internal wave mapping and shape self-sensing.

such as integrated circuits, microelectromechanical systems

(MEMS), antennas, sensors, actuators and metamaterials'.
Microfabrication based on traditional lithography, deposition, etch-
ing and release is well suited to creating planar, two-dimensional
(2D) patterned devices built from similarly flat substrates'. However,
these 2D design processes are unsuited to the creation of isotropic*’,
structural’ or conformable 3D devices’”. Complex, non-planar 3D
substrates are not compatible with post-processing by traditional
lithographic and extrusion/spray*’ methods due to shadowing/
blockage of internal areas by the external substrate features (such as
beams and walls) of the 3D structure®. Using lithography and then
straining the substrate to deform planar patterns into 3D structures
has been used to make functional 3D devices, but the approach is
limited in resolution, complexity and periodicity*~’.

Three-dimensional printing can, in principle, access any arbi-
trarily complex structure, but it is limited mostly to non-functional,
structural materials due to the trade-off between ease of processing
and functionality'®"'. Each individual functional ink must be opti-
mized for the chosen 3D printing technique, requiring significant
development time for new materials. Current 3D-printed devices
typically require multiprocess sequential writing techniques”'>",
combining multiple printing, infilling" and wire embedding"
stages to form a functional device. The requirements for print paus-
ing, switching between techniques and subsequent layer alignment
during layer-by-layer techniques'® lead to excessive build times and
require extensive printing path optimization, limiting access to
complex 3D electrode interfaces and geometries.

In this Article, we report a method to produce 3D devices by
programmed volumetric deposition of one (or multiple) materials
into arbitrary 3D micro-architectures. This is achieved by control-
ling the electrostatic charges and consequent absorptive proper-
ties of our optically 3D patterned feedstock material. This creates

( : reating defined patterns is key to building functional devices

a 3D charge-programmed mosaic from which a variety of materials
can be deposited at pre-defined locations within the structure. The
method eliminates the need for multiprocess printing"’, allows flex-
ibility of design, does not require complex conjugation chemistries'’
and eliminates the need to develop new printer feedstocks for each
material. With this approach, we demonstrate microscale selective
depositions of several materials, including metallic, ceramic, semi-
conducting and magnetic materials, either singularly or in combi-
nation with multiple depositions. Our technique, combined with
multifunctional materials, allows the one-step fabrication of smart
materials and transducers with 3D embedded electrodes. We use
our approach to create devices capable of 3D tactile mapping, inter-
nal wave mapping and 3D capacitance shape sensing.

Programming deposition in three dimensions

Our 3D selective deposition scheme is based on controlling the
surface charge between 3D-printed substrate materials and the
materials to be deposited. To achieve this, we prepare a charge-pro-
grammable pallet by varying the pendant reactive groups present in
the pre-polymer monomer. These reactive groups can be classified
as positive (such as ammonium and phosphonium), negative (such
as phosphate and carboxylate) or neutral (such as ethylene and ether
groups) (Fig. la) and, when combined with photo-crosslinkers,
form a 3D patternable resin, which, after optical patterning, main-
tains the distinct charge polarity of its parent material. Through a
custom multi-material projection micro-stereolithography system
(Supplementary Fig. 1) with fluid switching, the arrangement of
each charged region’s distributions is patterned into a 3D archi-
tecture, programmed by the part’s digital design. This electrostatic
mosaic, combining positive, negative and neutral areas, forms a pat-
terned substrate upon which microfabrication can be carried out.
By exploiting the charge difference between each sub-domain, our
programmable 3D deposition platform emerges based on simple
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Fig. 1| Programmable deposition in three dimensions. a, Schematic for programmed electrostatic charge deposition of materials in 3D. The deposition is
rapid (26,000 mm?2h"), which is nearly five times faster than the next most rapid similar technique, at 5,600 mm?h-" (aerosol jet printing). b-e, Structures
can be arbitrarily complex: the Eiffel Tower, with the internal struts of the main beams in the middle section plated with metallic-grey Ni-P (b); a 3D antenna
array with white dielectric and red copper areas (¢); a circuit on an arbitrary 3D pyramid substrate (d); an interpenetrating metal-dielectric double gyroid (e).

rules: when the sub-domain and deposition material have opposite
charge polarity, there is attraction and deposition; and like polarity
or no polarity (neutral) repels or gives no significant plating.

