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High-resolution stereolithography using a static
liquid constrained interface
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3D printing using conventional stereolithography is challenging because the polymerized

layers adhere to the solid constraining interface. The mechanical separation forces lead to

poor process reliability and limit the geometrical design space of the printed parts. Here,

these challenges are overcome by utilizing a static inert immiscible liquid below the resin as

the constraining interface. We elucidate the mechanisms that enable the static liquid to

mitigate stiction in both discrete layer-by-layer and continuous layerless growth modes. The

inert liquid functions as a dewetting interface during the discrete growth and as a carrier of

oxygen to inhibit polymerization during the continuous growth. This method enables a wide

range of process conditions, such as exposure and resin properties, which facilitates

micrometer scale resolutions and dimensional accuracies above 95%. We demonstrate

multi-scale microstructures with feature sizes ranging from 16 μm to thousands of micro-

meters and functional devices with aspect ratios greater than 50:1 without using sacrificial

supports. This process can enable additive 3D microfabrication of functional devices for a

variety of applications.
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Recent advances in additive manufacturing have shown great
potential to enable rapid fabrication of functional devices
for diverse applications such as microelectronics1, sensors2,

structural and optical metamaterials3,4, micro-optics5,6, and bio-
medical devices7,8. One promising approach for additive three-
dimensional (3D) printing of microdevices is stereolithography
(SLA) because of its high resolution and scalability to large
areas9–11. However, microfabrication using conventional SLA
systems is challenging because stiction forces12 cause adhesion of
the polymerized layer to the solid constraining interface.
Separation of the 3D object from the solid interface requires
mechanical intervention such as pulling and sliding. The resulting
separation forces, which are proportional to the polymerized area,
can damage the printed parts and lead to poor reliability13–16.
The large mechanical separation forces impose limitations on the
geometries that can be printed and introduces a need for sup-
porting scaffolds.

Recent advances in 3D printing have employed layerless
growth techniques to mitigate stiction forces and improve vertical
print speeds. Tumbleston et al.17,18 used an oxygen-permeable
membrane to inhibit polymerization at the solid interface. The
inhibition caused by oxygen prevents adhesion of the polymer to
the solid interface by creating a dead zone, a thin layer of
unreacted resin, adjacent to the solid interface. Walker et al.19.
leveraged the shear stress caused by a moving immiscible liquid
below the resin to prevent adhesion of the polymer by the
immiscible liquid. De Beer et al.20 used dual-wavelength irra-
diation to concurrently photopolymerize while also inhibiting
the reaction at the solid interface. All of these methods, which
employ continuous growth, produce 3D objects by continuously
elevating the substrate as a flux of fresh resin flows into the
polymerization zone.

Although high vertical print speeds have been demonstrated
with continuous growth, the requirement of a stable dead zone
and adequate resin replenishment places constraints on process
conditions such as exposure energy, resin viscosity, and con-
centration of additives in the resin (resin properties), such as
photoinitiator and absorbing dye17,19–21. These constraints result
in a trade-off between vertical print speeds, vertical resolution
(cured depth), lateral resolution (cured width), and mechanical
properties (green strength) of the printed parts. Within the
context of this work and photolithography, the resolution is
defined as the smallest feature size that can be printed for a range
of process conditions and variations—also known as the process
window22. The narrow process window of continuous growth
limits the maximum cross-sectional area of the printed parts21,
fabrication of microdevices that require high spatial resolution—
e.g., fabrication of microfluidic flow channels using high-
resolution resins23—and modulation of the mechanical proper-
ties of the printed parts by varying the exposure and resin
properties10,24. In such cases, discrete layer-by-layer growth may
be utilized to attain a wider process window, but at the cost of
stiction forces.

We report on photopolymerization at a static liquid constrained
interface for SLA. This process mitigates mechanical separation
forces in both discrete layer-by-layer and continuous layerless
growth modes and enables reliable fabrication of 3D objects
without a need for supporting scaffolds. The mechanisms that
facilitate a static liquid to mitigate stiction in both growth modes
are elucidated. It is shown that discrete growth is advantageous for
microfabrication since high spatial resolution and dimensional
accuracies can be achieved because of reduced constraints over the
process conditions such as exposure and resin properties—while
continuous growth can be utilized when high vertical print speeds,
smooth surface finish, and isotropic mechanical properties are
desired. Furthermore, we demonstrate that this projection SLA

process can enable the fabrication of microstructures and func-
tional devices with multi-scale geometries.

