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ABSTRACT

3D printed pressure sensors show broad potential, owing to their tunable mechanical and electrical properties. Meta-structures

are ideal candidates for such sensors, thanks to their lightweight nature and customizable mechanical behavior. In this study,

we present 3D-architected pressure sensors fabricated in a single step via digital light processing (DLP) 3D printing of a poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS)-based photoresin. The electromechanical characteristics of an X-
Cell lattice are optimized by varying parameters such as relative density and lattice count to enhance manufacturability, sensitivity,
and pressure range. The X-cell lattice with 40% relative density and 64-unit cells exhibits a sensitivity of 17.7 + 5.8 kPa~! in the 0-
15 kPa range, and 9.11 + 4.19 kPa~! across a broader range of 15-120 kPa, demonstrating its suitability for both high-sensitivity and
wide-range pressure sensing applications. Optimization is further extended to fabricate Gyroid and Schwarz D lattices showing
initial sensitivities of 40.03 + 0.64 and 7.4 + 0.7 kPa~!, respectively. A proof-of-concept tactile sensor is developed by integrating
multiple lattice designs into a single active layer. Requiring only two electrodes, this sensor leverages distinct electromechanical
responses to localize pressure, eliminating complex arrays and enabling efficient development of next-generation tactile sensors.

1 | Introduction

With the rapid advancement of the Internet of Things (I0T), the
demand for sensors that enable seamless interaction between
humans and electronic systems has grown significantly [1].
Among these, flexible pressure sensors have attracted consider-
able attention due to their potential applications in soft robotics
[2, 3], wearable health monitoring [4, 5], and electronic skin
technologies [6-8]. Based on their sensing mechanisms, pressure
sensors are typically categorized into piezoelectric, piezoresis-
tive, and capacitive types. Among them, piezoresistive sensors

are widely adopted due to their high sensitivity, simple signal
processing, and broad material compatibility, and are used in
soft sensor applications such as smart grippers and electronic
switches. [9-16]

In parallel with advances in new materials and processing
techniques, 3D additive manufacturing of pressure sensors has
attracted considerable attention for enabling spatially resolved
sensing, improved device integration, and tunable mechanical
and electrical properties [17-19]. 3D-printed metamaterials, with
their architected structures, offer a powerful design space for
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tailoring pressure sensor performance [20-22]. Previous studies
have explored 3D extrusion printing methods such as fused
deposition modeling (FDM) and direct ink writing (DIW) to
create metamaterial-based pressure sensors [23-26]. Massroni
et al. demonstrated the fabrication of pressure sensors by printing
various geometries with different infill patterns using a conduc-
tive polyurethane-based filament [27]. Their approach enabled
tunable sensor performance, achieving a maximum sensitivity
of —6.3 kPa™'. Similarly, Xiao et al. used DIW to fabricate
graphene nanoplatelet/PDMS-based sensors with a sensitivity of
0.0602 kPa~! over a 0-350 kPa range [24]. However, extrusion-
based printing is primarily intended for large-scale structures
and faces significant challenges when fabricating the intricate,
support-dependent geometries typical of metamaterial designs.

Vat photopolymerization techniques, such as stereolithography
(SLA) and Digital Light Processing (DLP), offer superior resolu-
tion for printing complex lattice structures. However, the bulk
printing of conductive materials remains a significant challenge
due to the limited availability of functional photoresins. Conduc-
tive materials, in particular, tend to absorb UV-vis light, leading
to scattering and reduced printing efficiency for most light-based
printing technologies [28]. To address this limitation, post-
processing techniques such as dip-coating have been explored.
Zhao et al. demonstrated a metamaterial-based pressure sensor in
which a 3D-printed insulating polyacrylate structure underwent
a two-step surface coating process with Al,O; followed by ZnO
[20]. Their study investigated the sensing performance of various
meta-structured designs, achieving a detection range of 0-15 MPa.
Yin et al. used a similar approach with CNT-based coatings,
achieving a sensitivity of 1.02 kPa~! over a 0.7 Pa—160 kPa
range [19]. However, these methods often face challenges such
as non-uniform coatings, cracking during deformation, and
time-consuming fabrication processes.