To demonstrate our scheme, we formulated blends of charged
acrylic monomers and neutral crosslinkers, a radical initiator and dye
to form photo-sensitive charged resins that can be shaped into com-
plex 3D architectures (see Methods). We sculpted positive, negative
and neutral resins into a variety of 3D structures, which were soaked
in either a positive or negative Pd salt solution and subsequently placed
in electroless nickel-phosphorus (Ni-P) or copper (Cu) solution to
deposit metal into the oppositely charged areas of the structures. In
this way, structures such as a microscale Eiffel Tower, antenna arrays
or interpenetrating double gyroids could be formed (Figure 1b-e).
Supplementary Video 1 demonstrates the process of patterning a
topological 3D circuit, which is completed within a few minutes.

The Pd triggers an autocatalytic metal deposition process. For
example, in the metallic-grey Ni-P plating, Pd oxidizes native hypo-
phosphite ions (HZPOZ’ ) (equation (1)) to trigger nickel metal (Ni°)
(equation (2)) and phosphorus (P) (equations (3) and (4)) reduc-
tion and co-deposition (the Cu plating process is described in
Supplementary Note 1)'%":

The key requirement is the selective adsorption of the Pd
catalyst to localize deposition to our pre-programmed areas.
Through scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDX), we observe that the charged Pd cata-
lysts are highly selective for their oppositely charged counterparts
after soaking for only a few minutes, but they show no detect-
able adsorption to uncharged or like-charged substrates, even
after hours (Supplementary Figs. 2 and 3), confirming our selec-
tive deposition process. This selectivity holds until reaching the
current repeatable feature size limit of our multi-material 3D
printing technique at ~10 pm (Supplementary Fig. 4). Our selec-
tive metallic features are highly conductive and can be combined
with Cu electroplating to produce metallic features with high
conductivity (1.2 X 10”Sm™"), approaching the value for bulk Cu
(5.96 x 10’ Sm™; ref. %), making them ideal for electronic applica-
tions (Supplementary Fig. 5).

Comparing the speed and resolution of our method to other
methods for 3D printing of electrical devices (Supplementary
Table 1), such as sequentially extruded ink**' or liquid metal®
(0.2-113mm?h™!, 10-120 um), aerosol jet* (19-5,600 mm*h~},
100 pm) and multiprocess techniques” (11 mm*h~', 100 pm),
our selective volumetric deposition method allows programmed

H,PO; — H +HP O, (1) metallic contacts to form rapidly (26,000mm?*h~!, 10 um), with
internal features and complex structures that are unmatched by
these processes. The ability to deposit metals in essentially any

Ni** +2H* — Ni® + 2H" (2) area (internal or external) of a 3D structure through a rapid 3D
printing approach opens new opportunities to rapidly manufac-
ture, ad hoc, many conductor/dielectric devices, including elec-

H,PO; + H* — H;PO, (3) ;rodes, antennas apd Sensors. Import'antly, our techniques are not
imited to stereolithography. The wide variety of commercially
available charged polymers and the simplicity of our techniques
open the possibility of integrating our methods with essentially

H;PO, + H* — P +2H,0 (4) any 3D printing technique.
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Fig. 2 | Multi-material deposition. a, Selective nickel octet: SEM-EDX mapping (top) and graphs (bottom) showing the elemental composition of each
respective area. b, Bimetallic octet truss with Cu and Ni beams. SEM-EDX mapping (top) and graphs (bottom) confirm Cu and Ni deposition. ¢, Composite
octet truss combining Cu and ceramic magnetite (Fe;0,). SEM-EDX mapping (top) and graphs (bottom) confirm Cu and Fe deposition. d, Plated
semiconductor ZnO and dielectric polymer with SEM-EDX mapping (left) and graphs (right). e, Selectively plated carbon nanotubes dispersed with charged
surfactant (left). SEM images show the nanotubes network present in dark coloured areas and polymer areas with no nanotube deposition. f, A variety of
conductivity/dielectric combinations showing the wide range of properties we can achieve.

Selective multi-material volumetric depositions

Using a 3D unit cell digital model, we demonstrate programmed
selective 3D patterning for a variety of materials, from single-mate-
rial to multi-material selective co-depositions (Fig. 2a). As shown in
Supplementary Videos 2 and 3, programmed plating of Ni-P occurs
at selectively activated sub-domains within a 3D micro-architecture.
SEM-EDX mapping of the cell strut junctions confirms the pres-
ence of Ni in the designed locations, and SEM-EDX spectra show no
detectable contamination outside these areas (Fig. 2a).

