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We demonstrate that standard wafer fabrica-
tion can produce free-standing, mechanically sta-
ble, doubly-curved 3D structures with prescribed
Gaussian curvature — a capability not previously
achieved through semiconductor manufacturing.
The stability of the deployed structures is realized
through the bistable nature of their constituent
auxetic unit cells. To impose prescribed Gaus-
sian curvatures through deployment, we confor-
mally flatten the target 3D mesh onto the 2D
plane and locally tune the microstructure of each
unit cell such that its second stable equilibrium
occurs at the required isotropic expansion. The
resulting precursor features a spatially heteroge-
neous tessellation. This generative method is
validated on a spherical cap deployed from a flat
disk through indentation, with deployment accu-
racy and structural stability confirmed numeri-
cally and experimentally. The method is fur-
ther applied to a range of complex 3D shapes
with both positive and negative curvatures. As
a functional demonstration, paraboloidal reflec-
tors with tunable focal lengths are fabricated and
deployed, with reflected patterns agreeing with ge-
ometric optics predictions. This work paves the
way from flexible electronics towards deployable
electronics, broadening the spectrum of realizable
3D semiconductor devices.

Introduction

Three-dimensional mesoscale structures with
doubly-curved geometries promise to transform
medical engineering, curved electronics, and

wireless communication [1–3]. Current ef-
forts to realize three-dimensional electronic and
photonic systems follow two distinct fabrica-
tion paradigms: direct three-dimensional mi-
crofabrication and planar wafer fabrication fol-
lowed by transformation or assembly into three-
dimensional forms [4–6]. Recent advances in
multiphoton lithography (MPL), including two-
photon polymerization, have significantly ex-
panded the capabilities of the former, enabling
freeform 3D architectures, writing on non-planar
substrates, and a range of hybrid and transfer-
based integration strategies [7–10].

With the shared long-term goal of digital
electronics in 3D, MPL advances this objec-
tive by offering geometric freedom and local-
ized material patterning through serial, voxel-by-
voxel writing [11]. This serial nature, together
with the reliance on material-specific photore-
sists and sequential processing steps, represents
a fundamental distinction from wafer-scale fab-
rication and can pose challenges for large-area
scalability, throughput, and heterogeneous inte-
gration within established semiconductor work-
flows [12,13].

Here we ask: can standard planar wafer fab-
rication be used to manufacture precursors that
deploy uniquely, stably, and accurately to pre-
scribed doubly-curved 3D geometries without a
supporting substrate? We address this question
by combining conformal mapping, bistable aux-
etic microstructure design, and multi-step lithog-
raphy into a unified fabrication and deployment
pipeline. This approach leverages existing pla-
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nar wafer fabrication, where parallel process-
ing, yield, and heterogeneous material integra-
tion are already mature, and combines it with
mechanically programmed, bistable deployment
to achieve prescribed three-dimensional architec-
tures. We treat the 2D-to-3D deployment as an
integral step of the manufacturing process: the
planar precursor fabricated on the wafer is an in-
termediate product, and the deployed 3D struc-
ture is the final manufactured device [14–16].
To achieve this, we address three fundamen-

tal challenges related to 1) accommodating the
necessary mechanical stretch, 2) targeting spe-
cific 3D shapes, and 3) ensuring structural sta-
bility. First, Gauss’s Remarkable Theorem dic-
tates that in-plane stretch and/or contraction
is required to alter the Gaussian curvature of
a surface [17]. To achieve significant curvature
change, the necessary stretch often exceeds the
rupture limits of thin film substrates [18,19]. To
overcome this, one may constrain the designs to
isometric deformations or bending [5, 14, 20, 21].
Alternatively, a microstructural approach such
as Kirigami, serpentine, or origami patterns may
be adopted to accommodate a larger effective
stretch of the overall material [22–27].
Second, current techniques generally do not al-

low target geometries to be prescribed a priori.
By virtue of periodic patterning, most 2D pre-
cursor designs are inherently 3D-shape-agnostic,
i.e., they may equally conform to many different
substrate geometries. As a corollary, it is also
unknown a priori whether the required stretch of
a specific contour exceeds the allowable stretch of
the precursor, thereby causing tear and/or wrin-
kling [5, 14, 28]. Instead, we construct a confor-
mal map of the target 3D design and generate
a spatially varying 2D pattern accordingly. This
2D pattern can only deploy to that specific 3D
shape, up to isometry.