Direct light-based printing of conductive or semiconductive
materials remains relatively underexplored [29]. In one seminal
example, Xia et al. reported a strain-stable, flexible pressure sen-
sor featuring complex geometries, fabricated using a composite
photoresist that combined a photocurable resin and multi-walled
carbon nanotubes as a conductive filler [30]. The prepared
slurry was processed via DLP printing, and the resulting sensor
exhibited a minimal resistance variation of 0.76% and a pressure
sensitivity change of only 0.22% under 20% applied strain. Xiao
et al. demonstrated a fully DLP-printed sensor with a woodpile
structure and a sensitivity of 15.04 MMPa~! under 64.44 kPa [31].
However, carbon nanotubes and metallic fillers pose challenges
such as cytotoxicity, aggregation, and limited mechanical tunabil-
ity. Alternatively, poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate (PEDOT:PSS), a conductive and biocompatible polymer
widely used in optoelectronics and bioelectronics research, has
also been employed as a piezoresistive material due to its inherent
m-conjugated system and favorable electronic properties [10, 32,
33]. Despite its advantages, direct vat photopolymerization of
PEDOT:PSS result challenging due to its high optical absorption,
which limits light penetration during polymerization. However,
recent studies have demonstrated successful 3D light-based print-
ing of bulk PEDOT:PSS, overcoming this limitation by adjusting
the photopolymerization kinetics and the used light wavelength
[34-36]. The integration of mechanically tunable metamaterial
designs with conductive, piezoresistive PEDOT:PSS homoge-

neously distributed throughout the structure holds significant
potential for developing flexible sensors with both mechani-
cal and electronic tunability for more versatile bioelectronic
applications.

In this study, we demonstrate the single-step fabrication of archi-
tected piezoresistive pressure sensors with electromechanically
tunable properties, achieved by DLP 3D printing. These sensors
were fabricated using a recently developed PEDOT:PSS-based
conductive acrylic photoresin, enabling the direct printing of
architected metamaterial structures with a lateral resolution of
27 um and a vertical resolution of 50 um. We conducted a
comparative analysis of three metastructure designs, focusing
on relative density, unit cell count, and lattice geometry, which
are key parameters that influence sensor sensitivity and pressure
range. To systematically investigate the influence of structural
parameters on sensor performance, we first fabricated X-cell
lattice structures with 64-unit cells and varied their relative
densities at 20%, 30%, and 40%. This allowed us to evaluate
the effect of infill level on electromechanical behavior. Next,
we examined the effect of unit cell count by fabricating X-cell
structures with 27, 64, and 125-unit cells at a fixed relative density.
Additionally, Gyroid and Schwarz D structures were fabricated
using optimized parameters derived from earlier design stages.
These three lattice topologies were selected on the basis of their
suitability for additive manufacturing and their markedly tun-
able, distinct electromechanical responses [16, 37-42]. Finally, we
demonstrate a proof-of-concept sensor integrating three distinct
lattice geometries, each exhibiting unique pressure response
characteristics. This kind of proof-of-concept sensor eliminates
the need for traditional complex electrode arrays, paving the way
for the development of next-generation tactile sensors.

2 | Results and Discussion

2.1 | Vat3D Printable Conductive PEDOT:PSS
Structures

Figure la presents the single-step fabrication process of the
piezoresistive pressure sensor beginning with the formulation of
the conductive PEDOT:PSS photoresin and the subsequent layer-
by-layer fabrication via vat photopolymerization using a DLP 3D
printer. In vat photopolymerization-based printing, the polymer
network formation occurs through a light-mediated free radical
polymerization mechanism.