Our techniques are not limited to Ni-P and Cu metal/dielectric
combinations; magnetic*, ceramic® and semiconductor® dielectric
combinations are amenable to our techniques through established
electroless methods. Additionally, the high selectivity of Pd cata-
lyst for only its oppositely charged sub-domain as well as its inert
response to previously plated materials allow us to plate multiple
materials through successive deposition schemes, creating further
combinations of dielectric/conductor/magnetic/semiconductor and
so on. Our scheme is illustrated in Supplementary Fig. 6. For exam-
ple, an as-fabricated bimetallic Cu and Ni-P octet-truss unit cell is
shown in Fig. 2b. To fabricate this, we begin with an initial struc-
ture consisting of positively charged horizontal, square core beams,
with the remaining structure being negatively charged. Soaking in
negatively charged Pd solution catalyses only the positive areas,
which are subsequently plated with Cu in an electroless bath. Once
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finished, the partis placed in a positive Pd solution, catalysing only the
negative, unplated areas. Placing the structure in a Ni-P bath plates
the remaining uncoated beams of negative resin with metallic-grey
Ni-P. The Cu surface is unreactive to the Pd catalyst and the Ni-P
plating under our chosen conditions”’. SEM-EDX results confirm
the presence of Cu and Ni at the expected 0.928keV and 0.849keV
peaks, respectively, with no detected cross-contamination®.

This material flexibility opens many interesting opportunities for
exploring 3D electromagnetic, semiconductor and other devices.
In Fig. 2c, we demonstrate a metal-metal oxide composite octet
truss, with one phase being copper and the other (black) magnetite
(Fe,O,) (ref. ). SEM-EDX confirmed the presence of each mate-
rial, with iron (Fe) having the expected 6.5keV peak and crystalline
structure by X-ray diffraction (XRD in Supplementary Fig. 7)* and
no detected cross-contamination (Supplementary Fig. 8). Wide-
bandgap, n-type semiconducting zinc oxide (ZnO) was plated and
combined with a dielectric polymer (Fig. 2d) and also confirmed
by SEM-EDX, with Zn detected at the expected 1.0keV peak and
with a wurtzite crystal structure in XRD (Supplementary Fig. 9)***.
Combining the high electrical conductivity of our Cu deposits with
the ferrimagnetic properties of magnetite, or the semiconducting
properties of ZnO and a dielectric, open new opportunities for
3D mesoscale electromagnetic and semiconducting metamaterials
through our manufacturing process.
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Fig. 3 | Tactile mapping by selective electrode pixels. a, Schematic of an all-in-one embedded smart self-sensing device that can be fabricated using our
methods. b, The as-fabricated tactile sensor and electrode numbering. ¢,d, Optical image of the conformal tactile sensor while applying pressure with the
fingertip (¢) and the corresponding pressure map (d). e f, Optical image of the conformal tactile sensor while applying pressure with a stamp (e) and the
corresponding pressure map (f). g,h, Optical image of the conformal tactile sensor on a curved surface while applying pressure with a fingertip (g) and the

corresponding pressure map (h).

Our techniques can be extended to program 3D patterning of
colloidal materials including carbon nanotubes (Fig. 2e). This is
achieved by simply soaking our charged substrates in a solution
of the nanomaterial dispersed with commonly used charged sur-
factants such as negatively charged sodium dodecyl sulfate (SDS).
SDS creates a negative CNT dispersion”, which allows rapid depo-
sition to an oppositely charged positive substrate. SEM confirmed
the presence of conductive (1,000S m~') nanotube networks in the
oppositely charged areas, while polymer areas remained free of
deposits. The wide variety of nanomaterials that can be dispersed
with charged surfactants creates a nearly endless palette for material
deposition and device development.

The dielectric properties of the incorporated polymer may also
be individually tuned across two orders of magnitude, from the
ultra-low range (~1-3) to the ultra-high (>800) by incorporation
of dielectric ceramic nanoparticles (Supplementary Fig. 10)''. Our
technique thus allows access to a wide range of dielectric/conduc-
tive patterning in 3D arbitrary micro-architectures; some of these
are summarized in Fig. 2f. A key to functional devices is the com-
bination of multiple materials within distinct areas'. The wide
variety of available materials (including metal, magnetic, ceramic,
semiconducting and nanomaterial) paired with the tunable dielec-
tric properties of our polymer creates a complex and nearly endless
palette with which to build functional 3D devices. In the following,
we exploit a variety of unique applications that combine responsive
materials with internally printed electrode arrays.