Third, the mechanical stability of flexible elec-
tronics in the absence of a substrate remains un-
defined [16, 29–32], e.g., when the substrate is
removed, most flexible electronics will collapse
back to 2D. Mechanical bistability may address
this challenge [33–35], yet this has been rarely
adopted on a meso- or micro-scale. Here, by
engineering a second stable state in the target

3D design, we can imbue mechanical stability
to 3D mesoscale structures after shape deploy-
ment [34–36].
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Figure 1: Pipeline for the manufacturing
of deployable 3D mesoscale structures. a)
A target 3D geometry is specified as a surface
mesh. We use the example of an annulus with
both positive and negative Gaussian curvature.
b) The mesh is conformally flattened to the 2D
plane; the color spectrum indicates the local
isotropic expansion factor λ per mesh face, and a
regular square grid is superimposed. c) The geo-
metric parameters of each unit cell are tuned so
that its second stable equilibrium occurs at the
required local expansion λ. This yields a spa-
tially heterogeneous 2D precursor pattern. d)
The precursor pattern is transferred to a poly-
imide film via maskless lithography and reactive-
ion etching. e) The patterned film is mechani-
cally released from the wafer substrate. f) The
free-standing precursor is deployed through me-
chanical indentation into the prescribed 3D ge-
ometry, where it is stabilized by the bistable na-
ture of its constituent unit cells.

While target shape morphing through con-
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formal mapping has been utilized in the litera-
ture [37, 38], including by the authors [34, 39],
the central result of this work is that free-
standing, mechanically stable, doubly-curved 3D
structures with prescribed Gaussian curvature
can be produced from standard wafer fabrica-
tion. We treat the 2D-to-3D deployment as
an integral step of the manufacturing process:
the planar precursor fabricated on the wafer is
an intermediate product, and the deployed 3D
structure is the final manufactured device. We
show 1) that masked lithography can fabricate
bistable auxetic precursor structures with spa-
tially heterogeneous aperiodic patterns algorith-
mically designed to target specific 3D shapes, 2)
that these wafer-fabricated precursors can be re-
leased from the substrate and mechanically de-
ployed uniquely and stably to the target 3D ge-
ometry without a supporting substrate, and 3)
that the resulting free-standing 3D structures are
mechanically stable and geometrically accurate,
as confirmed through numerical simulation and
experiment. This integration of target shape de-
ployment and generalizable semiconductor pro-
cessing paves the way for a new class of devices
including miniature antennas, conformal sensor
arrays, micro-optical components, and human-
interfacing medical implants [30,31,40].

Results

Design & fabrication pipeline

We demonstrate a protocol that utilizes wafer
fabrication to manufacture a 2D precursor,
which is then deployed into a free-standing dou-
bly curved 3D structure. Using an annulus ge-
ometry with both positive and negative Gaus-
sian curvature as an example (Fig. 1a), the pro-
tocol first specifies a 3D surface mesh of the
target geometry. A discrete conformal map is
then computed [41] to flatten this mesh onto the
2D plane, resulting in a 2D mesh with identi-
cal connectivity (Fig. 1b). The vertices are opti-
mized to minimize angular distortion of the tri-
angular mesh faces; this necessarily requires the
area of each triangle to isotropically scale, as in-
dicated by the expansion factor λ. A grid of

squares of edge length L is superimposed onto
the flattened mesh, and each square is assigned
the local λ value from the mesh faces underneath.
This areal scaling is mechanically enabled using
a parametric unit cell that exhibits auxeticity
and bistability with a tunable second equilib-
rium strain, εequil. By setting εequil = λ − 1 per
unit cell, the geometric parameters of each unit
cell are determined, yielding a spatially hetero-
geneous 2D precursor pattern (Fig. 1c). The pre-
cursor is fabricated through a multi-step lithog-
raphy process using polyimide PI 2611 (HD Mi-
crosystems Inc.) (Fig. 1d), released from the
wafer substrate (Fig. 1e), and mechanically de-
ployed into the prescribed 3D geometry, where
it is stabilized by the bistable nature of its con-
stituent unit cells (Fig. 1f).