The photoinitiator within the photoresin generates free radi-
cals upon exposure to light, which then react with acrylate-
based monomers to initiate the polymer growth. The final
structure is a polyethylene glycol acrylic crosslinked network
where PEDOT:PSS is trapped. The photo-DSC thermogram of
PEDOT:PSS based photoresin (Figure 1b) shows the release of
exothermic heat following a 1-s pulse of UV light (320-390 nm)
at an intensity of 5 mW cm~2. This exothermic heat generation
during the light-curing process confirmed that the polymeriza-
tion reaction occurred in this wavelength range. Figure 1c shows
examples of different lattice structures that were DLP 3D printed
with an identical number of unit cells and varying the overall
dimensions, which ranged from 5 mm to 5 cm in length, by
keeping the aspect ratio and achieving feature sizes as small as

2of11

Advanced Materials Technologies, 2026

85U8017 SUOWWOD BRI 3dedl|dde auy Aq peusenob ae s O ‘8sn J0 Sa|nJ 10} ARIq1T8UIUO AB]1M UO (SUONIPUCD-PUe-SWB) W00 A8 1M Aeiq Ul |uo//Sdiy) SUopuoD pue swis | 8u1 89S *[9202/20/0] uo Akeiqiauljuo (1M ‘9160jouyde 1 Ind Imisu| Jeynssie Ag 201205202 WPe/Z00T 0T/I0p/Wod A8 | i Ale.d1jpuljU0"peoueApe//Sdiy Wwo.j papeo|umod ‘0 ‘X60.S952



a) PEDOT:PSS Ethylene Glycol

PEGDA

| —
04
10 mm
—~—11 <1
g | Z B |
;—2- O Exo Down
= 3] 21
2] F
A7) 8!
-54 !
|
-6 r r r
0 20 40 60
Time (s)

Ceramic 3DResyn
CDP WS Water-Soluble

BEillesiiil

=
3D Printed £ ! -
- . N = ! Loading
i Lattice = Al /
@] 1
I,
Contact Unloading
Area
Time (s)

FIGURE 1 | (a)Vatphotopolymerization printing process of 3D lattice-based pressure sensors and corresponding ink formulation (inset). (b) The
photo-Differential Scanning Calorimetry (photo-DSC) thermogram of the PEDOT:PSS based photoresin. (c) Pictures and corresponding microscope

images of X-Cell lattice structures with different dimensions. (d) Photograph of the in situ electromechanical measuring setup. (e) Schematic illustration
of the working mechanism of 3D lattice-based pressure sensors. (f) Demonstration of the electrical response of the lattices under the application of

external pressure.

40 um. The printed structures were composed of 50 um slices
corresponding to a 2-s exposure time (4 = 385 nm) during the DLP
process (Figure S1). The developed printing process demonstrates
the capability of the single-step DLP-based additive manufac-
turing process to produce fine-featured, conductive PEDOT:PSS
structures with high geometric fidelity. Throughout this work, the
electromechanical behavior of the 3D-printed lattice structures
was evaluated by simultaneously measuring lattice displacement
and electrical current between the loading and fixed blocks, as
illustrated in Figure 1d. The working principle of the 3D-printed
PEDOT:PSS piezoresistive sensors is schematically illustrated in
Figure le. In the initial state, PEDOT:PSS chains have minimal
contact, resulting in low electrical conductivity. When pressure
is applied, the lattice walls come into closer contact, forming
additional conductive pathways and increasing sensitivity. As
deformation progresses, more contact points are established,

further enhancing conductance and reducing overall resistance
[43, 44]. To visualize this mechanism, a schematic including an
electrical current-time plot and a simplified circuit diagram was
created and shown in Figure 1f, where the conductive lattice is
connected to a battery and an LED. In the compressed state,
the increased contact between lattice walls creates sufficient
conductive pathways to allow enough current to illuminate the
LED.

2.2 | Tunable Electromechanical Properties of 3D
Printed Conductive Structures

Figure 2a presents the photographs and corresponding micro-
scope images of X-Cell-based structures fabricated with relative
densities of 20%, 30%, and 40%. The perceived color difference on
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(a) Photographs and corresponding microscope images of the 3D-printed X-Cell lattices (64 unit cells) with relative densities of 20%,

30%, and 40%, respectively. (b) Compressive stress-strain curves of the 3D printed lattices with different relative densities. (c) Conductivity changes vs.

compressive stress for the 3D printed lattices with different relative densities. (d) Mean sensitivities of the 3D printed lattices in different pressure ranges.