Tactile sensor with patterned electrodes
An intriguing application of our technique is the fabrication
of a smart prosthesis and sensor in one integrated step, with

customizable free form factors and individually addressable 3D
electronic interfaces, not achievable in current approaches®-**. Our
method seamlessly combines structural and functional materi-
als to provide human-like responses, including tactile, impact and
3D shape-sensing aspects (Fig. 3a). We first demonstrate a proof of
concept by conformally patterning copper electrodes onto a flexible
piezoelectric active composite foam, producing a tactile pressure
transducer in one simple step.

We first synthesized highly responsive piezoelectric nanocom-
posites by surface-treating lead-zirconate-titanate (PZT) nanopar-
ticles with silane acrylates. The functionalized PZT particles were
combined with neutrally charged photo-sensitive monomers at
high volume fractions (10vol%) and multi-materially printed with
charged resins to form the complex structure'’. The charged resin
formed nine individual electrode pairs (coated with Cu), which
collect site-specific electric charges from the piezoelectric neutral
resin when the structure is deformed. The electrodes were patterned
at programmed locations based on a 3D digital design for signal
acquisition (Fig. 3b). The as-fabricated piezoelectric lattice was then
activated via the corona poling method, converting pressure into
electric charge via the calibrated piezoelectric charge constant g,
(see Methods), collected by the patterned electrode pairs. In this
arrangement, each pair of electrodes acts as a pressure-detecting
pixel for the piezoelectrics, which is connected to a resistor (10 M)
to form a closed circuit. The resistors are connected in parallel to
a data acquisition system (DAQ) to read out the pressure-induced
voltage. The voltages at each sites are collected by the DAQ and
transferred to pressure using the measured g, constant. Figure 3c—f
shows the stress distributions measured on the 3% 3 tactile sen-
sor array while applying pressure with a fingertip (Fig. 3c,d) and a
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Fig. 4 | 3D strain sensor obtained by means of selective electrode deposition. a, Structure design, with internal electrodes for impact sensing. With a
vertical impact, each horizontal plane of the structure is monitored for stress via an output voltage to reconstruct strain propagation. b, An as-fabricated
piezoelectric lattice with selectively coated internal electrodes. ¢, Voltage outputs on different planes of the stiff PEGDA-PZT lattice as a function of time.
d, Voltage output on different planes of the flexible FLEX-PZT lattice. e, Reconstructed strain profiles of the piezoelectric lattice at various time points,
generated from the voltage output of the different planes in the stiff PEGDA-PZT lattice. The double-headed arrow shows the position of the elastic
wavefront followed by a compaction area in the lattice (defined as where the strain becomes larger than 0.05%). f, Graph of voltage outputs from each
plane of electrodes for both stiff (orange) and flexible (blue) lattices, where the slope corresponds to the damping of the structure.

stamp (Fig. 3e,f). The greyscale denotes the pressure level on vari-
ous sensing cells of the tactile sensor; it can be seen that the position
of the fingertip has been transferred successfully to the correspond-
ing greyscale plots. We also show that a conformal tactile sensor can
be readily achieved, providing pressure data for site-specific loca-
tions via patterned electrodes (Fig. 3g,h). Such a tactile sensor can
act as the fingertip of a smart prosthesis, acquiring the fine detail of
letters, surface roughness and complex shapes.

Impact wave mapping via embedded 3D electrode
interfaces

A critical feature of natural human tissue (and thus for smart pros-
theses of the future) is its ability to detect impact and damage. This
is a complex task, typically requiring external monitoring. Here,
by volumetrically depositing addressable, 3D internal electrodes
within any arbitrary 3D configuration, new opportunities for in situ
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monitoring of impact dynamics, with high throughput and spatially
resolved sensing data acquisition, are possible within any complex
architecture (Fig. 4a). This is not achievable with current methods.
Here, by combining functionalized piezoelectrics with selective
deposition of embedded electrodes, we demonstrate time- and spa-
tially resolved internal stress and elastic wave mapping throughout
a complex 3D structure.