Mechanics of unit cell microstructure

First, we analyze the kinematics and mechanics
of the unit cell microstructure that enables aux-
eticity and bistability. All deployable surfaces in
this work are tessellated with unit cells of the
same initial edge length L = 220 µm (Fig. 2a).
The microstructure of this rotating square aux-
etic pattern consists of a series of slits. These
are defined by the side length of l and a tilt-
ing angle θ. The slits have a width of s, and
they form four inner squares connected to the
outer geometries with hinges of width c. The de-
tailed geometric definition is found in SI Sec. 2.1.
This design is chosen because it simultaneously
satisfies three properties required by the confor-
mal deployment framework: (1) a Poisson’s ratio
of ν = −1 between the rest and second equi-
librium state, (2) mechanical bistability with a
tunable second equilibrium strain through the
rotating square inclination θ and edge length l,
and (3) isotropic expansion over the entire strain
range [26, 35, 42, 43]. Isotropic expansion is crit-
ical because conformal maps prescribe a purely
isotropic areal scaling λ at each point; a unit
cell that expands anisotropically would introduce
shear distortion incompatible with this frame-
work.

When this unit cell undergoes uniaxial tension,
the squares counter-rotate by an angle ϕ from
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0 to 2θ to accommodate the stretch. Kinemati-
cally, this results in an isotropic expansion of the
unit cell from the initial edge length L to λL [34]
where λkinematic = 1 + 2l sin θ assuming c, s = 0.
Note that at all intermediate values of ϕ, kine-
matic incompatibility must be resolved through
deformation. As a result, two stable equilibria
exist at ϕ = 0 and 2θ.

We leverage wafer fabrication to manufac-
ture all specimens in this manuscript. To fa-
cilitate experiment characterization of unit cells
at the micron-scale, we fabricate 8 by 8 pe-
riodic tessellations of the different parametric
variations. As shown in Fig. 2b, first, (i)
the wafer is coated with (A) a silane coupling
agent (3-Aminopropyl)triethoxysilane (APTES),
(B,C) two layers of polyimide (PI-2611, 6 µm),
and (D) a photoresist (AZ 12XT-20PL, 11 µm),
(ii) then maskless photolithography is used to
pattern the microstructure onto the photoresist,
(iii) the sample is then uniformly etched until the
depth of the slit on the top layer of PI is reduced
by 75% using Reactive-ion etching (RIE). It is
not etched through to minimize stress concen-
tration during the peeling process that follows.
In (iv), the upper layer of PI is mechanically
peeled from the bottom, and (v) subjected to
secondary etching until the slits are fully formed.
(vi) Lastly, the sample is immersed in acetone to
dissolve the remaining photoresist. Compared
to widely used microfabrication approaches, such
as employing sacrificial layers [32,44], our proto-
col leverages the low surface adhesion between
two polyimide layers to detach sample from sub-
strate while minimizing stress concentrations.
To evaluate the repeatability of the fabrication
method, we measure the thickness of the poly-
imide film (6.08 ± 0.66µm) and of the photore-
sist (12.41± 0.16µm) in the thickness direction.
In-plane, we compare the designed versus fabri-
cated feature sizes of the critical slit and hinge
dimensions. See SI Sec. 4.1 for details.

