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Fig. 1. Our method approximates a target structure with rigid quad tiles, forming a flat mechanical linkage. A string is then routed through an optimized
subset of linkage elements. With a single pull of this string, the linkage assembles into a final chair configuration.

We present a computational approach for designing freeform structures that
can be rapidly assembled from initially flat configurations by a single string
pull. The target structures are decomposed into rigid spatially varied quad
tiles that are optimized to approximate the user-provided surface, forming
a flat mechanical linkage. Our algorithm then uses a two-step method to
find a physically realizable string path that controls only a subset of tiles
to smoothly actuate the structure from flat to assembled configuration. We
initially compute the minimal subset of tiles that are required to be controlled
with the string considering the geometry of the structure and interaction
among the tiles. We then find a valid string path through these tiles that
minimizes friction, which will assemble the flat linkage into the target 3D
structure upon tightening a single string. The resulting designs can be
easily manufactured with computational fabrication techniques such as 3D
printing, CNC milling, molding, etc. in flat configuration that, in addition
to manufacturing, facilitates storage and transportation. We validate our
approach by developing a series of physical prototypes and showcasing
various application case studies, ranging from medical devices, space shelters,
to architectural designs.
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1 Introduction

The construction of deployable structures from flat modular pieces
simplifies both fabrication and assembly on site while reducing the
transportation and storage requirements. By combining rigidity and
flexibility, these structures find applications in fields ranging from
architecture [Panetta et al. 2019] to electronics in robotics [Chen et al.
2024; Liu et al. 2024] and biomechanical devices [Wang et al. 2023b].
Despite this prominent progress, achieving freeform deployables
that integrate both modularization and effective actuation remains
an open challenge.

Deployables have recently gained significant traction in com-
putational design and fabrication, yet existing actuation strategies
struggle to achieve reversibility, scalability, and reliable support
for shell-like, doubly curved geometries. Some of the existing ap-
proaches exploring reversible and scalable strategies face limitations
while approximating geometries with variation of sign in the mean
curvature (e.g., negative mean curvature [Konakovi¢-Lukovi¢ et al.
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2018]), and they often require specialized equipment to actuate or
risk potential jamming [Eguchi et al. 2022]. A method that unifies
surface rationalization with optimized actuation enables structures
to transition from flat to freeform configurations and allows fast,
repeatable deployment as well as disassembly. This capability opens
new opportunities across domains and scales, ranging from novel de-
signs of compact, transportable biomedical devices, foldable robots,
and consumer items (such as chairs or bike helmets) to large-scale
portable space habitats and rapidly deployable emergency shelters
or field hospitals during floods or earthquakes.

We introduce a new method for deploying a structure from the
flat configuration to the assembled curved configuration with only
a single pull of a string (see Figure 1). Our approach is based on
the planar linkage of spatially varying quadrilateral tiles which
are connected by rotational hinges at the vertices. The string then
passes through only a small subset of tiles and lifts the structure
simply by tightening it. This setup allows for reversible actuation:
if the string is released, the structure returns to a flat configuration.
The structure requires a simple unidirectional pulling mechanism,
making it independent of the scale. Several key contributions enable
our method:

e We approximate a user-provided structure by modularizing
it into scale-varying quadrilateral frustums and derive a flat
configuration by computing hinge placements that respect
geometric curvature, forming a flat mechanical linkage.

e We present a general analysis showing that closing the bound-
ary gaps alone suffices to guide all linkage tiles into the de-
sired 3D configuration.

o We identify the minimum set of lift points for assembling the
final structure and optimize the string routing to minimize
channel friction. This effectively reduces the total resistive
force during actuation of the structure from a flat to assembled
configuration.

e Our method supports reversible actuation on a wide scale
range, as demonstrated by proof-of-concept prototypes across
various domains and scale. We show examples lifted by hu-
man hand, robotic arms, and architectural cranes.