the top of the printed cubes corresponds to the reflection of the
illumination source, not to a change in the material composition.
Each lattice contains 64-unit cells and is embedded between two
protective square layers, each of them with an area of 1 cm?
and a height of 0.5 mm, to ensure structural integrity during
mechanical testing. All printed structures exhibited a high resolu-
tion, but as the relative density decreased, a noticeable reduction
in strut thickness was observed, resulting in a more open and
compliant lattice architecture. Relative densities below 20% led to
mechanical instability and the collapse of the structures without
any applied pressure. Figure 2b shows the compressive stress—
strain curves of the printed lattices, highlighting their mechanical
responses across varying relative densities. All samples were
compressed up to 120 kPa. As expected, Young’s modulus (E)
increases with the density of the samples from 36 + 10 kPa for
lattices with 20% relative density to 180 + 10 kPa for the ones at
40%. Conversely, yield strength decreased with increasing relative

density. The elastic region of the lattice with 20% relative density
was extended up to 43% strain. In contrast, lattices with 30%
and 40% relative densities exhibited a reduced elastic region up
to 35% and 28% strain, respectively. This behavior is attributed
to the increase in strut thickness at higher lattice densities,
which increases the resistance to deformation, reducing the
displacement upon compression forces.

The electromechanical performance was evaluated by measuring
the change in electrical current, AI/1,, as a function of the applied
pressure for each lattice (Figure 2c). AI represents the difference
between the initial current I, in the absence of external pressure,
and the current I, measured under compressive stress. It can be
observed that increasing the relative density or infill level resulted
in greater relative changes in the conducted current, indicating
a direct correlation between the increased amount of material
deposited and the sensor’s sensitivity. The sensitivity, S, of a
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TABLE 1 | Sensitivities® and corresponding pressure ranges of lattices with relative densities from 20% to 40% with 64-unit cells.

Lattice Initial range Wide range

Geometry Relative density (%)  Pressure range (kPa) Sensitivity (kPa™t) Pressure range (kPa)  Sensitivity (kPa™)
X-Cell 20 0-40 0.80 + 0.69 40-120 0.64 +0.60
X-Cell 30 0-20 4.41 +0.84 20-120 4.67 + 2.49
X-Cell 40 0-15 17.7 £ 5.8 15-120 9.11 +4.19
Schwarz D 40 0-20 7.4+ 0.7 20-120 2.06 +£1.32
Gyroid 40 0-10 40.03 + 0.64 10-120 1.63 +1.16

2All values of sensitivity from this work are reported as mean and standard deviation with n > 3.

piezoresistive sensor is defined as S = (61/1,,)/8P, where 6P denotes
the change in applied pressure. From Figure 2c, we identified
two linear sensitivity regimes for each of the relative lattice
densities: the initial region, representing early-stage pressure
response, and the wide-range sensitivity region, covering up to
the highest applied pressure. The presence of different pressure
regimes can be attributed to the interplay between material
properties and structural design, which results in distinct con-
duction mechanisms occurring at various pressure levels. At
low pressures, sensors demonstrated high sensitivity due to the
easy deformation and the rapid extension of the contact area.
In contrast, the relatively lower sensitivity observed at higher
pressures can be attributed to the further densification of the
microstructures [45, 46]. The pressure regimes were defined using
a linear fit over the broadest range of applied pressures below
40 kPa, maintaining a linearity, with a regression coefficient R?
exceeding 0.96. The corresponding sensitivities were calculated
based on this linear fit, as shown in Figure S2. Table 1 summarizes
the extent of the regions and the sensitivity corresponding to each
relative lattice density for X-Cell, as well as for the different 3D
printed structures at a relative density of 40%.

The lattice with 40% relative density exhibited the highest mean
sensitivity, reaching 17.7 + 5.8 kPa™! in the initial region and
9.11 + 4.19 kPa™! across the wide range. Figure 2d illustrates
the relationship between relative density and sensitivity, showing
that a change from 20% to 40% in lattice relative density resulted
in approximately a 22- and 14-fold enhancement in initial and
wide range sensitivities, respectively. This tendency is attributed
to the higher PEDOT:PSS content in denser lattices, which
promotes the formation of additional conductive pathways under
compression, thereby increasing the current flow. Notably, the
increase in sensitivity led to a narrower linear detection range
in the initial sensitivity region, indicating a trade-off between the
sensitivity and linear pressure range of the sensors [47].

