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Transforming 3D-printed mesostructures into
multimodal sensors with nanoscale conductive
metal oxides

Huddy et al. present a strategy for transforming additively manufactured

mesostructures into 3D electronics by growing nanoscale conducting oxides on

3D-printed polymers. The authors apply graph theory to designmesostructures for

sensing chemical and thermophysical stimuli, geometrically boosting sensitivity

1003 over conventional films to enable a new class of 3D-printable sensors.
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Transforming 3D-printed
mesostructures into multimodal sensors
with nanoscale conductive metal oxides

Julia E. Huddy,1 Md Saifur Rahman,1 Andrew B. Hamlin,1 Youxiong Ye,1 and William J. Scheideler1,2,*

SUMMARY

Additively manufactured (AM) three-dimensional (3D) mesostruc-
tures exhibit geometrically optimal mechanical, thermal, and optical
properties that could drive future microrobotics, energy harvesting,
and biosensing technologies at the micrometer to millimeter scale.
We present a strategy for transforming AM mesostructures into
3D electronics by growing nanoscale conducting films on 3D-printed
polymers. This highly generalizablemethod utilizes precision atomic
layer deposition (ALD) of conducting metal oxides on ultrasmooth
photopolymer lattices printed by high-resolution microstereoli-
thography. We demonstrate control of 3D electronic transport by
tuning conformal growth of ultrathin amorphous and crystalline con-
ducting metal oxides. To understand the scaling of 3D electrical
properties, we apply graph theory to compute network resistance
and precisely design the 3D mesostructures’ conductivity. Finally,
we demonstrate 3D-enhancedmultimodal sensing of chemical, ther-
mal, and mechanical stimuli, geometrically boosting sensitivity by
1003 over 2D films and enabling a new class of low-power, 3D-print-
able sensors.

INTRODUCTION

Engineered 3D lattices at the mesoscale (10 mm to 1mm) exhibit optimal geometries

for new applications such as lightweight mechanical metamaterials with extreme

stiffness1,2 or bioprinted tissue scaffolds3 requiring control of pore size for regener-

ative tissue growth.4 The periodic, porous internal structure provides opportunities

for tuning the multifunctional response of 3D lattices to various mechanical and ther-

mal stimuli,5 as well as electric6 and magnetic fields.7 Multimaterial 3D lattices can

begin to leverage this geometric tunability to enhance device performance in elec-

trochemical energy storage8 or shape-shifting heterogeneous structures.9 Impor-

tantly, 3D lattices offer the ability to engineer properties that cannot be achieved

with random porous materials such as foams, for example, to engineer channels

for efficient mass transport in redox flow batteries.10

Currently, 3D mesoscale lattices require additive manufacturing methods such as

stereolithography (SLA)11 and two-photon nanolithography,12 because microma-

chining methods are inherently limited in their ability to fabricate complex 3D geom-

etries. This traditional limitation of microfabrication also means that conventional

electronic microsystems (printed circuit boards [PCBs], integrated circuits [ICs],

etc.) remain stacks of planar structures due to the segmented and serial nature of

the deposition, pattern, and etch paradigm. Future advances in additive

manufacturing could overcome this barrier to miniaturized, multifunctional systems
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if electronic functionality can be integrated in 3D mesostructures while leveraging

their geometric advantages.

Recent work has begun the integration of electrically functional materials with 3D

printing. For example, high-resolution 3D printing by SLA has been expanded

from photopolymers to include percolative conductive polymer nanocomposites13

and polymer-derived ceramic materials.14 In addition, electroless and electroplating

post processes have been developed for depositing micrometer-thick metal layers

on 3D lattices for applications in catalysis15 and energy storage.8,16,17 Alternatively,

extrusion-based 3D printing methods are now available to fabricate 3D lattices

comprising bulk metals,18 but these methods have lower printing resolution than

SLA and two-photon lithography11 and require sintering at elevated temperatures.19

However, these methods for bulk material fabrication are unable to integrate nano-

scale films of semiconducting and conducting materials with 3D mesostructures.

Nanoscale thin films are a promising class of materials specifically for 3D-printed de-

vice applications because, unlike bulk structures, they can be exploited for their sur-

face-driven electrostatic sensitivity to chemisorption and physisorption in various

chemical20 and biological sensing applications.21

In this work, we present a strategy for transforming 3D-printed polymers into versa-

tile electronic sensors using conductive lattices fabricated by microstereolithogra-

phy (mSLA) and functionalized through conformal atomic layer deposition (ALD).

mSLA offers high-resolution, large-area printing based on a step-and-repeat

modality, which we exploit to control the conductivity of 3D-printed lattices through

structural scaling from themillimeter to themicroscale. At the nanoscale, ALD allows

unprecedented engineering of 3D electronic transport by growing ultrathin amor-

phous and crystalline metal oxides (Al2O3, ZnO, SnO2) at temperatures below the

glass-transition temperature (Tg) of the photopolymer lattice. Here, for the first

time, we demonstrate that atomic layer control of metal oxide thickness modulates

the electrostatic properties of 3D lattices, enhancing their response to thermal, me-

chanical, fluidic, and chemical stimuli.