Our method offers several key advantages beyond its ability to
handle both flat fabrication and complex curvature. Since all tiles
remain fully enclosed and connected through a single low-friction
string path, the structure is simple to deploy, disassemble, and reuse.
By eliminating the need for additional scaffolding or sealed layers,
users also benefit from lower material costs and faster production
times, an attribute crucial for emergency shelters, large-scale tem-
porary architectural installations, and consumer products alike. We
demonstrate potential applications throughout this work, ranging
from compact medical wearables (e.g., a foldable backrest and foot
splint, see Figure 2) to consumer items (e.g., foldable chair, see Fig-
ure 12), crane-lifted architectural structures ( see Figure 17), and
transportable space habitats (see Figure 16). Our method also has the
potential to facilitate robotic assembly by replacing computationally-
intensive and challenging assembly including individual block de-
tection and motion planning of each block with the far simpler
task of detecting and pulling a single string (See Figure 15 and
Supplementary Video, 01:23).
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Fig. 2. Application in personalized medical items such as splints (Left) and
posture correctors (Right). Both are optimized for a given patient, then
manufactured, stored and carried flat, and can be easily assembled by a
single string pull.

The remainder of this paper is organized as follows. Section 2
discusses relevant papers and their connection to our work. Section 3
provides an outline of our method. Section 4 provides the design
framework for the flat configuration and the placement of the hinges.
Section 5 describes the string route finder algorithm. Section 6
discusses fabrication of the prototypes and application case studies.
Section 7 highlights the limitations of our approach, and identifies
potential future research directions.

2 Related Work

Deployable structures. In recent years, the design of fast deploy-
able structures has received significant attention driven by applica-
tions from emergency shelters to space exploration. [Zheng et al.
2016] design deployable rigid scissor linkages that approximate
3D models while ensuring a collision-free expansion path. Subse-
quently, beam-based grid shells have been used to quickly deploy
doubly-curved structures made from planar linkages [Becker et al.
2023; Panetta et al. 2019; Suzuki et al. 2023]. [Ren et al. 2022] pro-
pose Umbrella Meshes, an intricate design that can form any surface
at the cost of a complex fabrication and assembly process. More
recently, 3D printing for exploring rapid fabrication [Noma et al.
2020] and machine learning for exploring the design space of soft
deployables [Ma et al. 2024] have been studied. While many of these
systems expand to create an open deployed state, our linkage con-
tracts to produce a solid final structure, eliminating the need for
an additional material to enclose the final structure and provide a
barrier between inside and outside.

Flat-Fabricable Structures. Decomposing a curved shape into flat
fabricable pieces is of particular interest in deployables, as it sim-
plifies manufacturing and transportation while enabling assembly
into complex curved forms. [Malomo et al. 2018] embed flat panels
with a flexible spiral microstructure that deforms into a target 3D
shape when connected. Other works approximate surfaces with
developable patches, yielding pieces suitable for flat fabrication [Ba-
harami et al. 2025; Zhao et al. 2023]. However, assembly in these
methods requires handling disjoint pieces in a precise order, de-
manding substantial manual effort. By using linkage-based auxetics,
we preserve global connectivity in flat modules, remove the need
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for individual unit handling, and generate a string path for rapid
assembly of flat-fabricated pieces into curved forms.

Deployable auxetics. [Konakovi¢ et al. 2016] propose approximat-
ing doubly-curved geometries with linkage-based auxetics, which
use kirigami cut patterns to tessellate a planar surface into unit cells
that rotate about each other at hinge points. By spatially-grading
the unit cells, auxetic linkages encode a unique shape under max-
imal extension [Konakovi¢-Lukovi¢ et al. 2018]. This mechanism
eliminates complexities in assembly that arise from handling many
disconnected tiles, and it lends itself to both additive and subtractive
manufacturing methods. These previous works serve as a motivation
for our method, which also uses spatially-graded auxetics to encode
a target 3D geometry. Further studies have explored kirigami cut
patterns that exhibit bistability, which additionally ensure that the
3D state remains stable [Chen et al. 2021; Jiang et al. 2022; Rafsanjani
and Pasini 2016].