A micro-mechanical stage is constructed to
apply tension to the 8 by 8 periodic tessella-
tions, which is designed to expand to a pre-
scribed stretch in-plane (See SI Sec. 5.1). The
experiment is conducted under an optical mi-
croscope to measure the effective stretch. The

boundary cells are connected with angled beams
(Fig. 2c) which are designed to allow free ex-
pansion in the orthogonal direction, i.e., at the
second equilibrium, the beams become parallel.
From all combinations of l and θ, two extremes
of the λ spectrum are experimentally tensioned
to 1.2 times their respective second equilibria
and relaxed. The resulting effective-stress and
stretch curves show an initial stiffening followed
by softening until the stretch equals to λ where
the behavior rapidly stiffens again (Fig. 2d). The
initial behavior is attributed to the partial open-
ing of all unit cells as expected from linear elas-
ticity. The softening is a result of the column
by column triggering of bistability (Fig. 2e, see
Video 1). Due to the imperfections in fabrication
and the boundary conditions, the triggering force
per column differ minutely. This causes some
columns of unit cells to snap prior to others. At
the expected λ, all unit cells are in their second
equilibria, and further tensioning results in a sig-
nificantly stiffer response. During unloading at
the second equilibria, the reaction forces reach
zero as indicative of static equilibrium. Further
unloading results in out-of-plane buckling with
negligible reaction forces.

Next, we quantify the mechanical response of
all combinations of the two geometric parame-
ters θ and l using Finite Element (FE) analyses.
We identify a range of feasible θ from 0.1π to
0.28π, l from 0.1L to 0.4L/(sin θ + cos θ), and
set the increments at 0.01π and 0.01L respec-
tively. Each unit cell microstructure is meshed
using quadratic shell elements. Periodic bound-
ary conditions are imposed on the four edges,
and a stretch is prescribed from 1 to 1.2λkinematic.
The material behavior of polyimide is detailed in
SI Sec. 1. The detailed FE protocol is outlined
in Methods and SI Sec. 3.1. The resulting stress-
strain relationships inform the bistability of the
different unit cells as well as the stretch at their
second equilibria λ (if any). Of the parametric
combinations of θ and l that result in a bistable
microstructure as defined by the presence of a
second local minimum in the strain energy, we
identify the permissible spectrum of λ as between
[1.2, 1.6].

With the parametric sweep, we construct a li-
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Figure 2: Mechanics of bistable auxetic unit cells. a) Each 2D pattern is tessellated using
a grid of unit cells. The microstructure of each unit cell features a number of slits. As the unit
cells stretch, the inner squares counter-rotate. By changing internal geometric parameters l and θ,
the stretch at the second equilibrium λ can be tuned. b) Wafer fabrication protocol used by all
specimens in this work featuring multiple masking and etching steps. The structure is physically
peeled from the substrate prior to deployment. c) Micro-tensile experimental setup featuring an
8x8 tessellation, The lower scale bar is 1 mm. d) From all combinations of l and θ, two extremes
of the λ spectrum are tension tested. The Microscopic image sequence of the deformations of these
are shown. e) The stress-strain curves of the two unit cells respectively. The vertical dashed lines
indicate the strains at the second equilibria.

brary of unit cells that feature the correspon-
dence between the stretch at the second equi-
librium λ and the input geometric parameters θ
and l. Further, we identify the range of λ values
that will result physically realizable microstruc-
tures that exhibit bistability. By examining the
internal stresses, we validate that the hinges ex-
perience negligible plasticity. See SI Sec. 3.2 for
the results of all parametric combinations.

Generative algorithm

Now, we discuss an algorithmic approach to de-
sign a spatially heterogeneous 2D tessellation

that deploys to a prescribed 3D shape when all of
its unit cells reach their respective second equi-
librium. We observe that all unit cells in the
design space expand isotropically up to their re-
spective second equilibrium with a stretch equal-
ing to λ. This leads us to use conformal mapping
to calculate the necessary scalar field of λ as a
function of the prescribed 3D shape. Once λ
is calculated per coordinate on the 2D mesh, the
values are then further translated to the unit cell
geometric parameters θ and l using the unit cell
library computed previously.