Results and discussion
Photopolymerization at a static inert immiscible liquid inter-
face. Our SLA process utilizes photopolymerization at the inter-
face of two immiscible liquids. In this method, polymerization of
the liquid resin occurs near the interface of an inert liquid that is
immiscible with the resin (Fig. 1a). The inert liquid, which is
stationary below the resin, functions as a constraining interface,
similar to a solid window, e.g., glass, polydimethylsiloxane
(PDMS), or fluorinated ethylene propylene film, in a conventional
SLA system. Upon exposure to patterned ultraviolet (UV) light,
only the resin undergoes cross-linking chemical reaction to form
a solid polymer, whereas the inert liquid remains unchanged (see
Supplementary Note 1). Contrary to reactions at liquid–liquid
interfaces that are used for material synthesis25, our approach can
be used to additively manufacture 3D objects with arbitrary
geometries.

Selection of an inert liquid for the SLA process requires that the
inert liquid is chemically inert, transparent to the wavelength of
light used for photopolymerization, has a higher density than the
resin, is highly immiscible with the resin, and has low surface
energy. In this work, perfluorocarbon-based fluorinated oils, such
as 3M Fluorinert were investigated as the inert liquid, while the
feasibility of using perfluoropolyether-based fluorinated oils, such
as Solvay Fomblin, was also confirmed. These fluorinated oils
were found to be ideal candidates when using 1,6-hexanediol
diacrylate (HDDA)-based resin (Fig. 1b) and have also been
shown to be compatible with a wide range of SLA resins19. The
properties of the fluorinated oils investigated in this work allow
the inert liquid to serve dual functions—a polymerization
inhibiting interface for continuous growth and as a dewetting
interface for discrete growth (Fig. 1c, d).

Continuous growth using oxygen inhibition from the inert
liquid. The schematic in Fig. 1c shows how continuous growth
using a static liquid interface can be achieved. As the substrate
(not shown) is continuously elevated, fresh unreacted resin
replenishes into the polymerization zone. The polymerization
zone is defined as a finite region composed of a dead zone and a
cure zone. This region is characterized by a gradient of increasing
degree of solidification, where the degree of solidification is null at
the inert liquid interface and it increases toward the fully solidi-
fied polymer interface. Within the dead zone, no polymerization
of the resin occurs because of oxygen inhibition17,26. The pre-
sence of the dead zone prevents wetting of the solidified polymer
by the inert liquid because this region is occupied by a finite
layer of unreacted resin. Within the cure zone, the onset of
gelation (solidification) occurs because the oxygen concentration
falls below a critical value. The spatial and temporal degree
of polymerization within the cure zone has been modeled by
Walker et al.19.

Continuous growth can be enabled when the inert liquid
functions as a carrier of inhibiting reactants such as oxygen to
create a dead zone. When using fluorinated oils, we found
evidence of a dead zone adjacent to the inert liquid interface.
Using a differential resin technique (see Methods), we character-
ized the dead zone thickness as a function of exposure intensity
for Fluorinert (Fig. 2a). Since perfluorocarbons, such as
Fluorinert, are known to have high oxygen solubility27,28, the
mechanism causing the inhibition of polymerization is attributed
to the diffusion of oxygen from the bulk of the Fluorinert to the
polymerization interface. To support this theory, we reduced the
dissolved oxygen concentration in the Fluorinert by nitrogen
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Fig. 2 Oxygen from the inert liquid enables continuous growth. a Comparison of Fluorinert (inert liquid) with and without de-oxygenation and its effect on
the dead zone thickness and lateral cured width as a function of exposure intensity. b Effect of exposure intensity and time on the dead zone thickness and
lateral cured width for a differential resin thickness of 150 μm. Decreasing exposure time is commensurate with a faster growth rate in the continuous
growth mode. The targeted lateral dimension in both a and b was 1000 μm. The vertical error bars in a and b represent the standard deviation of
repeatability. c Smooth-surfaced ellipsoidal microstructures fabricated at a rate of 3 μm s−1 in the continuous growth mode using a static liquid interface.
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d