Quad meshes for design. Quad meshes are popular in architectural
geometry since they offer easier fabrication enabling flat cutting
of glass or metal panels without complex molds. However, main-
taining planarity in physical quad-mesh structures has always been
challenging. Earlier works from the graphics community proposed
several strategies to preserve planarity, such as conjugate curve net-
works [Liu et al. 2006], parallel meshes to reduce torsion [Pottmann
et al. 2007], and node-angle control for urban structures and trans-
formable shades [Jiang et al. 2020b]. Recent work [Jiang et al. 2024]
proposed a quad-mesh mechanism by connecting rigid quads with
edge hinges for transformable configurations, but these can disrupt
flat-to-lifted transitions by altering geodesics. In contrast, vertex-
based hinges can preserve infinitesimal motion between configura-
tions.

Quad kirigami-based auxetics. Approximating a target structure
using quad kirigami-based auxetics has recently gained attention.
[Choi et al. 2019] introduce thin-sheet quad kirigami-based aux-
etics for approximating 2D and 3D shapes from a flat state, later
extending their approach for compact, rigid-deployable structures
that can reconfigure between planar or tubular forms [Choi et al.
2021]. [Jiang et al. 2022] model rectangular kirigami auxetics under
constant mean stretch, and further integrate kirigami cuts and fold
lines to create curved box-based shapes that fully unfold [Jiang et al.
2020a]. [Dudte et al. 2023] employ a linear algebra-based method for
designing quad-auxetic morphing structures, without detailed actu-
ation methods. [Wang et al. 2023a] demonstrate a reconfigurable
quad kirigami structure actuated via embedded magnetic particles
but did not target 3D shape approximation, restricting its broader
applicability. In this work, we utilize quad-based kirigami to create a
quadrilateral grid-like pattern for the kirigami cuts, enabling a more
direct string path than triangular Kagome lattices. Unlike previous
works, we focus on extruded quadrilateral tiles. Finally, using the
quad kirigami pattern as the basis of structural programming, we
determine the optimal string path to minimize friction.

Actuation mechanisms for 2D to 3D shape morphing. A key aspect
of designing shape-morphing materials is selecting an effective ac-
tuation mechanism. Heat has been widely explored [McBride et al.
2018; Narumi et al. 2023; Nojoomi et al. 2021] but often requires
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Fig. 3. lllustration of string actuation and tile assembly (side view).

specialized manufacturing techniques and materials that limit its
scale. Various works [Gu et al. 2019, 2020; Jourdan et al. 2023; Koh
et al. 2023; Wang et al. 2018; Yuan et al. 2024] use thermoshrink-
age to create low-cost 3D structures, but they rely on 3D-printing
techniques intrinsic to that process, limiting their applications. Ac-
tuation via pre-stretched elastic materials can achieve impressive
auto-assembly, but the planar state is inherently unstable, compli-
cating flat transport and storage [Guseinov et al. 2017; Jourdan
et al. 2022; Ma et al. 2024]. This challenge is addressed in [Guseinov
et al. 2020], where elastic sheets are held in place by structures
that soften with heat. Many works [He et al. 2024; Panetta et al.
2021; Ren et al. 2024; Siéfert et al. 2019] use inflation, pneumatic
actuation, or gravitational loading, which are often well suited for
large-scale structures. However, for linkage-based auxetics, inflation
and gravitational loading cannot approximate mixed-curvature sur-
faces [Konakovi¢-Lukovi¢ et al. 2018], and pneumatic membranes
can obstruct large gaps, preventing assembly [Eguchi et al. 2022].
Unlike aforementioned methods, string-pulling offers a scalable,
reversible actuation mechanism that is flexible enough to adapt to
complex geometries, which inspired our method.