A conformal map is a function that locally pre-
serves angles but not areas. Mechanically, this
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Figure 3: Design, fabrication and mechanical behavior of a deployable 3D spherical
dome. a) Digital geometric processing that translates a target 3D mesh to a lithography mask
by first conformal mapping to the 2D plane, grid sampling the scale factor λ, and then selecting
the geometric parameters per unit cell. b) Wafer fabrication of the 2D spatially heterogeneous
precursor showing unit cells of different λ. c) 2D to 3D deployment using a mechanical indenter.
This deployment step is part of fabrication process that yields the 3D structure. d) Mechanical
indentation test to demonstrate the stability of the 3D structure after deployment. e) Experimental
and simulation results of mechanical indentation. See SI Video 2.

implies each material point may expand or con-
tract but not distort in shape, which our unit
cells satisfy. Thereby, if we abstract the pre-

scribed 3D design by its Gaussian curvature K,
we can simply relate K directly to the Laplace
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of the scalar field λ (Eq. 1),

K = ∆f log λ, (1)

where, ∆f is the Laplace-Beltrami operator [28,
45].

Mechanistically speaking, the spatially vary-
ing degree of stretch on a surface will cause
geometric frustration that “pop” the surface
out into 3D [46]. This occurs when out-of-
plane bending becomes more energetically favor-
able as compared to in-plane compression of the
constituent material. Indeed, shape morphing
that explicitly leverage this principle have been
demonstrated [47–49].

To outline the algorithm, we target the deploy-
ment from a disk to a quarter-spherical dome,
h = 0.5R,R = 1.35mm (Fig. 3a,i). First, we al-
gorithmically generate the 2D precursor, which
features a spatially heterogeneous unit cell tes-
sellation. While stereographic projection may be
used to calculate a continuous λ field for such a
canonical geometry [50] (see SI Sec. 2.2), we use
Boundary First Flattening (BFF) [41] for gener-
ality in processing arbitrary discrete geometries
(see SI Sec. 2.3). BFF computes conformal maps
of input meshes by minimizing angular distortion
while flattening from 3D to 2D. The local scale
factor λ at each mesh face is computed as the
areal change of each pair of corresponding mesh
faces, i.e., λ =

√
A3D/A2D, where A3D and A2D

are the areas of the corresponding mesh faces in
3D and 2D respectively (Fig. 3a,ii).

Next, a grid of squares of edge length L is over-
laid on the conformally flattened 2D mesh. By
inferring the λ of each square from the mesh faces
underneath, we calculate the necessary θ and l of
the unit cell microstructure to slot in the square
(Fig. 3a,iii,iv). Should the λ resulting from BFF
exceed the bounds of the permissible λ spectrum
from the unit cell analysis, then no combinations
of θ and l can satisfy the required scaling, and
the target geometry cannot be deployed to with
this particular microstructure without injecting
singularities [51].

The wafer fabrication protocol outlined in
Fig. 2d is used to fabricate all 2D precursor pat-
terns (Fig. 3b). For deployment, a spherical in-

denter (rindenter = 0.4mm) is used. The 2D pat-
tern is fixed at the midpoint of the four edges.
The indenter connected to a linear translation
stage pushes up against the pattern until the
vertical displacement reaches d = 1.2h. This
is larger than the height of the dome to ensure
each unit cell is stretched beyond their respec-
tive second equilibrium (Fig. 3c). The indenter
is then retracted to show that the dome simi-
larly retracts briefly until the intended height is
reached, then detaches from the indenter.

To assess the repeatability of the deployment
process, three dome structures are fabricated
and deployed following the same procedure. The
measured dome heights are 0.671(18)mm and
lateral spans are 2.29(13)mm (mean ± s.d.)
respectively. This confirms consistent and re-
peatable deployment behavior across samples.
While the dome height is achieved accurately,
the systematic underestimation of the span (tar-
get: 2.70mm, underestimation of 15%) is at-
tributed to the boundary conditions of the phys-
ical structure, which constrain free expansion at
the edge points. To quantify geometric accu-
racy, a 3D surface reconstruction of a represen-
tative deployed dome is generated using focal-
plane stacking (see SI Sec. 6). The pointwise
geometric deviation between the reconstructed
surface and the target hemisphere is mapped in
SI Fig. 12, confirming that deviations are con-
centrated at the rim (δ ≤ 0.14R), with the cen-
tral region closely matching the target geome-
try. For further validation, to show that the 3D
structure is not shaped as a result of indenta-
tion, we fabricate a periodic tessellation of unit
cells following the same 2D outline. Following
the identical deployment process, the structure
becomes wrinkled and does not approximate a
hemisphere (See SI Sec. 5.4).