To demonstrate the internal stress-sensing capabilities, we
prepared composite lattice materials with different damping
coefficients and detected elastic wave propagation within the archi-
tectures using volumetrically deposited electrodes. We 3D-printed
piezoelectric nanocomposite lattices with different matrix materials,
poly(ethyleneglycol) diacrylate (PEGDA) (high stiffness) and a ure-
thane acrylate blend referred to as FLEX, a viscoelastic constituent
material. Each as-fabricated lattice, stiff/PEGDA and flexible/FLEX,
incorporated eight equidistant planes which were subsequently
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deposited with copper to act as electrodes for monitoring the inter-
nal dynamic stress, as shown in Fig. 4b. The electrodes were each
connected to resistors R, forming four independent, closed circuits.
The resistors were connected in parallel to four channels of the
DAQ (NI USB-6356) to read out the stress-induced voltage at both
ends of the resistor. A 12 g steel ball was then dropped from 10cm
height onto the as-fabricated 3D piezoelectric lattice (attached to a
rigid substrate; Supplementary Video 4). Propagation of the impact
stress activated electric displacement of the piezoelectric metamate-
rial in the vertical direction, as shown in the traces of voltage out-
put against time in Fig. 4c,d. The voltage outputs from the electrode
pairs at each plane sequentially peak with time intervals that repre-
sent the propagation of the wave through the whole lattice.

The voltage output between each pair of electrodes traces the
transient stress within the piezoelectric material (see Methods) trig-
gered by the dropping impact. We reconstructed the strain maps of
both lattices at various time points based on the voltage output (see
Fig. 4e for the lattice with a stiff matrix and Supplementary Fig. 11
for the lattice with a lossy matrix), revealing the elastic wavefront
propagation (defined as the junction between the elastically com-
pressed and uncompressed regions of the lattice).

The internally deposited electrodes provide time- and spatially
resolved wave mapping within 3D piezo-active smart materials at
arbitrary locations. As the wavefront propagates through the struc-
ture, the peak strain (measured as voltage readings from electrodes
patterned within each designed location, V,, V,, Vi, V,) moves
away from the top impact layer, with decreasing amplitude at each
sequential layer (Fig. 4c—e), indicating how the piezoelectric lattice
materials absorb and damp out the energy generated from the drop
impact. Figure 4f plots the measured voltage peaks (V?) as a func-
tion of each distributed electrode layer within the different lattice
materials used. The voltage readings from patterned electrodes at
each internal layer allow us to visualize and extract the damping
coefficients within the lattice material through which the excited
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elastic wave propagates. The slopes of the fitted curves in Fig. 4f
reveal the effective loss factor, tang, of the metamaterial:

p(1—r) -1
21— )
where f is the slope of the curves in Fig. 4f, namely log(vl/fl).

(5)

tand =

The logarithm of the measured voltage shows an approximately
straight-line relationship with the depth of the lattice moving away
from the impact (represented by electrode location number ).
The different slopes reveal the different effective loss factors of
the intrinsic materials (calculated from the slope as 0.078 for the
PEGDA-PZT composite lattice and 1.2 for the FLEX-PZT com-
posite lattice). The measured effective loss factor closely matches
direct testing results obtained by dynamic mechanical analysis (TA
Instrument DMA 850), as shown in Supplementary Table 2, sup-
porting the high fidelity of our method.

Shape self-sensing and reconstruction

To fabricate prosthetics and soft robots, the incorporation of con-
ductive electrodes can facilitate self-sensing and proprioception
functions, which are critical to allow more advanced arbitrary
movements to occur in these systems®. As a proof-of-concept dem-
onstration, a flexible 3D shape-sensing device (Fig. 5a-c) based
on an array of capacitive sensors was printed and coated to form
embedded metal electrodes.

This structure is a simplified arm consisting of FLEX polymer
and 8vol% unfunctionalized PZT particles (to form a high-dielec-
tric-constant (~156) composite). Figure 5b presents an optical image
of the all-in-one fabricated shape-sensing device. The as-fabricated
device contains 36 internal electrodes, forming 18 capacitive sen-
sors located on three edges of the device for deformation detection
of the corresponding sections (see Methods). The capacitive sensor
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arrays are individually connected to commercial capacitance meters
(KNACRO LC100-A) to capture the capacitance change. Figure 5d
shows the capacitance change ratio (AC/C,) as a function of strain
for an individual capacitive sensor. The performance of the capaci-
tive sensor was characterized by stretching or compressing the
device along the longitudinal direction. With stretch or compres-
sion, the sensor expands or shrinks, resulting in a localized capaci-
tance change between each of the capacitive sensors. The device
flexing and strain were tested in a range of ~—0.2-0.3. Figure 5c
shows an example deformation of the shape-sensing device. As the
device deforms, a capacitance meter monitors the deformation,
which is translated to the strain between each two corresponding
electrodes. Figure 5e plots the strain versus longitudinal position
corresponding to the centre point of the sensors on three edges of
the device. Using cubic spline interpolation of the strain, a strain
map of the shape-mapping area was generated and the shape of the
element was reconstructed; this matches the real case well, as shown
in Fig. 5f. This 3D-printed device proves the possibility of integrat-
ing sensors and the underlying structural material in an all-in-one
process. The ability of a device to sense its own shape is a significant
step towards ad hoc prosthetic and soft-robotic fabrication with
integrated sensing.