In addition to the relative density, the number of unit cells
within the lattice structure is another critical parameter influ-
encing stress distribution and mechanical performance. Then, we
focused on the most sensitive lattices, with 30% and 40% relative
densities, to investigate the effect of the unit cell count on the
electromechanical properties of the sensors.

Figure 3a shows optical microscopy images of the investigated X-
Cell lattice structures comprising 27, 64, and 125-unit cells. All
3D printed structures presented a high resolution. As the unit

cell count increased, a noticeable reduction in strut thickness
was observed, resulting in a more porous lattice architecture. The
corresponding Young’s moduli of the structures are presented
in Figure 3b. An increase in the number of unit cells led to
higher design porosity, which contributed to a relatively stiffer
mechanical behavior across both density levels. For samples with
a 30% relative density, no significant changes were observed in the
Young’s modulus of lattices upon increasing the unit cell, where
74 + 18 kPa were measured for 27-unit cells and 92 + 3 kPa for
125-unit cells. However, in the case of lattices with a 40% relative
density, stiffer structures were obtained by increasing the unit
cell counts. Mean Young’s modulus values of 167 + 24 kPa, 185
+ 10 kPa, and 210 + 10 kPa were obtained for lattices with 27-,
64-, and 125-unit cells, respectively. The Young’s modulus values
were extracted from the corresponding compressive stress—strain
curves shown in Figure S3.

The influence of the unit cell counts on sensor sensitivity is
illustrated in Figure 3c,d for 30% and 40% relative densities,
respectively. The sensitivity values were calculated from the
conductivity-vs.-compressive-stress plot shown in Figure S4. For
lattices with 30% relative density, those containing 27- and 64-
unit cells demonstrated comparable sensitivities of 4.91 + 2.2
and 4.41 + 0.84 kPa™!, respectively, within the initial sensitivity
region. However, the lattice with 125-unit cells showed a reduced
mean sensitivity value of 3.26 + 1.29 kPa~!. This reduction in
sensitivity can be attributed to the increased number of unit cells
within a fixed area, which distributes the applied stress more
uniformly. Consequently, each individual cell experiences less
localized deformation, resulting in smaller changes in electrical
current. This leads to a more uniform and smoother electrical
response under compression. However, this similar trend was not
observed for the 40% relative density lattices, where all samples
showed similar mean sensitivity values in the initial region.
In the wide pressure range, the sensitivity values remained
relatively consistent across all samples, regardless of the unit cell
count. These findings suggest that lattice structures with a 40%
relative density offer the highest sensitivity and broader detection
capability.

We selected 40% relative density and 64-unit cells as the param-
eters that yield the best balance between mechanical stiffness
and electromechanical performance, and applied this design to
fabricate lattice structures with Schwarz D and Gyroid geometries
(Figure 4a). Their electromechanical properties were evaluated
and compared to assess the influence of lattice topology on sensor
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FIGURE 3 | (a)Microscopic pictures of the 3D Printed X-Cell lattices with 27, 64, and 125-unit cells, respectively, with 30% and 40% relative densities.
(b) Mean Young’s modulus of different lattices. Sensitivities of the lattices on different pressure ranges with (c) 30% and (d) 40% relative densities.