Using shell elements and static analysis, the
FE simulation of deployment artificially expands
the distance between every pair of neighboring
unit cells from L to their respective λL where the
λ of each pair is averaged. The total strain en-
ergy shows two local minima during the simula-
tion, demonstrating the stability of the deployed
3D structure (see SI Sec. 3.3). This method of
simulated deployment can be universally applied
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as the target 3D design is not supplied a priori.
By not applying displacements at the boundary
nodes, this method circumvents the instabilities
inherent in each unit cell. We find the resulting
deployed 3D structure matches closely to the ex-
perimental counterpart with the simulated dome
height being 0.71mm. See Methods for details of
the FE setup.

Lastly, to demonstrate structural stability, the
indenter is flipped to press downward onto the
deployed dome as it rests against a flat surface.
The displacement of the indenter is increased
until d = 0.6h upon which it reverses. Micro-
scopic imaging of the deformation shows a be-
havior similar to those of continuum shells where
a localized indent forms [52]. We note that the
dome does not fully recover its original shape af-
ter significant indentation (Fig. 3d). This partial
irreversibility is attributed to localized damage
in the hinge regions of the unit-cell microstruc-
ture under off-path loading conditions. Specif-
ically, indentation introduces localized bending
and compressive stresses that are absent during
deployment, leading to plastic yielding and buck-
ling of hinge elements. Importantly, this behav-
ior does not originate from the deployment pro-
cess itself, which follows a prescribed deforma-
tion pathway to the second stable equilibrium.

The FE counterpart replicates the experi-
mental setup and allows access to the internal
stress state of the dome. The force-displacement
behavior of the simulation matches well with
that of the experiment for the loading portion
(Fig. 3e). As the simulation model does not
account for frictional dissipation (of the dome
against the flat surface), the unloading is not
predicted.

Deployment of complex designs

To demonstrate the versatility of the 2D to 3D
deployment methodology, we specify a number of
target shapes with different topology and geome-
try (Fig. 4). These include: the cornea geometry
shown in detail in SI Sec. 7, a double dome with
a negative curvature region in between [34], a
threefold rotational symmetric shape with open
boundaries that are elevated [34], the top of

Target 3D shape 2D precursor Deployed structure

Figure 4: Experimental demonstration of
complex target 3D designs. The 3D meshes
are supplied to the algorithm which generates
the corresponding 2D precursor lithography pat-
terns. These are fabricated and deployed to
3D structures of prescribed shapes. Scale bars:
2mm.

the Lilium tower [53], and an annulus shown in
Fig. 1 [54]. The Euler characteristic of shapes
3 and 5 are 0, whereas the others are 1 [55]. In
each case, the 2D precursors are fabricated in the
2D state with some boundary units connected to
the substrate. The five shapes are designed using
1126, 667, 501, 590, 515 unit cells respectively.
Upon mechanical deployment through indenta-
tion, the 3D structures faithfully reproduce the
target input geometries (See SI Video 3). Note
that not only is the global shape predictable, the
spatial coordinates and connectivity of each unit
cell can be inherently inferred. This allows an
array of sensors to be precisely placed.

Paraboloidal reflectors

We use paraboloidal reflectors as a represen-
tative geometry to demonstrate precise control
over the curvature of the deployed 3D structures.
Paraboloidal geometries provide a well-defined
benchmark: their optical response is highly sen-
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Figure 5: Demonstration of proof-of-
concept doubly-curved paraboloidal re-
flectors with tunable focal distances. a)
The schematic diagram of experimental setup
of the paraboloidal reflector shows the incident
rays reflecting off the deployed reflector, con-
verging at a focal point before diverging towards
the imaging plane. b) Photograph of the ex-
perimental setup. c) Target 3D design, and the
fabricated and deployed 3D reflectors with focal
lengths ranging from f = 0.85r, 0.65r to 0.45r.d)
Analytically calculated reflected pattern for the
three samples at a distance D = 40mm, note
that the reflected pattern of specimen f = 0.45r
exceeds the bounding box. e) Photography of
the reflected patterns with the analytically cal-
culated maximum radii labeled.