Conclusions

We have reported a device fabrication scheme based on selective
volumetric deposition of materials within a complex 3D structure.
Our charged mosaic projection microlithographic approach can be
used to create functional devices through localized deposition of
single or multiple diverse materials within an arbitrarily complex
architecture. This is in contrast with typical printing and integration
approaches, which involve multiple steps, alignment and embed-
ding. We demonstrate the capabilities of the approach by using it to
fabricate a 3D-printed device with tactile, impact and shape-sensing
features in one integrated manufacturing process. This technique
could be used to develop advanced prosthetics, metamaterials,
antennas and soft robotics with integrated functionality and 3D
electrode interfaces.

Our approach is not limited to optical patterning: charged inks
that are compatible with other writing process could be used to
achieve the desired volumetric deposition of electrode arrays.
Tuning crosslinker functionality and backbone structures would
allow the use of polymers with tunable mechanical stiffness,
including urethanes and siloxanes (kPa), high-stiffness multiac-
rylates (GPa) and acrylate-derived high-temperature polymers.
Beyond varying the polymer chemistry, our process allows the
use of polymer composites with a wide range of thermal, electri-
cal, ionic and optical material properties, making our techniques
amenable to diverse functional applications. Furthermore, the
technique can employ widely available materials and access a vari-
ety of sophisticated plating schemes. The process of programmed
deposition in 3D opens new opportunities to combine 3D topolo-
gies with electronic microfabrication techniques so as to build 3D
functional devices.

Methods

Materials. Most resin materials, catalysts, zinc oxide (ZnO) and magnetite
(Fe,O,) deposition materials were purchased from Sigma-Aldrich and used as
received: bis(2-(methacryloyloxy)ethyl))phosphate (PDD), (2-(acryloyloxy)ethyl)
trimethylammonium chloride solution 80 wt% in H,0O (TMAA), bisphenol A
glycerolate dimethacrylate (BisGMA), trimethylpropane triacrylate (TMPTA),
polyethylene glycol diacrylate M, ~250 (PEGDA), 1,6-hexanediol diacrylate
(HDDA), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irg819), Sudan(1),
sodium tetrachloropalladate(r) (Pd—), tetraaminepalladium(tr) chloride
monohydrate (Pd+), iron(111) nitrate nonahydrate, zinc nitrate hexahydrate,
borane dimethylamine complex (DMAB), sodium dodecyl sulfate (SDS),
3-(trimethoxysilyl)propyl methacrylate (TMSPM), glacial acetic acid, hydrochloric
acid and reagent-grade sodium chloride (NaCl). For the flexible (FLEX) resins,
Ebecryl 242 and 114 were donated by Allnex. Multi-walled CNTs (MWCNTs,
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20-30nm outer diameter) were purchased from Cheaptubes. Piezoelectric
nanoparticle PZT (APC850 and APC855) was purchased from APC International.

Electroless metal plating solutions were purchased from Caswell and used as
received (Electroless Copper Kit and Electroless Nickel). For the Caswell provided
catalysts, the ‘sensitizer’ and ‘activator’ solutions were not used.

Resin formulations. Negative resin (50%). Negative resin (50%) composed of 5¢
PDD, 5g TMPTA, 0.2 g Irg819 and 0.015 g Sudan(1) was used for the majority of
the paper.

Positive resin. The positive resin was composed of 5g TMAA, 5g BisGMA, 0.2 ¢
Irg819 and 0.015 g Sudan(1) was used.

Neutral (TMPTA) resin. The neutral (TMPTA) resin was composed of 10g
TMPTA, 0.2g Irg819 and 0.015 g Sudan(1).

Neutral (PEGDA) resin. The neutral (PEGDA) resing was composed of 10g
PEGDA, 0.2¢g Irg819 and 0.015 g Sudan(1).

Neutral (HDDA) resin. The neutral (HDDA) resin was composed of 10g HDDA,
0.2¢g Irg819 and 0.015g Sudan(r).