These electrically conductive lattices illustrate a fundamental advantage of 3D mes-

ostructures versus traditional 2D films for surface-driven physicochemical sensing

that cannot be achieved with bulk materials. We expect this approach will broaden

the scope of additive manufacturing beyond structural components. Importantly,

the low-temperature processing methods developed can deliver these advantages

through direct integration with silicon microelectronics, unlocking a pathway to a

new class of additively manufactured wireless sensors that can leverage the proper-

ties of nanoscale materials for enhancing low-power sensing.

RESULTS AND DISCUSSION

mSLA generation of high-resolution 3D structures

In this work, we use mSLA to generate high-resolution 3D structures in a variety of lat-

tice geometries. The mSLA system exposes a photopolymer resin with top-down illu-

mination through projection optics using a 405 nm ultraviolet light-emitting diode.

Careful design of the optics allows this process to scale down to 2 mmpixels. Figure 1

shows scanning electron microscope (SEM) images of this wide range of 3D struc-

tures coated with conductive ZnO and SnO2 films. These structures span length

scales from 10 mm features to millimeter-scale features, including free-standing

plates, octet, cubic, and tetrakaidecahedron lattices (Figure S1) and spherical vol-

umes filled with octet lattice. This shows the power of mSLA (Figure 1I) to form
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high-resolution mesostructures that can achieve varying porosities from 50% to

above 90% volume porosity without suffering from themechanical fragility that limits

bulk porous materials such as aerogels. Three-dimensional structures such as the

octet lattice provide the mechanical stability optimal for resisting mechanical

stresses during 3D printing by mSLA. The octet lattice topologies used here have

high shear moduli and high surface area-to-volume ratios due to their internal sup-

port structure.22,23 The mechanics of these lattices is essential because 3D printing

of high-resolution lattices demands struts with sufficient mechanical strength to

resist viscous forces applied by the resin leveling during printing.

Interestingly, these structures produced by industrial 3D fabrication have an ultra-

smooth surface finish sufficient to facilitate uniform 3D conformal coating (Figure 1J)

of electronic films. Stylus profilometry (Figure S2) reveals that the interfaces parallel

to layer formation exhibit a low root-mean-square (RMS) roughness of below 31 nm,

while surfaces perpendicular to the build plane inherit the sinusoidal waviness

induced by the layer-by-layer SLA process, resulting in an RMS roughness of approx-

imately 140 nm. In comparison, other 3D printing methods, such as fused deposition

modeling (FDM) and binder jet printing, produce structures with a surface roughness

of 2–200 mm,24,25 making it harder to deposit ultrathin films onto the materials. Fig-

ure 1C illustrates a magnified view of the smooth surfaces of faces parallel to the

A B C D

FE G H

I J

Figure 1. Three-dimensional conductive mesostructures printed by microstereolithography

(A–H) Various metal-oxide-coated mesostructures spanning length scales from 10 mm features to 1 mm features in cubic volumes of octet lattices (A–C,

G, and H), wood pile lattices (E), tetrakaidecahedron lattices (D), and spherical volumes of octet lattice (F).

(I) Scheme for microstereolithography printing.

(J) Layer cross section showing 2D conducting channels coated onto 3D polymer lattice using a conformal seed layer. Scale bars, 500 mm (A, B, D, F, and

J), 20 mm (C), and 100 mm (E, G, and H).
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build plane of the mSLA process, while Figure 1H shows micrometer-scale ridges

produced on the lateral faces of parts. This phenomenon is typical for SLA, but could

eventually be alleviated by advanced gray-scale lithography methods.11

Atomic layer deposition of nanoscale 3D conductors

Given the ultrasmooth surface of these mSLA parts, we are able to use ALD, a high-

precision method for growth of nanoscale thin films, to deposit functional metal ox-

ide materials at low temperatures onto the 3D structures. ALD allows highly uniform,

conformal growth of various dielectrics, semiconductors, and conductors useful in

microelectronics as well as a variety of other applications in energy and sensing. In

this work, we utilize ALD to coat microscale 3D-printed polymer lattices with con-

ducting (SnO2, ZnO:Al) and semiconducting (ZnO) metal oxide films. This strategy

could be extensible to a broad range of functional metal oxide thin films as well as

a range of 3D-printed polymer lattices.