performance. Figure 4b presents the compressive stress-strain
curves of the three lattice geometries. Each structure exhibited
distinct stiffness characteristics across different strain ranges.
Both the X-cell and Schwarz D lattices displayed an initial linear
compression phase, followed by a reduction in displacement. The
X-cell lattice began to show a decrease in displacement around
60 kPa, whereas the Schwarz D lattice maintained linearity until
approximately 80 kPa, indicating a more deformable structure.
In contrast, the Gyroid lattice exhibited a stiffer response up
to 80 kPa, after which it underwent significant compression,
reaching up to 50% strain. Figure 4c illustrates the sensitiv-
ity values of the different geometries. The sensitivity values
were calculated from the conductivity-vs.-compressive-stress plot
shown in Figure S5. The Gyroid-based structure demonstrated
the highest performance, with a mean sensitivity of 40.03 +
0.64 kPa7! in the initial pressure range. In comparison, the
X-cell and Schwarz D lattices exhibited lower sensitivities of
17.7 + 5.8 and 7.4 + 0.7 kPa™!, respectively. Among the three
geometries, the X-cell exhibited the highest sensitivity over the
wide pressure range, achieving 9.11 + 4.19 kPa~l. In contrast,
the Gyroid and Schwarz D structures showed more saturated
responses, with sensitivities of 1.63 + 1.16 and 2.06 + 1.32 kPa™,
respectively, across the wide pressure range. The obtained sensi-

tivities and their corresponding pressure ranges are collected in
Table 1.

The enhanced initial sensitivity of the gyroid lattice over other
designs can be mainly attributed to its continuous surface
topology, which provides a high density of parallel conductive
pathways [48, 49]. The relatively thicker structural features may
further promote conductive contact evolution under compres-
sion, contributing to stronger current modulation. In the wide
pressure range, the gyroid lattice is getting more compact, leading
to sensitivity saturation [37, 50]. The comparably higher sensitivi-
ties of the X-cell lattice across multiple zones make it an attractive
option for pressure-sensor applications that require a linear,
multi-zone sensing response [19, 51]. To evaluate the sensor’s
response characteristics, step-wise dynamic electromechanical
responses of the lattice structures were evaluated by sequential
pressure levels of 2, 5, and 10 kPa, as shown in Figure 4d.
Each pressure level was maintained for 5 s to assess the sensor’s
responsiveness and stability. The current response curves for the
three geometries corresponded closely to their respective initial
sensitivities. The Gyroid structure exhibited the most pronounced
current increase, beginning from pressures as low as 2 kPa. In
contrast, the X-cell and Schwarz D lattices showed comparable
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lattice structure under repeated loading between 0-5 kPa.

current outputs at 2 kPa. However, beyond 5 kPa, the X-cell
structure demonstrated a distinct electromechanical response,
diverging from the behavior observed in the Schwarz D geometry.
This behavior not only corroborates the initial sensitivity values
reported in Figure 4c, but also provides further insight into the
responsiveness of the lattice structures under applied pressure.

The Gyroid geometry exhibited the steepest slope in the current
response, indicating the fastest reaction to incremental stress
changes, likely due to its stiffer structure at that stress level.
Overall, all three lattice geometries demonstrated distinct sen-
sitivities and dynamic behaviors within the low-pressure range
of 0-10 kPa, underscoring their potential for integration into

Advanced Materials Technologies, 2026

7 of 11

85U8017 SUOWWOD BRI 3dedl|dde auy Aq peusenob ae s O ‘8sn J0 Sa|nJ 10} ARIq1T8UIUO AB]1M UO (SUONIPUCD-PUe-SWB) W00 A8 1M Aeiq Ul |uo//Sdiy) SUopuoD pue swis | 8u1 89S *[9202/20/0] uo Akeiqiauljuo (1M ‘9160jouyde 1 Ind Imisu| Jeynssie Ag 201205202 WPe/Z00T 0T/I0p/Wod A8 | i Ale.d1jpuljU0"peoueApe//Sdiy Wwo.j papeo|umod ‘0 ‘X60.S952



Tactile Sensor

Printed Silver

PEN Substrate

d) 10 mm
Continuious Pressure of 50 mm/min
2500 Syiold
- —=—X-Cell
Schwarz D
2000
S° 1500
1000
500 - ”.-—/
0 wtSesnem=

00 05 10 15 20 25
Time (s)

X-Cell

Schwarz D

Gyroid

FIGURE 5 | (a)Pictures of the 3D printed pressure map combining X-Cell, Schwarz D, and Gyroid shaped lattices, respectively, with 40% relative
density and 64 Unit Cells (b) Schematic representation of the electrode layout of the pressure map. (c) Picture of the pressure map sensor. (d) The
electromechanical behavior between the different lattices. (e) Pictures of the LED intensity when using different-shaped lattices.

various real-time pressure sensing applications. Cyclic stability
measurements of the gyroid lattice were performed between 0
and 5 kPa (Figure 4e). The device maintained a stable electrical
response over 100 loading cycles, showing AI/I, values from 0
to 250. This consistent cyclic behavior highlights its suitability
for flexible pressure-sensor applications and indicates that the
conductive network remains intact under repeated deformation.