Piezoelectric resins. For piezoelectric resins and resins of varying dielectric
constant, various amounts of PZT from 1 to 40 vol% were combined with PEGDA
and then dispersed with a high-energy ball mill (Retsch) for 30 min (based on our
previous work'"**). The wave-mapping demo used a 3 vol% functionalized PZT-
PEGDA resin. To functionalize PZT, 0.5g PZT, 1.049 g TMSPM and 1.049 g glacial
acetic acid were added to 50 g of deionized (DI) water, followed by sonication for
15 min, then refluxing while stirring for at least 4h. After washing twice with water
and once with ethanol, it was then dried before dispersing using a high-energy
ball mill. The shape-sensing resin consisted of 20 vol% of unfunctionalized PZT

in PEGDA with 2wt% Irg819 (to polymer). The FLEX resin consisted of 3.4 g of
Ebecryl 114 in 6.6 g Ebecryl 242 with 0.2 g Irg819 and 0.015g Sudan (I).

Charged solutions. Pd+ solution. Tetra-amine palladium chloride (0.0562 g) was
added to 20 g DI water (this solution should be used the same day it is made).

Pd— solution. Sodium tetrachloropalladate (0.0588 g) in 20 g pH 4.88 solution
(using HCI), 0.21 g NaCl, was used, based on ref. *°. The solution seemed stable for
multiple days, but was typically used the same day it was made.

Electroless Ni-P. As per the Caswell instructions, 1 part A, 3 parts B and 16 parts
DI water were combined and used as is. The solution seemed stable for at least
one week.

Electroless Cu. As per the Caswell instructions, 1 part A and 1 part B were
combined and used as is. The solution should be used the same day as it is made.

Fe,0, deposition solution. Based on the work of Nakanishi and others*, 0.0177 g
(0.03M) DMAB and 0.0101 g (0.0025 M) iron(111) nitrate nonahydrate were added
to 10 g DI water. The solution should be used the same day as it is made.

ZnO deposition solution. Based on the work of Saito and others™, 0.2975g (0.05 M)
zinc nitrate hexahydrate and 0.0118 g (0.01 M) DMAB were added to 20 g of DI
water. The solution seemed stable for at least a week, but was used the same day as
it was made.

CNT deposition. MWCNTSs (0.01 g) and 0.02 g SDS were added to 10 g DI water and
sonicated. The black supernatant was used as is.

Multi-material 3D printing. To manufacture our structures we utilized a custom-
made bottom-up, multiple-vat projection stereolithography system™. Blends of each
charged monomer and neutral crosslinkers (called resin) were contained separately
in a bath chamber with a transparent siloxane membrane bottom. The baths were
located on a mobile platform so that they could be arbitrarily aligned between the
build substrate and a dynamic photomask. The build substrate, dipping into each
bath to a fixed height, was exposed to a defined 2D light pattern, solidifying the
liquid resin into a single layer bound to the build substrate forming the first sub-
domain of the structure. The substrate and structure were removed from the resin,
cleaned using an ethanol rinse, dried under flowing air, dipped into a secondary (or
tertiary, quaternary and so on) resin, and exposed to another 2D light pattern to build
a layer of the material to form another sub-domain of the same 3D part. The process
was repeated layer by layer, combining the multiple materials into a 3D structure.’

Selective deposition. Caswell solutions were used as received. The provided
‘activator’ and ‘sensitizer’ solutions were not used. Parts were dipped into their
respective catalyst (Pd+ or Pd—) solutions for 1-30 min. Sonication or a pipette were
sometimes used to remove air bubbles in complex parts. The part was removed with
tweezers and wick-dried with a Kimwipe. Complex parts, or parts with fine features,
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were then blown with air for a short time to remove trapped catalyst (which can
accumulate in small crevices and cause plating in areas where it should not occur).
Parts could also be given a short DI wash for 5s and then wick-dried again, but this
can reduce the plating effectiveness. For multi-material depositions, the catalyst and
plating process were repeated twice. If the plating features are on a part surface, one
should take care not to excessively rub those areas when drying. Once catalysed, one
of the following methods was used to deposit the material.

Ni-P and Cu deposition. Ni-P was plated at 80°C and Cu at room temperature.
The Ni-P process could take from 30 to 10 min, depending on catalyst loading
and temperature, to plate to a metallic-grey state. The Cu process with positive
resin could take 0.5-2h to give high-quality layers, while negative resin could take
10 min to several hours depending on catalyst loading.