ALD growth can be inhibited by polymers such as polymethylmethacrylate (PMMA)

and poly(vinyl pyrrolidone) (PVP),26 depending on growth conditions and precursor

chemistry. The ALD process is also known to induce subsurface growth in some

polymer substrates (polyethylene),27 which can effectively inhibit the formation of

functional electronic thin films.27 This phenomenon has also been studied in the

context of vapor phase infiltration of ALD precursors such as trimethylaluminum

(TMA) into polymers for fabricating hybrid organic/inorganic structures.28 Mecha-

nistic studies of ALD growth on polymers have differentiated lower growth-temper-

ature regimes in which overcoats are formed and higher-temperature regimes in

which subsurface diffusion leads to particle growth and roughening.29

In this work, we developed a low-temperature-deposited (100�C) seed layer of

Al2O3, which then leads to the ability to uniformly coat transparent conductive films

composed of ZnO, ZnO:Al (AZO), and SnO2 on 3D structures fabricated by mSLA.

Without an Al2O3 seed layer, growth of the conductive films on the 3D-printed poly-

mers is inhibited. We also noticed that there is a zone of inhibited growth surround-

ing the part in the ALD chamber (Figure S3), which can be eliminated via deposition

of the seed layer. The ALD growth process on 3D-printed polymers depends criti-

cally on growth temperature. We observed that the low temperature (�100�C)
ALD process forms a 10–20 nm seed layer passivating the 3D surface and leading

to a high-precision ‘‘ALD’’ coating regime (Figure 2A) for subsequent deposition

of distinct functional conductive and semiconducting layers, as shown in the cross-

sectional SEM images and energy-dispersive spectroscopy (EDS) maps in Figure 2B.

With this low-temperature seed layer, the growth of continuous conductive films was

achieved across a wide range of temperatures up to and slightly above the Tg of the

acrylate polymer lattices used in this work (172�C). In addition, we demonstrated

that this seed layer enabled the growth of conductive films on 3D parts printed

from various commercial SLA polymer resins, indicating that this process is appli-

cable to a range of acrylate and epoxy photopolymers.

Material characterization of 3D conductive coatings

X-ray diffraction (XRD) studies of the coated 3D structures (Figure 2C) show the

amorphous phase for the Al2O3 seed layers and the SnO2 conductor films, as previ-

ously reported for low-temperature thermal ALD growth of thesematerials.30 The 3D

ZnO films, however, show (100), (002), and (101) peaks consistent with the nanocrys-

talline hexagonal wurtzite phase31 that match the peak locations for identical ZnO

growths on planar substrates of SiO2 (Figure S4). The X-ray photoelectron spectros-

copy (XPS) studies shown in Figures 2D–2F illustrate the chemical composition of

ll
OPEN ACCESS

4 Cell Reports Physical Science 3, 100786, March 16, 2022

Article



ALD-grown ZnO and SnO2 films deposited on the 3D polymer lattices in comparison

with 2D films deposited on SiO2 wafers. The metal peaks for Zn (2p) and Sn (3d)

exhibit strong correspondence between the 2D and the 3D samples. This is true

across the range of growth temperatures, as shown for ZnO deposited at 100�C
and 150�C. The comparison of the O (1s) peaks shown in Figure 2F indicates the abil-

ity for 3D ALD growth to produce films with similar stoichiometry (ZnO, SnO2) on

polymer lattices compared with traditional 2D growth. This is particularly important

for achieving high conductivity in these functional metal oxide materials.

Electrical characterization of 3D conductive lattices

The 3D conductive lattices coatedwith ZnO,AZO, andSnO2weremeasuredelectrically

by depositing conformal Au contacts on opposing faces by masked sputter deposition

(Figure S5) and probing with a semiconductor microprobe station (Figure S6). Without

deposition of the conducting oxide (ZnO, SnO2, or AZO), the 3D lattices are non-

conductive (Figure S7); however, after coating, the 3D lattices demonstrate high

conductivity even for ultrathin films formed by only 40 cycles of ALD (�7 nm thickness).