Fig. 1 Stereolithography using a static liquid constrained interface. a Schematic of an SLA system that contains an inert immiscible liquid below the
photopolymerizable resin as the constraining interface. Spatially selective polymerization occurs through the projection of patterned UV light. b Vial
containing two immiscible phases: top phase is a resin, and the bottom phase is an inert liquid that is transparent to UV light and has a higher density than
the resin. The blue glow from the resin is caused by a fluorescent dye in the resin. c Scheme of the continuous layerless growth process. Fresh resin flows
into the polymerization zone comprising of a dead zone and a cure zone as the substrate is continuously elevated. The dead zone is a finite region of
unreacted resin because of oxygen inhibition from the inert liquid. The onset of polymerization occurs within the cure zone. d Series of time-lapse
schematics (cross-sectional view) and corresponding experimental observations (viewed through the transparent glass window) showing the dewetting of
the inert liquid from the polymerized layer during the discrete layer-by-layer growth process (also shown in Supplementary Movie 1).
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purging (see Methods). Under this condition, we observed not
only a smaller dead zone thickness but also an increase in the
lateral cured width of the polymer when compared with the non-
purged Fluorinert under ambient conditions (see Fig. 2a). The
reduction in polymerization vertically and laterally, caused by the
dissolved oxygen in Fluorinert, behaves similarly to the model by
Dendukuri et al.26 for a PDMS interface. The relationship
between the dead zone thickness and process parameters, such as
exposure intensity and concentration of photoinitiator, when
using a static inert liquid is given by Supplementary Equation 1
(see Supplementary Note 2).

The dead zone thickness is dynamic and is dependent on the
process conditions such as growth rate, exposure intensity, and
resin properties. We used the differential resin technique to
characterize the dependence of the dead zone thickness and
lateral cured width on exposure intensity and time (Fig. 2b). In
this differential characterization, decreasing the exposure time
while keeping the exposure intensity constant is commensurate
with a faster growth rate (substrate elevation rate) during the
continuous growth mode. We observed that as the exposure
intensity and time decrease, the dead zone thickness increases and
the lateral cured width decreases. Using this framework, we
determined the process conditions required to achieve sufficient
lateral polymerization, and we demonstrated ellipsoidal micro-
structures with smooth surfaces grown at a rate of 3 μm s−1 as
shown in Fig. 2c.

Realization of high spatial resolution and large cross-sectional
area is challenging during continuous growth. A viable contin-
uous growth process requires adequate replenishment of the resin
into the polymerization zone21. This constrains both the
polymerization zone to a minimum thickness and the underlying
process conditions. We empirically determined that a dead zone
thickness >50–75 μm must be maintained for a stable growth
process. If the dead zone collapses below a critical thickness,
wetting of the polymer by the inert liquid occurs, resulting in
defects as shown in Supplementary Fig. 4 (also see Supplementary
Note 3). The thickness of the dead zone and the cure zone can be
increased by increasing the growth rate or by decreasing
the exposure intensity and the concentration of additives in the
resin17,19. However, these process conditions result in a trade-off
with the spatial resolution and green strength of the fabricated
parts as evident from Fig. 2b and Supplementary Fig. 5 (also see
Supplementary Note 4). In order to attain high spatial resolution,
reduced constraints over the process window, and larger cross-
sectional area, discrete growth can be utilized when using a static
liquid interface. This is because discrete growth does not rely on
maintaining a dead zone—once the dead zone collapses, the

process simply requires a dewetting step to replenish the
polymerization zone with fresh resin before exposure of the
subsequent layer as shown in the schematic of Fig. 1d.

Discrete growth enables a wider process window. The schematic
in Fig. 1d illustrates the discrete layer-by-layer growth process
using a static liquid interface. During the exposure of UV light,
the dead zone collapses and interfacial forces cause wetting of the
polymerized layer by the inert liquid. As the 3D object is sepa-
rated from the inert liquid interface, the polymer layer is
dewetted, resulting in a gradual shrinking of the inert liquid’s
capillary bridge (also shown in Supplementary Movie 1). Because
of the deformable nature of the inert liquid during dewetting, an
interfacial phenomenon, the 3D object experiences virtually zero
mechanical separation forces (see Supplementary Note 5).
Therefore, a liquid constrained interface offers a significant
advantage for fabrication of devices with large cross-sectional area
(tens of millimeters in size) as evident from Supplementary
Movie 1, large overhangs, and high aspect ratio microstructures,
which are prone to failure because of stiction forces when using a
solid constrained interface (see Supplementary Fig. 7).