sitive to surface curvature deviations, and the
reflection pattern under collimated illumination
can be analytically predicted. Furthermore, con-
ventional fabrication of three-dimensional reflec-
tive surfaces often relies on high-precision ma-
chining, molding, or micro-scale 3D printing [56].
In contrast, our planar wafer-based fabrication
strategy offers practical advantages for device
integration, since wafer fabrication readily sup-
ports multilayer processing and the incorpora-
tion of additional functional materials such as
sensing or electronic components.

To demonstrate this capability, we design
three deployable reflectors, each targeting a dif-
ferent focal length, i.e., f = 0.85r, 0.65r, 0.45r,
but all sharing the same radius r = 3mm. All
three reflector designs employ the same number
of bistable unit cells (n = 79) and the same edge
length L = 220 µm. An optical characterization
experiment is constructed to demonstrate accu-
rate reflective behavior. The planar precursor
is first deployed and then positioned at a dis-
tance D = 40mm from an imaging plane. A
collimated visible laser beam of 3mm in diame-
ter (Thorlabs, PL202, 635 nm, 1mW) uniformly
illuminates the entire surface of the reflector. Re-
flected rays propagate toward and are recorded
on the opposing imaging plane (Fig. 5a). The
pattern on the imaging plane is captured using
a digital camera placed behind (Fig. 5b).

The 2D precursors are designed and fabricated
using the wafer-scale lithography protocol de-
scribed above. To enhance optical reflectivity,
a thin gold layer is deposited onto the polyimide
precursor as a final fabrication step. After me-
chanical deployment, the resulting 3D structures
closely approximate the target paraboloidal ge-
ometries (Fig. 5c). To predict the reflected pat-
terns, we employ a ray-based geometric optics
model using the known parameters f , r and D
(Fig. 5d). First, we consider the reflector as a
smooth parabolic surface, and analytically de-
rive the intensity profile as a function of the
radial distance from the center. This continu-
ous analysis confirms that the reflected intensity
decays rapidly away from the center, explaining
why the experimentally measured spatial extent
of the reflected light appears smaller than the
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predicted geometric boundary. Recognizing that
the deployed structure contains many voids, we
additionally model the reflections from only the
rotating squares within each bistable unit cell.
Each square is assumed to be locally flat, and
one ray per square is traced according to the lo-
cal surface normal and projected onto the imag-
ing plane. Each red dot in Fig. 5d therefore rep-
resents the intersection of a single reflected ray
with the imaging plane. This discrete ray tracing
captures the characteristic shape and spatial dis-
tribution of the reflected pattern, including the
diagonal features arising from the square unit-
cell architecture. As expected for paraboloidal
geometries, reflected rays converge at the de-
signed focal length before diverging toward the
imaging plane (see SI Sec. 7.1 for details).

In both continuous and discrete numerical
approximations, the predicted ray distributions
show a strong accumulation of reflected rays near
the center for all three focal lengths, with the in-
tensity decaying rapidly outward. From the dis-
crete ray tracing, the predicted boundary radii of
the illuminated regions on the imaging plane are
R = 69.5mm, 147mm, and 381mm respectively.
Experimentally, reflected patterns are recorded
under identical illumination conditions for all
samples (Fig. 5e). The measured spatial extent
of the reflected light is smaller than these pre-
dicted boundaries, consistent with the rapid in-
tensity decay confirmed by the continuous model
— little measurable light reaches the geometric
boundary of the pattern. For the shortest focal
length case (f = 0.45r), the illuminated region
exceeds the size of the imaging plane.