Figure 3A shows the I-V response of the lattices, illustrating the ohmic conduction

across an AZO-coated 3D structure with various ALD growth cycle counts from 40 to

400. The effective resistance of the 3D structures scales strongly with the thickness,

as expected. Figure 3B compares the resistance of AZO-coated 3D lattices with the

measured 2D sheet resistance, showing the strong enhancement of conductance for

O1s

Sn 3d5/2 Sn 3d3/2

Zn 2p3/2

Zn 2p1/2

Al2O3 Seed 
Layer

Conductor
(SnO2, ZnO, AZO)

ALD
(100˚C)

ALD
(100 - 175˚C)

Polymer 
Lattice

(c)

ZnO

Al2O3

Polymer

A B

C D

E

F

Figure 2. Demonstration of metal oxide growth on 3D-printed mesostructures

(A) Scheme for conformal coating of 3D-printed mesostructures using a low-temperature (100�C) Al2O3 seed layer and subsequent ALD growth of

conducting and semiconducting films of SnO2, ZnO, and AZO.

(B) Cross section high-resolution SEM imaging of conformal ALD ZnO films on Al2O3 seed layers coated onto the polymer lattices. EDS images (right)

illustrate distinct Al2O3 seed layer and ZnO coating. Scale bars, 10 mm (left) and 500 nm (center).

(C) XRD spectra for metal oxide films (ZnO, Al2O3, SnO2) coated onto 3D polymer lattices.

(D and E) XPS scans of (D) Zn 2p peaks and (E) Sn 3d peaks for 2D and 3D films.

(F) XPS scans of O 1s peaks for 2D and 3D films of SnO2 and ZnO deposited at 100�C and 150�C.
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3D networks, which can, essentially, fold nanoscale films into their internal geometries

with higher total surface area, offering many parallel paths for current conduction. Simi-

larly, the resistance of 3D lattices coated in SnO2 can be reduced via deposition of

thicker films, reaching the predicted resistances of below 200U (Figure 3C). Our model

also closely predicts the resistance of 3D lattices as the geometry is changed, as shown

in Figure 3D, which shows the predicted and measured resistances of AZO-coated

octet latticeswith varied aspect ratio. Figure 3E emphasizes the size difference between

the lattices and illustrates how they were contacted during measurement (Figure S8).

Controlling the growth temperature allows deposition of more conductive 3D networks

of ZnO, AZO, and SnO2, as illustrated in Figure 3F, for films grown at temperatures be-

tween 100�C and 175�C. ZnO and SnO2 films grown in this temperature range achieve

resistivities of 8.5 3 10�3 and 4 3 10�2 U-cm, respectively, which are typical of these

ALD-processed materials.32,33 Interestingly, the ALD process produces highly conduc-

tive 3D networks from ultrathin films (30 nm ZnO), even when operating slightly above

the Tg of the polymer lattice (Tg 172�C). The ability of our ALDmethod to deposit high-

quality films in 3D geometries in this temperature range from 100�C to 175�C will facil-

itate the application of this method to a variety of new electronic material systems.

Modeling 3D conductance with graph theory

The 3D conductive lattices in this work are unique in their ability to control the

porosity, surface area, and electrical conductivity in 3D with great precision. Unlike

any existing porous composite material with stochastically varying properties, these

A B C

FED

Figure 3. Electronic properties of ALD-coated 3D-printed octet lattices

(A) Ohmic conduction through AZO-coated conductive 3D lattices with varying ALD cycle counts.

(B) Resistance versus thickness for AZO films of various thicknesses in 2D and 3D geometries grown at 150�C.
(C) Resistance versus thickness for SnO2 films of various thicknesses compared between the model (blue) and the measured data (purple). Inset shows

octet cubic structure with Au sputtered contacts for electrical measurement.

(D) Resistance versus aspect ratio for AZO coated octet lattices compared between the model (blue) and the measured (purple) data.

(E) Schematic showing octet lattices with different aspect ratios (ARs) and how they were measured.

(F) Resistance versus growth temperature for 3D structures with 30 nm ZnO films (blue) and matching 2D ZnO films at each temperature (purple) with the

polymer lattice Tg indicated in gray. Dashed lines are included as a guide to the eye.
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lattices can be architected in any conceivable 3D structure to achieve a specific

conductance. We have developed an approach adapted from graph theory and

network science34 for computing the conductance of arbitrarily complex 3D net-

works. This approach utilizes a lumped element representation implemented as an

undirected graph with edge weights corresponding to each strut’s conductance

(Gi = 1/Rstrut), as shown in Figure 4A. The strut resistance (Rstrut) is then calculated

based on the geometry of the square profile beams (length L, width D) as well as

the thickness (t) and resistivity (rÞ of the metal oxide coatings:

Rstrut =
Lr

4 Dt
: (Equation 1)

Our method then consists of generating an adjacency matrix and computing a

weighted, pseudo-inverse Laplacian,Qy, similar to recent work applied to efficiently

analyze electrical networks represented as graphs.34 We calculate the effective resis-

tance between any two points in an arbitrary 3D structure using the matrix Qy, as
follows:

Rab = Qyða; aÞ � 2 Qyða;bÞ+ Qyðb;bÞ: (Equation 2)

Building off recent theoretical work for efficiently computing 3D resistor meshes,35 we

apply the weighted Laplacian method to model a range of finite octet lattices filling a

1 mm3 cubic volume with varied lattice constants (Figure S9). This allows us to compute

a volumetric resistance quantity we label as Rcube, which can be compared against our

experimental measurements of oxide-coated 3D-printed octet lattices. Rcube has di-

mensions U/cube, forming a 3D analog to a 2D sheet resistance (U/square) for 3D

CB D

Rab = 54 • Rcube

a

b

3D Geometry
Design

Rstrut

Lumped 
Electrical Model

Graph Laplacian
& Weights (Wi)

vi

Undirected
Graph

ei Wi = 1 / Ri

Rcube Predictioni ii iii iv
A

v

Figure 4. Graph theory model and predictions of 3D lattice conductance

(A) Scheme for modeling 3D conductive structures (i), by applying a lumped electrical model (ii), subsequently converted to an undirected graph (iii), for

which the graph Laplacian is computed (iv), and used to predict Rcube (v).

(B) A 3D coiled lattice with gold pads for electrical measurement, indicating the predicted resistance of the overall structure based on the lattice type.

(C) Predicted conductivity for 3D octet lattice networks with varying lattice constant for three different strut resistances.

(D) The 3D surface area normalized by the 2D structural footprint for cubic volumes of octet lattices of varying lattice constant and 5:1 aspect ratio

beams. Inset shows cubic volumes of octet lattice with varying lattice constant.
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microarchitected materials. The volumetric resistance of the lattice structures, Rcube,

can be controlled purely by scaling the lattice constant or by adjusting the conductance

of the individual struts (tunable via the ALD cycle count). To model complex 3D struc-

tures with lattice infill, such as the corkscrew structure shown in Figure 4B, we can scale

the computed base unit resistance, Rcube, by multiplying by an appropriate 3D aspect

ratio to determine the resistance from point a to point b (Rab). Figure 4C displays the

computed resistanceper cubic volume,Rcube, for 3Doctet structureswith varying lattice

constants from 25 to 1,000 mm. Finer 3D lattices naturally offer additional parallel paths

for current conduction, providing a lower volumetric resistance, Rcube, for a given 1mm3

volume. The implication of this scaling is that higher-resolution 3Dprinting cangeomet-

rically enhance 3D electronic conduction. For example, structures with 10 mm features

at the limits of industrial mSLA would offer 203 higher conductance for a given coating

compared with 200 mm printed features as might be created by lower-resolution 3D-

printing methods such as FDM. It is interesting to note that the more geometrically

complex face-centered-cubic (fcc) lattices printed by SLA have been theoretically pre-

dicted to have approximately twice the relative electrical conductivity compared with

diamond or simple cubic lattices for a given unit cell size and element resistance.35

The electrical geometric advantages of 3D lattices derive from their enhanced sur-

face area compared with planar films. As shown in Figure 4D, conductive 3D lattices

can reach surface areas multiple orders of magnitude higher than planar films with

the same 2D footprint, providing enhancement of 4003 over 2D films in the case

of the octet lattices printed in this study. This surface area enhancement scales

inversely with the lattice constant for high-resolution, dense 3D lattices. We also

note that the surface area of the 3D porous structures has been demonstrated to

be essential for determining performance in applications to electrochemical energy

storage,36 electrocatalysis,37 and 3D-printed fuel cells.38 Likewise, surface area has

previously been proven an important factor for determining sensitivity of metal ox-

ide nanomaterials to various chemical analytes, such as liquids and gases.39 To build

on these theoretical advantages and capture the benefits of 3D mesostructures for

electronic sensing, we now combine these optimal geometries with nanoscale

design of metal oxide electrostatics, leveraging the precision of ALD.

Three-dimensional device fabrication toward multimodal sensing

The conductive lattices were applied asmultimodal chemical, thermal, and mechan-

ical sensors to explore the 3D enhancements to their sensing functionality. Although

amuch larger set of 3D electronic structures could be fabricated by themethods pre-

sented in this work, these sensing studies specifically implement octet lattices for

sensing due to their favorable 3D geometry, offering high surface area-to-volume ra-

tios22 in combination with their higher theoretically predicted electrical conductivity

and thermal conductivity compared with simple cubic or diamond lattices.35,40 The

3D lattices composed of ultrathin ZnO were implemented as room-temperature,

low-power gas sensors, showing a significant response to volatile organic com-

pounds (VOCs), including ethanol, isopropyl alcohol, and acetone, in the range of