String-based actuation. Actuating 3D structures via string-pulling
has been explored in multiple other works. [Kilian et al. 2017] find a
network of strings and surface point connections that fold creased
sheets into a target curved origami shape when pulled. [Niu et al.
2023] unfold the target shape into a connected set of faces and
weave a string through vertices that are joined in the 3D state.
[Yang et al. 2024] assemble 3D structures from a flat grid of tiles
with an array of fibers passing through each column and row of
tiles. Since the tiles are disconnected, actuation via string pulling
requires that separate fibers must be threaded through each tile in
two directions to fully constrain their motion. With our design, the
global connectivity ensures that only a subset of the tiles needs to be
controlled to actuate the final 3D shape. Finding an optimal string
routing is generally challenging and previous works emphasize
reducing friction in the string path as a key objective, either by
minimizing total length [Demaine et al. 2023], or total turn cost
[Demaine et al. 2024].

3  Method Overview

The goal of our method is to approximate a target surface with
modular tiles that can be fabricated flat and pulled with a string
into a 3D configuration. A straightforward approach is to decom-
pose the surface into disconnected components, but the string must
then traverse long, irregular paths across parts, causing high and
unpredictable friction. Additionally, the components may collide in
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Target Structure (S) Assembled (T,.) Flat (T, )

3D Optimization (4.2) 2D Optimization (4.3)

Lift Point Selection (5.2)

String Finder Algorithm

Physically Actuated
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Fig. 4. Design to assembly pipeline. Starting from a freeform target surface, we (1) optimize a quad tiling that encodes the geometry, (2) flatten the tiles with
non-overlapping layout and compute the hinges, (3) select a minimal set of lift points, (4) compute a low-friction closed string path (Red line with red dot as
selected lift point), and (5) fabricate the planar linkage and pull a single string to assemble it into the target 3D shape.

unpredictable ways, so their movements must be carefully chore-
ographed to avoid deadlocks that prevent assembly. Without regular
connections among the components, this is a difficult process to
model and control. To overcome these challenges, we leverage aux-
etic linkages [Jiang et al. 2022; Konakovi¢ et al. 2016; Mir et al. 2014],
which flatten the freeform geometry while preserving global con-
nectivity. In square quad auxetic linkages, gaps form rhombi that
can close in two symmetric ways. Encoding geometry with spatially
varying quadrilaterals breaks this symmetry, and each gap now
closes in a single direction. By design, closure of all gaps yields
the desired assembly of target structure and the design mechanism
requires placement of the string through only a subset of tiles.

In Section 4, we first rationalize the surface into flat modular tiles
and compute the appropriate connectivity. In Section 5, we then
compute a physically realizable string path to drive the transition
from flat to assembled through three major components. First, we
prove that placing the boundary tiles in their target configuration
uniquely determines the geometry of the entire structure and rigid-
ifies the linkage, so we route the string along the boundary first.
Second, we select the minimum set of lift points (locations where the
string enters and exits the structure, and is pulled, as depicted in Fig-
ure 3) to reduce the energy required to assemble the structure. This
reduces the number of tiles on the string path and simplifies routing.
Finally, we connect the lift points to the boundary, generating the
final string route that minimizes friction from directional turns in-
side the string channel. The overall pipeline (see Figure 4) involving
surface rationalization on a regular quad grid, combined with these
aforementioned routing components, produces a low-friction path
that ensures a smooth deployment of the structure.

4 Surface Rationalization

First, we design the assembled 3D configuration of a linkage that ap-
proximates the target structure by optimizing the geometry of each
quadrilateral tile and their dihedral angles (Section 4.2). Referencing
this design, we create a corresponding flat configuration (Section
4.3) and compute the hinges at locations that respect local geometry,
maintain regular connectivity, and enable complete contact between
side faces when deployed (Section 4.4).