The vertical distance required to fully dewet the polymer can
be estimated by the capillary length, κ�1 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

γ= ρgð Þp
, where γ and

ρ are the surface tension and density of the inert liquid
respectively, and g is the gravitational acceleration29. In practice,
however, the exact distance required to fully dewet the polymer
depends on the surface tension between the interacting phases,
viscosity, contact area, and pull-off velocity30. For example, the
dewetting distance can be reduced by decreasing the viscosity of
the inert liquid or by decreasing the pull-off velocity. In our work,
when using Fluorinert as the inert liquid, the capillary length can
be estimated to κ−1 ≈ 0.9 mm. However, we observed dewetting
distances ranging from 0.4 mm to 1.1 mm for pull-off velocities of
20–400 μm s−1 and a polymerized area of 60 mm2. Furthermore,
the low surface energy of fluorinated oils allowed the dewetting to
occur without the formation of a residual volume of the inert
liquid adhered to the polymerized layer.

Using discrete growth, higher lateral resolution can be realized
with a wider process window. To demonstrate this, we
characterized the lateral resolution as a function of resin
properties, exposure intensity, and exposure dose (see Methods).
The polymerization curves in Fig. 3a, b show the dependence of
the isolated lateral polymerized feature sizes on the process
conditions and the designed lateral target dimensions. In Fig. 3a,
we compare two resins with differing concentrations of photo-
initiator and absorbing dye. Increasing only the photoinitiator

a b c 

Fig. 3 Lateral resolution as a function of process conditions using discrete growth. a The effect of modifying resin properties by varying the
concentration of photoinitiator, [PI], and absorbing dye, [Ab], on the convergence of polymerized feature size to the target dimension. b The effect of
increasing the exposure intensity on speed of polymerization and convergence to the target dimension. c Accuracy and variation, given as percent deviation
from target dimension, of polymerized features as a function of exposure dose while keeping exposure intensity and resin properties constant. The vertical
error bars in a–c represent the standard deviation of duplicated features over the entire projection area.
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results in a faster polymerization rate10,26, whereas increasing
both the photoinitiator and dye results in a higher vertical
resolution (reduced cured depth)10,17. We observe that when
using a resin with a higher photoinitiator and dye concentration,
convergence towards the target dimensions can be achieved. The
lack of convergence for the resin with a lower photoinitiator and
dye concentration (same resin used in Fig. 2b), even at large
exposure doses, is attributed to the oxygen inhibiting nature of
the inert liquid—quenching of photoinitiated radicals by the
oxygen in the inert liquid results in a decrease of lateral polymer
chain propagation. In Fig. 3b, we observe that by increasing the
exposure intensity, faster lateral growth and convergence towards
the target dimensions can be realized. The faster lateral growth
occurs because of an increase in photoinitiated radical production
caused by the higher exposure intensity. Furthermore, we observe
that the lateral growth curves in Fig. 3a, b have two distinct
regions, where the first region is characterized by rapid growth,
and the second region is characterized by a slow steady growth
towards the target dimension. This behavior is inherent in the
polymerization kinetics, as modeled by Dendukuri et al.26, where
the growth of the polymer occurs from the center outwards
after the dissolved oxygen in the resin drops below a critical
concentration.

For a given process window, there is an optimal exposure dose
that can be determined to achieve high fidelity and minimize
variations in the polymerized feature sizes. Figure 3c shows the
accuracy, as percent deviation from the target lateral dimension,
of polymerized features for a range of exposure doses. When
using near-optimal exposure dose, we demonstrate accuracies
above 95% for target dimensions ranging from 40 μm to 1000 μm
within the same print process. Furthermore, we observe that

features with smaller target dimensions require higher exposure
doses and are more sensitive to variations compared to features
with larger target dimensions—a behavior not unique to our
process31,32. We reason that the smaller feature sizes are more
susceptible to competition between radical propagation and
radical quenching by oxygen from the ambient. In addition, the
heat generated by the exothermic photopolymerization reaction
also contributes to the polymerization rate33. Therefore, when
target dimensions decrease, the localized heat generated also
decreases, resulting in slower curing of the isolated features.
Furthermore, as target dimensions reach the same order of
magnitude as the pixel size on the digital micromirror device
(DMD) array (~8 μm in our work), the localized intensity
decreases11, which effectively decreases the polymerization rate.