1–10,000 ppm without requiring the high power consumption of embedded heaters

used in state-of-the-art commercial gas sensors.41 We note that the high dynamic

range of VOC sensing achieved with our 3D-printed sensors exceeds that demon-

strated with gas sensors fabricated through sputtering or spray coating of ZnO,

which require substantially higher processing temperatures.42–44 A fascinating

feature of the 3D geometries is the enhancement of the relative change in resistance

at a given gas concentration with respect to 2D films deposited by the same ALD

process. For example, 3D lattices with ultrathin 11 nm ZnO coatings show a 1003

enhancement of sensitivity relative to identical 2D films for ethanol sensing at the
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parts per million level (Figure 5A). This trend holds for multiple gaseous analytes

and across a large dynamic range (1,0003) of gas concentrations, illustrating the

power of 3D geometrical design to enhance sensing functionality of metal oxides

(Figure 5B). Importantly, unlike various other 2D film-based gas sensors, the 3D

geometries shown here achieve high surface area while allowing for operation as

flow-through sensors requiring no additional bulky packaging. We note that the

3D printing process here also minimizes the necessary footprint of the sensors, elim-

inating the need for larger arrays of interdigitated electrodes patterned by photoli-

thography45 used in the state of the art.

This demonstrated ability to grow ultrathin semiconducting and conducting films

with controlled thickness at the nanometer scale is extremely important for tuning

the electrostatics toward sensing applications. Semiconductor films, including inor-

ganic oxides utilized for liquid and gaseous sensing, have an electrostatic surface

sensitivity determined by their thickness relative to the Debye length (LD),

LD =

ffiffiffiffiffiffiffiffiffiffi
εkBT

q2n

s
: (Equation 3)

For example, the VOC sensing capabilities of 3D lattice structures with thin (11 nm)

and thick (60 nm) ZnO were compared, as shown in Figure 5B, illustrating the

enhanced resistive response of the ZnO 3D structures. Debye length estimates

100X

4X

EA ~ 30 meV

EA ~ 10 meV

BA C

D E F

Figure 5. Enhanced sensing capabilities of conductive 3D lattices

(A) Comparison of chemiresistive volatile organic gas (EtOH) sensing with 3D octet and 2D ZnO gas sensors.

(B) Sensitivity comparison between thick and thin 3D ZnO coatings and 2D ZnO films on SiO2 for detection of ethanol (EtOH), acetone, and isopropanol

(IPA). Error bars indicate standard deviation.

(C) Temperature-dependent resistance of 3D AZO conductor and ZnO semiconductor lattices.

(D) Steady-state temperature of AZO- and SnO2-coated 3D lattices as a function of applied power for joule heating with error bars indicating standard

deviation.

(E) The 3D anemometer resistive response to variable air velocity with error bars indicating standard error.

(F) Resistive response of 15 and 35 nm ZnO-coated 3D lattices to compressive mechanical loading at varying pressure, showing an �43 difference in

gauge factor.
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based on carrier concentration for the more resistive ultrathin 11 nm (LD�25 nm) and

more conductive 60 nm (LD �2 nm) ZnO help to directly explain the enhanced

chemiresistive response at low VOC gas concentrations. It is well known that thinner

semiconductor films for which ts < LD have surface-dominated electrostatic interac-

tions with physisorbed gas molecules.46 The power of our growth method is the abil-

ity of the Al2O3 seed layer to facilitate uniform ultrathin growth at the nanometer

scale required to achieve room-temperature chemical sensitivity of metal oxides47

for ultra-low-power Internet of Things (IoT) applications.

Similarly, highly conductive films of AZO and SnO2 at thicknesses of approximately

100 nm facilitatemultimodal, thermophysical sensing. Figure 5C illustrates the variation

in resistance of 3D ZnO- and AZO-coated octet lattices with temperature, illustrating

the enhanced response of semiconducting ZnO functioning as a thermistor. The low

thermal mass of these porous 3D lattice structures has considerable advantages for

enhancing its response to rapid changes in air temperature. As shown in Figure S10,

the 3D structures sense air temperature changes with a first-order time constant of

approximately 340 ms, comparable to state-of-the-art fine-gauge thermocouple

elements but offering a variety of opportunities for structural 3D integration.