4.1 Initialization

Unit Tile. A unit tile in our system is a quadrilateral frustum of a
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given height that is defined by eight vertices,
forming six quadrilateral faces in total. The
top and bottom faces of a tile are always
parallel to each other. We illustrate a unit
cell (see inset on the right) containing four
tiles, where v; are the locations of the ver-
tices, h is the thickness of the tile, and 6 is ;
the dihedral angle in the shared plane between neighblbring quads
in the assembled configuration. Tile connectivity is inspired by the
regular quad auxetic linkage (see Supplement, Figure 18). Each tile
can be at most connected to four other tiles, sharing a unique joint
with its neighbors. This creates a topological cut forming an empty
space among the tiles, which we have defined as a gap. Generally, a
gap is a quadrilateral-shaped void between a cell of four tiles. How-
ever, for irregular cells along the boundary, a gap can be formed
between groups of two or three tiles.

Configurations. Throughout our method, we optimize two differ-
ent configurations of tiles, assembled (denoted with subscript 3D)
and flat (denoted with subscript 2D). As these describe two different
states of the same linkage, there is a one-to-one correspondence
between the vertices of the configurations.

Parametrization. To initialize the assembled and flat configura-
tions, we take inspiration from [Konakovi¢ et al. 2016] and use
conformal mapping to find the correspondence between the 3D con-
figuration of an auxetic linkage and its 2D configuration. We begin
with a target surface S and apply the Boundary First Flattening
method [Sawhney and Crane 2017] to flatten it into a planar domain
Q c R?, creating a conformal map ¢ : S — Q. Where possible, the
boundary of a conformal map is set to create a rectangular flattened
domain Q (as shown in Fig. 5 for example). We overlay a regular
quad grid connected in a mesh on top of Q and crop away quads
that are not fully contained within the boundary of Q. This cropping
determines the number of unit tiles in the linkage and yields the
mesh M,p defining the top faces of the tiles in the flat configuration.
If the conformal scale factor (CSF) exceeds 2, indicating that a quad
auxetic pattern cannot locally expand enough to approximate the
target shape, we introduce splits into M,p that enable additional
deformation (see Section 4.5). Next, we use the inverse conformal
map ¢! to lift Myp into the 3D space, producing the mesh M;p
that defines the top faces of the tiles in the assembled configuration.
When the target model allows, we align the grid with principal
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Fig. 5. Surface rationalization pipeline to generate optimized tiles in the assembled T5p and flat Tp configurations.

curvature directions to achieve approximately conical meshes [Liu
et al. 2006].

4.2 Assembled Configuration

The conformal lifting of M,p creates Msp, an initial quad approx-
imation of the target surface that corresponds to the top face of
the tiles in the auxetic linkage. However, this mapping does not
preserve the planarity of the quad faces due to the discrete nature
of the problem, which is imperative to create an auxetic linkage
with a flat configuration. Simply optimizing the quadrilateral faces
for planarity may cause dramatic deviations from the target shape,
so we consider keeping the quads as close as possible to the target
surface during optimization. Additionally, if the quadrilateral faces
deform significantly from squares and create large disparities in size,
the auxetic linkage encounters increased resistance when opening
or closing [Choi et al. 2021], hindering our primary objective of
enabling an easy transition from flat to assembled configuration.

These objectives can be easily formulated using the projection-
based approach presented in [Bouaziz et al. 2012, 2014] to obtain
the optimized lifted mesh Ksp, the optimized quad approximation
of the target surface, which corresponds to the final top faces of
the tiles. From K3p, we then extrude the faces and, if required, fix
planarity to obtain the final mesh T5p, consisting of quadrilateral
frustum tiles (see Figure 5). Let Esurface, Esquare» and Eplanar be the
energy functions for the target surface approximation, the square-
ness of the quadrilaterals, and the planarity of the quadrilaterals,
respectively. We minimize the combined energy function Eagsembled
over the vertex positions v of the mesh Msp, defined as:

EAssembled(U) = lePlanar(U) + wZESquare(U) + wSESurface(U) (l)

where w1, w,, and w3 are non-negative weighting coefficients that
balance the contributions of the respective energy components to
the overall objective of minimizing the energy function. Using the
projection operator as described in [Bouaziz et al. 2012, 2014], these
terms can be expressed as summarized in the following paragraphs.