Differences between the calculated and ex-
perimental patterns arise from effects not cap-
tured in the geometric optics model, including
discretization by the square unit-cell architec-
ture, light scattering, finite surface roughness
and non-uniform gold coating, partial shadow-
ing between neighboring unit cells, and devia-
tions of the deployed geometry from the ideal
paraboloidal shape. We further note that a di-
rect quantitative comparison of reflected inten-
sity distributions is complicated by the fact that
the discrete model accounts only for reflections
from the rotating squares, whereas the fabricated

reflector includes additional reflective surfaces
between unit cells. The comparison is therefore
intended to validate curvature control and focal
behavior rather than exact point-wise intensity
agreement.

Discussion

This work demonstrates that standard wafer fab-
rication can produce free-standing, mechanically
stable, doubly-curved 3D structures with pre-
scribed Gaussian curvature. By combining con-
formal mapping, bistable auxetic microstructure
design, and multi-step lithography into a uni-
fied pipeline in which mechanical deployment
serves as the final manufacturing step, we show
that spatially heterogeneous 2D precursors can
be algorithmically designed, lithographically fab-
ricated, and mechanically deployed to target
3D geometries with accuracy confirmed both
numerically and experimentally. The general-
ity of the approach is demonstrated across a
range of topologies and curvature distributions,
and its geometric precision is validated through
paraboloidal reflectors whose optical behavior
agrees with analytical predictions. We note that
the achievable curvature within a single con-
tinuous structure is bounded by the permissi-
ble range of λ of the particular microstructure
design, which limits the sharpness of curvature
gradients. This constraint can be addressed by
stitching separately fabricated sections after de-
ployment. Going beyond mechanical deploy-
ment, future research may investigate actuation
mechanisms including magnetism [57] or pneu-
matic inflation [54] to enable autonomous de-
ployment. By establishing a process-compatible
pathway from planar wafer fabrication to pre-
scribed 3D architectures, this work paves the way
from flexible electronics towards deployable elec-
tronics, broadening the spectrum of realizable
3D semiconductor devices [2].
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Methods

Material characterization

The stress-strain behavior of polyimide is ob-
tained using a universal testing machine (Instron
68SC-2) at a displacement rate of 5mms−1. The
results are shown in SI Sec. 1.

Fabrication protocol

All specimens are fabricated using the pro-
tocol outlined in Fig. 2d. The ingredients
are as follows. The silane coupling agent is
(3-Aminopropyl)triethoxysilane (APTES). The
structural material is polyimide (PI-2611). The
photoresist used is AZ 12XT-20PL. The maskless
photolithography system is Bruker SF-100 Light-
ning. The Reactive-ion etching is performed on
an Oxford Plasmalab System 100 ICP. See SI
Sec. 4 for details.

Experimental setup

Mechanical tests are performed using a custom-
built mesoscale testing system. The setup
includes a linear motor stage (Zaber) and a
force sensor (LSB200, 10 g, Futek), mounted
onto the linear stage via a custom-designed 3D-
printed adapter. Deformation is observed using
a Nikon microscope equipped with a digital cam-
era (Nikon D780). The entire setup is mobile and
can be transported to different imaging equip-
ment. A detailed description of the testing pro-
cedure and equipment configuration is provided
in the SI Sec. 5.

Numerical Simulations

All Finite Element (FE) simulations are con-
ducted using Abaqus static (general), account-
ing for geometric non-linearity. Quadratic shell
elements are used to mesh all geometries in this
study. The unit cell characterization is mod-
eled with periodic boundary conditions imposed
on the four edges. The deployment simulation
involves establishing axial connectors between
every neighboring pair of unit cells. Displace-
ments are then assigned to each connector to lo-

cally expand each unit cell in plane. The mag-
nitude of the displacement is calculated by the
pre-calculated second equilibrium strain of the
unit cells. The indentation simulation is a con-
tinuation of the deployment, and models a stiff
sphere pressing down against the deployed geom-
etry. See SI Sec. 3 for details.

Data Availability

The data that support the findings of this
study are available in a GitHub repository
at https://github.com/UH-AIM/deployable_

wafer_architecture and will be made publicly
accessible upon publication.

Code Availability

The finite element analysis scripts and image
processing code used in this study are available
in the same repository at https://github.com/
UH-AIM/deployable_wafer_architecture and
will be made publicly accessible upon publica-
tion.
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