Thicker films of degenerate SnO2 and AZO with resistance approaching 100 U,

however, also offer the ability to distribute self-heating throughout the 3D lattice, as

shown in Figure 5D. Using infrared thermometry, the lattice structures were observed

to rapidly heat to temperatures from 40�C to 140�C with less than 3.0 mW/mm3 of

applied power. As shown in Figure S11, the first-order time constant for internal joule

heating of these structures is approximately 200 ms, which is useful for various sensing

applications that require higher temperatures to operate effectively.48 We also demon-

strate how the self-heating function of these low-thermal-mass, free-standing 3D struc-

tures facilitates their implementation as thermal anemometer flow sensors for detecting

the convective cooling of the lattice with air flowing through it, as demonstrated in Fig-

ure 5E. Self-heated octet structures allow anemometry across an approximately 403

dynamic range of air velocities from 0.13 to 5 m/s. These devices achieve a sensitivity

of approximately 1–2 mV/(m/s)/mW in the linear regime (Figure S12), which is compa-

rable to the sensitivity reported for state-of-the-art microelectromechanical systems

(MEMS) hot-wire anemometers.49,50 To put this result in context, we note that our

millimeter-scale 3D-printed anemometer can achieve high sensitivity without requiring

photolithography and complex etching steps and that it is more compact than

commercial products.

Finally, we demonstrate the ability of these ceramic-coated, conductive 3D struc-

tures to serve as custom pressure sensors. Figure 5F illustrates resistance changes

in response to applied pressure for octet lattices with different thickness of ZnO

coatings (15 and 35 nm). Figure S13 shows a linear relationship between strain

and force, which can be expressed as an effective modulus (200 MPa) for the 3D lat-

tice structures, dictated by the strut parameters such as radius, height, arrangement,

etc.51,52 The resistance change with increasing pressure shown in the Figure 5F is

more pronounced for the lattice with thinner ZnO within a pressure and strain range

up to 20 kPa and 1.2% uniaxial strain (Figure S13). The 43 improved sensitivity in

the thinner coating is reflected commensurately in the gauge factor (GF), which

reached approximately 6.2G 1.2 and 1.4G 0.7 for 15 and 35 nm thick films, respec-

tively, at a value of 1.3% compressive strain (Figure S14). This exceeds the GF of 2

reported for recent state-of-the-art 3D-printed load cells incorporating carbon

nanotube (CNT)-based composites.53 We note that these GFs match well with the

piezoresistive properties of ZnO reported in the literature for planar strain
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sensors.54–56 The increment in GF can be attributed to the thinner coating being

more semiconducting and less metallic compared with the thicker ZnO, in accor-

dance with previous work.54 This demonstrates the unique tunability in mechanical

response that stems directly from the ability of this strategy to coat nanoscale semi-

conductor films. In addition, we note that it is possible to modify the effective

modulus of the 3D-printed polymer structures by simply changing the lattice geom-

etry (e.g., beam thickness), which will allow tuning of the force sensing range without

modifying the sensing material.52 The 3D ALD coating provides a basis for the future

design of custom mechanical sensing elements in various custom geometries for

microrobotics requiring sensitivity to a high dynamic range of forces.

In summary, we present a unique strategy for fabricating multifunctional 3D electronic

devices by transforming 3D-printed polymers through the deposition of nanoscale

conductive metal oxides. This process combines multimaterial ALD growth of conduc-

tive, insulating, and semiconducting films with high-resolution mSLA to produce 3D lat-

tices with microscale features down to 10 mm that demonstrate geometric advantages

for electronic transport. We also apply a graph-theory-based approach to model 3D

conductive networks and explore the potential for 3D scaling to enhance both conduc-

tance and multimodal sensing by engineering high-surface-area mesostructures. The

unique capabilities of our strategy for 3D electronic integration bridge nanoscale elec-

tronic material design to micro- and mesoscale device design, allowing a unique multi-

functionality applicable to fluid, thermal, chemical, and mechanical sensing. By tuning

the nanoscale conductive coatings, we engineered mesoscale structures with 1003

improved sensitivity compared with 2D counterpart devices for room-temperature,

low-power gas sensing. This is possible through precision control of the ultrathin metal

oxide thin films’ electrostatically driven surface sensitivity. In combination with the

design freedom offered by 3D printing, we anticipate that this innovation will unlock

a tremendous variety of applications in mesoscale devices, from implanted biomedical

sensors to rapid custom fabrication of 3D integrated microelectromechanical systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information requests should be directed to and will be fulfilled by the lead

contact, William Scheideler (william.j.scheideler@dartmouth.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data are available in the main text or the supplementary materials. All source co-

des are available upon request.