Fe;0, deposition. Magnetite was deposited at 80 °C and would typically deposit
within 30s to 5min.

ZnO deposition. ZnO was deposited at 60 °C and would take 0.5-2h to deposit a
visibly noticeable layer.

MWCNT deposition. MWCNTs were deposited at room temperature by simply
dipping into solution, waiting several minutes, removing, gently rinsing with water
and drying.

Cu electrodeposition and measurement. A Caswell copper electrodeposition kit
was used as received and according to their instructions. Electrodeposition required
1-10min to achieve high conductivity in small parts. Plated features, such as the
individual struts in Fig. 2, were removed by fracturing the structures, and their
conductivity was measured using the four-point probe technique with a VersaSTAT3
instrument from Ametek. The conductivity was calculated according to

2 /1
Ofilm = nt \V
where t is the thickness of the thin film. We fractured the struts and measured the

thickness under a scanning electron microscope (EI Quanta 600 FEG), averaging
the thickness measurements.

Dielectric measurement. The dielectric areas consisted of either pure
photopolymer (PEGDA) or a composite of PEGDA, PZT powder varying from 0 to
40vol% and initiator mixed by high-energy ball milling. To measure the dielectric
constant of these composites, 7mm X 7 mm X 0.08 mm solid films were printed and
electrodes were deposited on the top and bottom surfaces to form a capacitor. The
capacitance (C) of these films was measured on a commercial capacitance meter
(KEYSIGHT E4990A) and the dielectric constants (&,) were calculated by

Cd
e 4’1360
where d is the distance between the electrodes (0.08 mm), A is the cross-sectional
area of the samples (1 cm?) and ¢, is the electric constant (8.854x 10~2Fm™"). The
dielectric constant could be varied over a wide range by varying the amount of
dielectric powder within the photocurable polymer.

3D addressable electrode integration with piezo-active materials. The
relationship between the pressure applied on the lattice (¢,) and the voltage output
induced by the pressure (V) is characterized as

V(R +R)
g33dR

oy —

(6)

where g, is the piezoelectric voltage constant of the piezocomposite lattice, d is
the distance between the adjacent electrodes and R; is the internal resistance. The
sensor was then pressed using a fingertip at various locations, as shown in Fig. 3.
The nine sensing pixels generate voltages in response to the applied stress, which
are collected by the DAQ.

Based on equation (6), the relationship between the strain (¢) of the lattice
shown in Fig. 4 and voltage output (V) is

_ V(R +R)

‘T 833 EerrdR @)

where E, is the effective modulus of the lattice. The constituent relationship can be
described as®

E.fAm EegA
m'é,.thanéy/%(énfé'n,l)Jr 2‘ (60— €41) =0 (8)

where m is the mass of the corresponding section, tand is the effective loss factor of
the lattice, which equals the loss modulus divided by the storage modulus, A is the

cross-sectional area of the lattice, L is the distance interval between two adjacent
pairs of electrodes, ¢, _, is the strain of the (n — 1)th pair of electrodes (n=2, 3, 4)
and ¢, is the strain transmitted to the nth pair of electrodes.

Solving this equation yields the ratio of transient displacement transmissibility

(:_,1) between each adjacent pairs of electrodes:

€n

€n—1

1+ (zrtané)2 ZT ©)
(1 —r?)"+(rtand)

where r is the frequency ratio and can be derived from®”

8rnC, [mL
= 10
r A EeA (10)

where 1 is the wavelength, C, is the propagation speed of the elastic wave induced
by the impact and can be calculated by dividing the distance between adjacent
pairs of electrodes by the corresponding time interval. The distance between the
wavefront and peak strain position is 1/4 of the wavelength (Fig. 4¢). Combining
equations (7) and (9) results in equation (6) and

1 + (rtans)*
(1 — 12)*+(rtans)*

i _

= (11)
Vi

which relates the voltage from each pair of patterned electrodes with the loss
modulus of the material between the electrodes. V is the peak value of the voltage
output of the nth pair of electrodes. The fitted straight line of the semilogarithmic
relationship in Fig. 4f validates and matches well the uniform damping coefficient
within each section of the microlattice employed here.

Patterned capacitors. The capacitance of each electrode pair embedded within the
flexible rod is related to the gap distance between its neighbouring electrodes and
changes once compression or tension is applied:

(12)

where A_ is the surface area of the electrodes, which is a constant in our design
(1 mm?), € is the permittivity of the flexible dielectric composite and ¢ is the space
between the paired electrodes.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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