2.3 | Proof of Concept Tactile Sensor Applications

To demonstrate practical applicability, a proof-of-concept tactile
sensor was developed by leveraging the distinct electromechan-
ical responses of the three lattice topologies into a single active
layer, as shown in Figure 5a. This active sensing layer, with
dimensions of 5 x 2.7 X 6 mm, was composed of three segments
corresponding to the X-cell, Gyroid, and Schwarz D lattices. The
composite layer was then integrated onto inkjet-printed interdig-
itated silver electrodes deposited on a flexible PEN (polyethylene
naphthalate) substrate (Figure 5b,c).

The printed tactile sensor was encapsulated with stretch film to
keep the sensor flat on the table and prevent bending during
operation. Each lattice segment was electromechanically charac-
terized under a compressive load of 50 mm min~" (Figure 5d). The
Gyroid structure exhibited the highest current variation response,
followed by the X-cell and Schwarz D (Figure 5d), consistent
with prior single-cell tests. The distinct electrical behavior of
the sensor segments demonstrates that pressure localization can
be achieved with a simple two-electrode measurement. The

fabricated pressure sensor was incorporated into a simple circuit
consisting of a battery and an LED, as illustrated in Figure 5e.
When 50 kPa of stress was applied to each segment of the sensor to
simulate the human touch, the LED brightness varied depending
on its electromechanical properties. The brightest illumination
occurred when pressure was applied to the gyroid section,
followed by the X-cell, and then the Schwarz D lattice. The light
intensity, as well as the measured current, can then be utilized to
locate the position of applied pressure. These findings highlight
the potential of using multi-lattice tactile sensors for spatial
pressure mapping without the need for complex electrode array
systems. By incorporating a broader range of lattice geometries
with unique mechanical or dynamic response profiles, future
systems could be trained to identify both the location and
magnitude of applied forces, enabling advanced tactile sensing in
robotics and wearable devices.

3 | Conclusions

In this study, a PEDOT:PSS-based acrylic photoresin was utilized
to fabricate 3D lattice-oriented pressure sensors by digital light
processing (DLP) in a single step, achieving feature sizes as small
as 40 ym and eliminating the need for post-processing steps.
The design of the 3D-printed conductive sensor was optimized
by examining lattice characteristics such as relative density, unit
cell configuration, and geometry. An X-cell-based lattice structure
comprising 64-unit cells was used as the initial design to compare
the effect of relative densities, ranging from 20% to 40%. All lattice
structures demonstrated sensing activity across two distinct
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linear pressure regions between 0 and 120 kPa. The increase of
the relative density had a pronounced effect on sensitivity, with
approximately a five-fold enhancement for every 10% increase in
relative density. In particular, the lattice with 40% relative density
exhibited the highest sensitivity, reaching 17.7 + 5.8 kPa~! in the
initial pressure range and 9.11 + 4.19 kPa™" in the wider range. Fur-
ther analysis of unit cell count (27, 64, and 125) at constant density
revealed minimal impact on sensitivity, despite a slight increase in
stiffness. Finally, lattice structures with different orientations—
Gyroid and Schwarz D—were 3D-printed and evaluated. The
Gyroid cell exhibited the highest initial sensitivity, 40.03 + 0.64
kPa7l, in the range between 0-10 kPa. Reported 3D printed
conductive lattice pressure sensors typically operate in the tens to
hundreds of kPa regime, depending on topology, relative density,
and conductive network design. 3D printed conductive lattice
structures are working in a pressure range of 100 kPa regime.
Therefore, each lattice geometry exhibited distinct sensitivity
levels and response times. A proof-of-concept pressure mapping
system was developed by integrating all three lattice geometries
into a single platform. Each lattice exhibited distinct current tran-
sients over time, enabling pressure localization without the need
for complex electrode systems. Overall, this work demonstrates a
direct and efficient route for fabricating customizable conductive
soft sensors and introduces a simplified design strategy for tactile
sensing. Our single-step DLP method enables precise architec-
tures that are difficult to achieve with conventional additive
manufacturing techniques. This design strategy simplifies the
electrode layout and supports scalable soft sensing technologies
for applications such as soft grippers, electronic switches, and
electronic skins, where adaptable and spatially resolved sensing is
essential.