Using the static liquid interface, we demonstrate a variety of 3D
microdevices fabricated using discrete growth and without
sacrificial supports (shown in Fig. 4). The 15:1 aspect ratio,
1 mm tall helical coils, pillars, and funnels in Fig. 4a demonstrate
that delicate overhanging geometries with feature sizes below
75 μm can be fabricated. The dense array of channels (1mm deep,
75 μm diameter holes, and 16 μm minimum solid wall width)
shown in Fig. 4b illustrates the 63:1 aspect ratio and high-pitch
resolution achieved through dye loading in the resin and by
leveraging the oxygen inhibiting nature of fluorinated oils. Up to 5
mm deep array of channels with diameters ranging from 50 μm to
500 μm have been fabricated (not shown). The 25:1 aspect ratio,
1.5 mm long, and 60 μm wide suspended cantilever beams shown
in Fig. 4c illustrate the capability to fabricate building blocks of
micromechanical devices. Furthermore, we demonstrate the
capability of our process to rapidly fabricate an electrothermal
actuator34,35, a functional microelectromechanical system (MEMS)

a b 

d c 

Fig. 4 Variety of 3D microdevices fabricated using a static liquid constrained interface. a Array of helical coils, pillars, and funnels that are 1 mm tall.
Such high aspect ratio features do not break during the fabrication process because the dewetting step from the inert liquid does not lead to mechanical
separation forces. Furthermore, the 13 μm per layer thickness shows the ability to achieve high vertical resolution by dye loading in the resin. b Densely
packed array of channels (holes) that are 75 μm in diameter and 1 mm deep. The minimum solid wall width between each channel is ~16 μm. c A
microdevice with a suspended ring tethered to an array of suspended cantilever beams, which are 1.5 mm long and 60 μm wide. d An electrothermal
actuator (MEMS device) that displaces in-plane when heated with electrical current. The actuation of this device is demonstrated in Supplementary Fig. 6
and Supplementary Movie 2.
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device realized after metallization of the 3D-printed part (Fig. 4d).
Because of thermal expansion caused by Joule heating, in-plane
displacement of the 3D-printed actuator as a function of electrical
current through the device can be observed in Supplementary
Fig. 6 and Supplementary Movie 2. Manufacturing of the devices
shown in this work would be challenging in a conventional solid
constrained SLA system without the use of sacrificial supports,
which are needed to prevent failure from mechanical separation
forces. Although the wide range of devices shown here can be
fabricated using the two-photon approach32, the parallel patterning
using projection SLA allows scalability of our process for larger
area devices with higher throughput.

Conclusion
The static liquid constrained SLA process mitigates mechanical
separation forces, thus enabling reliable manufacturing of 3D
objects with unconstrainted geometric freedom—i.e., cross-
sectional area, overhangs, and aspect ratio. The flexibility over
the growth mode (continuous or discrete), within the same
process, facilitates a wider process window. Specifically, discrete
growth allows greater freedom over the process parameters such
as exposure and resin properties, therefore, fabrication of devices
can be tuned to the desired spatial resolution, fidelity, and green
strength. By using resins functionalized with ceramics36–39,
glass40, and electrically conductive fillers41 and integration of new
materials, our process can enable multi-scale additive manu-
facturing to become a potential commercially viable complement
to micromachining and soft lithography. This process can extend
the development of novel devices for numerous applications
including biomedical devices, MEMS sensors and actuators,
microrobots, radio frequency components, electronics packaging
to energy harvesting, and storage.

Methods
Materials. Photopolymerizable resin was composed of monomer, photoinitiator,
and passively absorbing dye. Monomer HDDA was purchased from Sartomer.
Photoinitiator, 4,4′-bis(dimethylamino)benzophenone, was purchased from Sigma-
Aldrich. Absorbing dye, 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene, was
obtained from Mayzo. The inert liquid Fluorinert FC-43, was obtained from 3M,
and Solvay Fomblin, was purchased from Sigma-Aldrich.

Resin formulation. Formulating the resins for the SLA process required varying
the concentrations of photoinitiator and absorbing dye in the monomer solution.
The concentration of photoinitiator up to 0.5% wt. and dye up to 0.2% wt were
varied in the monomer. These additives affect the polymerization rate and depth of
UV light penetration into the resin. We used the frontal photopolymerization
method42,43 to characterize the resins. The characterized cured depth response to
the exposure energy dose followed the “working curve” equation given by,
Cd ¼ Dp ln

Eo
Ec

� �
, where Eo is the incident exposure energy dose, Ec is the critical

energy dose required for the onset of polymerization, and Dp is the characteristic
penetration depth describing the rate of light intensity decrease10. Using this
approach, we designed various resins to meet the desired process specifications
such as vertical resolution (cured depth), lateral resolution (cured width), and
polymerization speed.