Microscale 3D printing and atomic layer deposition

The 3D lattice structures were produced by mSLA using a microArch S240 3D printer

from Boston Microfabrication (BMF) with pixel size ranging from 2 to 10 mm and layer

thickness of 10 mm. The 3D structures were fabricated using a highly rigid and thermally

stable polyurethane acrylate resin (‘‘HTL’’) developed by BMFwith a Tg of 172�C, a ten-
sile strength of 79.3 MPa, and resin viscosity of 85 cP. ALD film growth was performed

on an Anric AT-400 system at temperatures from 100�C to 175�C using TMA, diethyl-

zinc (DEZ), and tetrakis(dimethylamino)tin(IV) (TDMA-Sn). Growth of films from 5 to

100 nm was done using 40 sccm N2 flow and a nominal chamber pressure of 130 mT,

completing a varied number of cycles. One complete ALD cycle consisted of three
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pulses of DEZ/TMA/TDMA-Sn and two oxidant pulses (H2O for TMA/DEZ and O3 for

TDMA-Sn). To produce AZO, we doped ZnO films with 5 at % Al2O3 by using a ratio

of 19:1 cycles of ZnO:Al2O3. The TDMA-Sn precursor was heated to 70�C to increase

its vapor pressure. All 3D-printed microlattices used in this paper were developed us-

ing the BMF HTL resin in yellow. In addition to this resin, we have shown that the seed

layer process described in the main text also works for parts made with the BMF HTL

resin in black, CADworks 3DMiiCraft BV-007AMicrofluidics resin, Kudo 3D UHR resin,

Formlabs Rough 4000 resin, Formlabs Tough 2000 resin, and Formlabs High Temp

resin.

Three-dimensional device fabrication

Conformal Au electrodes (20 nm thick) for measurements of the 3D structures were

deposited by sputtering (Hummer) and physically masking the channel area with a

thin polyimide (Kapton) tape with acrylic adhesive. The tape was removed to reveal

masked 3D channels through the lattice structures with critical dimensions from 1 to

4 mm in length. DC electrical measurements (B2902A) were performed on a semi-

conductor probe station using micropositioners with tungsten needle probes to

contact the 3D structures (Figure S6). The use of the Aumetal contacts ensured mea-

surement variability of less than 2% (Figure S6). Batch-to-batch variability of resis-

tance across multiple 3D lattices was measured to be approximately G10%. The

study of 3D lattice resistance for variable SnO2 coating thicknesses (Figure 3C)

was performed through ALD growth of incrementally thicker layers. The seed layer

was deposited, followed by the first increment of SnO2, after which sputtered

gold electrodes were deposited to facilitate precise measurements. Thicker SnO2

films were coated onto this structure for subsequent measurements.

Microscopy and material characterization

SEM/EDS analysis was performed with a Thermo Fisher Scientific Helios 5 CX

DualBeam SEM. XRD studies were performed on the coated 3D and 2D structures

using a Rigaku Ultrax-18 system with a Cu Ka line source with a step size of 0.01�.
XPS analysis was performed with a Kratos Axis Supra.

Graph theory calculation of 3D structure conductivity

The estimated resistance of the cubic volumes of octet lattice plotted in Figures 3C and

3D were computed in MATLAB by using a weighted Laplacian representation of the

octet lattice, as described in the main text. The graph object is generated based on

the exact geometry of the octet truss system. Each beam is represented with an

edge in the graph, which has a corresponding weight (conductance) given by its resis-

tance, as calculated by Equation (1) using the measured sheet resistance data.

Calculation of the pseudo-inverse of the weighted Laplacian allows efficient computa-

tion of the effective resistance between any two points. Tomatch the experimental con-

ditions for the cubic structures with sputtered electrodes, the simulation adjusts the

conductance weights for the faces coated in Au to match the predicted conductivity

for a 20 nm sputtered Au coating. Simulations were conducted for cubic volumes as

well as higher aspect ratio structures as shown in Figure 3D to extract a resistance

per cube.

Sensor characterization

Gas sensing measurements were conducted using dry air for purging a closed cham-

ber. VOCs were dosed as liquids (ethanol, isopropanol, or acetone) onto a Peltier

heating element, while the resistances of the cube and a 2D film on SiO2 were simul-

taneously measured with a B2902A source meter. The self-heating experiment was

conducted by driving a current across the cube andmeasuring the cube temperature
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with a FLIR E60 IR camera. Anemometers were characterized in a flow-through

mode, using 3/800 tubing. Cube response to different air temperatures was measured

by monitoring the resistance change across the cube as the temperature of the cube

was changed with the cube resting in an oven during measurement. Air temperature

response of cubes was measured with the cube sitting at the outlet of a 3/800 tube with

a flow rate of 20 lpm. The sensor lattices were attached to 28G Cu wire and sus-

pended in the tubing throughout the measurement. A flow meter was used to set

a known airflow rate through the channel. The pressure sensors were tested under

compression mode with a mechanical testing system (Pasco ME-8236) while logging

the resistance measured in the direction of compressive loading (Figure S15).
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