Planarity Constraint. The energy function Epjanay quantifies the
deviation from co-planarity among a set of vertices within four

vertices of a quad mesh. Let Q(Msp) be the set of all quads in Msp.
For each quad having four vertices at coordinates v;, v;, v, v, we
form a 3 x 4 matrix, V; = [vi Vi Vi Vg] and define the planarity
energy as:

2
Epianar = Z ” Vq - PP(Vq)”F (2
q€Q(Msp)
where P,(V;) represents the projection of V, onto its best-fit
plane determined by the projection operator P,.

Surface Constraint. To keep a faithful approximation of the target
surface, we introduce the following surface closeness energy term:

>0 s - Ps ol

i€V(Msp)

Esurface =

where V is the set of all the vertices in M3p, 0; denotes a position
vector of a vertex in V, and Ps is the closest point on the target
surface S.

Square Constraint. To reduce size disparities among the quads, we
set each edge’s target length as the average of its two adjacent quads’
mean side-lengths and use the similarity constraint to encourage
square-like shapes. Let &(Msp) be the set of all edges in the mesh
Msp, which includes the four side edges of each quadrilateral. An
edge is defined by a pair of vertex indices (i, j), where 7; and 7; are
the position vectors of the vertices with indices i and j, respectively.
For each edge e;; shared by the quads Q, and Oy, let L, and L, denote
the mean length of the side edge of Q, and Qp, respectively. Then,
the target length is defined as Lrarget(eij) = I%L”. By averaging
each edge’s target length between its two adjacent quads’ mean side-
lengths, larger quads shrink and the smaller ones expand, reducing

size disparities. Thus, we define

ELength = Z

(i.j)e&(Msp)
where Pg(3;,3;) is a projection operator that generates a target
edge vector with the target length Liyrget in the direction of the
original edge and is defined as:

1@ - 3:) - Pe(31,5))|> 3)
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. Uj —0;
PE(3:,3;) = Lrarget(€ij) X 75——= (4)
ll5; — vl

Next, to drive each quad toward an exact square shape, we use:

EShape = Z ”Z’q - PQ(”q)“z’
q€Q(Msp)

where q is the index set of vertices of quad Q, and Py is the projection
to the closest square [Umeyama 1991]. Thus, the total square energy,
Esquare is the sum of Eengh and Espape.

Extrusion (Ksp — Tsp). Now we provide thickness to the tiles
according to the user’s choice in the optimized 3D mesh K;3p. When
possible, during the parametrization step we align the quad grid
with principal curvature directions to obtain near-conical meshes,
enabling planar extrusion of faces by offsetting all vertices of K3p
mesh along its normals. However, we note that this is not always
possible, for example, in Cloud (Figure 10), and Lilium (Figure 11).
We then optimize the vertices using Equation 2 to enforce face
planarity on top, bottom, and contact faces. This optimization yields
the final deployed configuration of linkage tiles T3p. Note that the
placement of hinges between these tiles is done as a post-processing
step described in Section 4.4.

4.3 Flat Configuration

To obtain the flat layout of the quad auxetic structure, we begin
with the clipped mesh M;p, which was used to conformally map to
3D. An isomorphic quad auxetic linkage is encoded in both the flat
(M;p) and the optimized lifted (K5p) configurations. We optimize
the vertices of M;p to match the edge lengths of K3p, yielding the
planar linkage Kyp. Subsequently, we extrude K,p matching the
thickness of Tsp to generate the flat configuration of the tiles, T,p
(see Figure 5). During edge matching, it is essential to ensure that all
quadrilaterals lie in a non-conflicting configuration without over-
laps. We additionally provide the user with the option to control
the bounds for the opening angles of the gaps, as different fabrica-
tion methods and resources may require more empty space among
tiles for effective fabrication. We formulate the 2D optimization to
minimize the energy function Epy,, defined as:

EFlat(U) = leEdge(U) + wZECollision(U) + Q)SEFab(U) (5)

The energy function Egqge quantifies the length mismatch be-
tween the corresponding edges in the initial flat (M,p) and assem-
bled non-extruded K3p configurations. We define Eggge using Equa-
tion 3 where projection operator Pf is identical to Equation 4 and
the target length Liaget is the corresponding edge length of K3p.