UV projection system and focusing. Patterning of the projected UV light was
achieved by using a Texas Instruments digital light processing projector. The UV
illumination source was a 385 nm light-emitting diode. We define the effective
projected pixel size as the product of the pixel size on the DMD array (~8 μm) and
the magnification of the projection optics. This effective pixel size determines the
minimum patternable resolution of the polymerized feature sizes. The projection
optics used in our system had a magnification of ×1.0, except where noted,
therefore, the designed feature size and projected feature size always had a 1:1
relationship.

The projected image was confirmed to be in focus at the interface between the
inert liquid and the resin using two methods. The first method consisted of
projecting a Siemens star pattern and visually confirming the focus. The fluorescent
dye in the resin assisted in imaging the projected image at the inert liquid and resin
interface. The second method consisted of fine-tuning the focus by experimentally
quantifying the lateral resolution for a fixed exposure condition.

Characterization of dead zone thickness. The dead zone thickness was char-
acterized by using a differential technique as shown in the schematic of Supple-
mentary Fig. 1a. An array of squares (1 mm × 1mm) were exposed in a predefined
resin gap of 150 μm with varying UV intensity and a fixed amount of exposure
time. After polymerization, the uncured resin was rinsed away with a solvent. The
thickness of the cured array of squares was measured using an optical profilometer,
where the reference plane was the base polymer onto which the cured squares were
polymerized (Supplementary Fig. 1b). The dead zone thickness was determined
from the difference between the predefined resin gap and the measured thickness
of the cured squares.

De-oxygenation of the inert liquid. The presence of the dead zone in the resin
adjacent to the interface of the inert liquid (fluorinated oil) is attributed to the
diffusion of the oxygen from the bulk of the inert liquid to the resin interface. The
oxygen concentration gradient near the interface is driven by the differences in
reported oxygen solubilities of ~35–44 mM in perfluorochemicals28 and ~1.17 mM
in HDDA monomer44. Therefore, an equal volume of air saturated inert liquid
contains 30–38× higher concentration of oxygen than HDDA-based resin.

We characterized the dead zone under two different conditions of Fluorinert
(inert liquid): ambient state (oxygen rich) and oxygen-depleted state. The
Fluorinert in the ambient state (without any treatment) is assumed to be oxygen-
rich because of its high oxygen solubility27,28. In order to deplete oxygen,
Fluorinert was purged with nitrogen prior to the dead zone characterization. The
resin used for any of these characterizations was not purged with nitrogen. Each
data point in Fig. 2a, b was repeated three times, where the error bars represent the
standard deviation. The total experimental duration under each state of Fluorinert
was 4 hours. The minimal variability in the dead zone thickness for the oxygen-
depleted Fluorinert indicates that the rate of re-diffusion of oxygen back into the
Fluorinert from the resin that was exposed to the ambient air was minimal during
the experimental timeframe.

The volume of inert liquid and resin used during the characterization of dead
zone was 15 mL and 25 mL, respectively. It was assumed that the concentration of
oxygen in the inert liquid was much larger than the concentration of oxygen in the
resin. Therefore, the formation of the dead zone during the relatively short UV
exposure periods was limited by diffusion of oxygen from the bulk of the inert
liquid to the localized region of UV exposure.

Characterization of lateral resolution. The lateral resolution in the graphs shown
in Fig. 3 was characterized by polymerization of isolated lines with varying widths
(Supplementary Fig. 2). The array of polymerized features are considered to be
“isolated” because the spacing between each feature was maximized to reduce
“cross-talk”11. The polymerized lines are composed of 10 layers, where each layer
was 25 μm thick, thus resulting in a total height of 250 μm. The fabricated samples
were rinsed with ethyl acetate and dried using compressed nitrogen prior to
measurement under the microscope. The isolated features were repeated over the
entire projection area to determine the variability caused by non-uniform intensity
distribution over the projection area. The error bars shown in the graphs of Fig. 3
are the standard deviation over the entire projection area.

Electrothermal actuator. The actuator shown in Fig. 4 of the main text, Supple-
mentary Fig. 6 and Supplementary Movie 2 utilizes a V-shaped bent beam
design34,35. After 3D printing the polymer structure, the surface of the polymer
device was metalized with aluminum using thermal evaporation. Wires were
bonded onto the contact pads (static anchors) of the device using silver
conductive epoxy.

Data availability
All data that support the findings of this study are available in the main text or
the supplementary information. Additional data related to this paper may be requested
from the corresponding authors upon reasonable request.
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