4 | Experimental Section
4.1 | Materials

PEDOT:PSS (Clevios PH 1000) was purchased from Heraeus.
Ceramic 3DResyn CDP-WS water soluble and Fine Turner
FT2 ultrafast photoinitiator were purchased from 3Dresyns.
Poly(ethylene glycol) diacrylate (PEGDA, Mn = 700), ethy-
lene glycol (EG), and silver nanoparticular ink (Silverjet) were
purchased from Sigma-Aldrich.

4.2 | Photoresin Formulation

PEDOT:PSS conductive aqueous solution (50 wt.%) was mixed
with Ceramic 3DResyn acrylate (34 wt.%) in a round-bottom
flask. Subsequently, PEGDA crosslinker (8 wt.%), photoinitiator
(4 wt.%), and EG additive (4 wt.%) were added to the mixture. The
flask was protected from light exposure with aluminum foil and
left stirring for 2 days to obtain a homogeneous mixture.

4.3 | Design of the 3D Printed Structures

Computer-Aided Design (CAD) models of all lattice structures
were created in Fusion 360. For the X-Cell design, three relative-
density configurations (20%, 30%, and 40%) were generated

by varying the strut thicknesses to 400, 600, and 800 pm,
respectively.

Lattices containing 27, 64, and 125-unit cells possess unit-cell sizes
of 3.3, 2.5, and 2.0 mm, respectively. For the 30% relative-density
condition, these lattices were fabricated with strut thicknesses of
800, 600, and 440 um, while the 40% relative-density variants used
strut thicknesses of 1100, 800, and 600 um, respectively.

Additionally, X-Cell, Schwarz-D, and Gyroid lattices with 40%
relative density and 64 unit cells were produced with strut
thicknesses of 800, 700, and 1000 um, respectively. Due to print-
ing and post-processing effects, small deviations from nominal
dimensions may occur.

4.4 | 3D Printing of the Conductive Photoresin
and Silver Electrodes

The photoresin was loaded into the resin tank of the DLP printer
(Asiga Max X27) and printed at 385 nm wavelength with a light
intensity of 10.5 mW cm~2. The optimal exposure times were 20
s for the burn-in layer and 2 s for the subsequent layers. The
lattice architecture structures were manufactured with a 50 ym
slice thickness. Then, the 3D printed conductive structures were
washed with isopropyl alcohol (IPA) in an ultrasonic bath for 3
min, and the excess of IPA was blown away with a nitrogen gun.
The resulting structures were further dried at RT for 15 min in
a spinning plate and post-cured at A: 405 nm for 1 min (Original
Prusa Complete CW1).

The silver electrodes were inkjet-printed using an Ag nanoparti-
cle ink on a PEN substrate using a Dimatix printer (DMP 2831) at
a resolution of 725 dpi with a Dimatix Materials Cartridge Samba
printhead by Fujifilm. The PEN substrate was treated with Ar
plasma (Diener NANO Plasma Cleaner) at a flow rate of 65 mL
min~' for 20 s at a pressure of 0.35 mbar. Electrodes were crimped
(CrimpFlex, Nicomatic SA) with contacts to form connections
with the sensor.

4.5 | Characterization of the 3D Printed
Structures

Electromechanical measurements were conducted by compress-
ing the samples using an Alluris Universal Test Instrument
FMT-310BU, with a 50 N load cell and displacement transducer
head (FMT-310FUCS5), and measuring the electrical resistance
(at a source potential of 50 mV) with a Keithley 2612B source
measurement unit. Micrographs were taken using an optical
microscope (Nikon Eclipse 80i).
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