Collision Avoidance. Ecolision quantifies the overlap between quads
in M,p and follows the non-penetration constraint introduced by
[Konakovi¢ et al. 2016] to avoid collision of quad meshes in the flat
configuration. We again use the projection-based approach from
[Bouaziz et al. 2012] to solve this optimization problem.

Fabrication Clearance. We allow users to set a minimum gap angle
Omin to match fabrication constraints, while the maximum angle
is fixed at 90°. If this angle lies outside the range [Omin, 90°], we

ACM Trans. Graph., Vol. 44, No. 6, Article . Publication date: December 2025.

penalize its deviation by minimizing Eg,,. We provide the detailed
formulation of Ep,p, in Supplement, Appendix A.

Extrusion (K;p — Top). After achieving the flat, non-extruded
configuration (K;p), we compute the final flat configuration by
finding the bottom-surface vertices and generating the side faces.
We first compute the rigid transformation matrices, comprising of
rotation R and translation t, that transform each top-face vertex to
its corresponding bottom-face vertex in Tzp, as derived in Section
4.2. Applying these transformations to the vertices of K;p, we obtain
the coordinates of the bottom surface in the flat configuration. We
then use these obtained vertices on the top and bottom surface to
generate the side faces, producing the corresponding tiles in the flat
configuration (T;p).

4.4 Hinge Placement Strategy

For an auxetic linkage to be functional, hinges need to be placed
between every two connected linkage elements. The hinges can
vary depending on the size of the linkage and fabrication technique.
However, the difference between our approach and previous works
involving auxetic linkages [Jiang et al. 2022; Konakovi¢-Lukovi¢
et al. 2018] is our elements are frustums and the hinges can be
placed either on top or bottom surfaces, where the neighboring
frustums touch in the flat configuration (see Supplement, Figure 19).
During extrusion (Ksp — Tzp), tiles that ensure complete contact
between side faces in the assembled configuration may also create
a dihedral angle 8 > 90°. Placing all hinges on the top surface to
connect the tiles would then result in overlapping regions in the flat
configuration (see Figure 5, callouts), which is physically invalid.
To solve this issue, we propose two design choices that can be
selected based on user requirements and resource availability. In
the first approach, hinges are always placed on the top surface
of the tiles on T,p, and any overlapping region is removed from
one of the tiles sharing the hinge (see Supplement, Figure 19, top
row). This decreases the contact area between neighboring tile
faces, which reduces compressive load capacity and diminishes
the structure’s interior aesthetics. Nevertheless, it offers manufac-
turing simplicity. When the overlapping region is large, remov-
ing it fails to provide sufficient compression, which is crucial for
keeping the structure assembled. To ad-
dress this issue, our second approach
places a hinge strategically either on
top or bottom surfaces, so that no over-
lap occurs (see Inset on the left). We de-
termine whether the hinge should be
placed on the top or bottom by evaluat-
ing normal curvature in the direction of
the opening dihedral angle at the joint
location. If this curvature is negative,
then the dihedral angles exceed 90° and
the hinge should be placed at the bottom
of the shared edge. Otherwise, the hinges should be placed at the top
(see Inset). Although this approach can be more time-consuming to
manufacture, it provides a solution that creates complete contact
among the side faces of the tiles in the assembled configuration.
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Introducing these dual-hinges triggers a cascading overlap among
adjacent tiles, so we must apply a coordinated, global reposition-
ing that preserves each tile’s rigidity, prevents collision, and aligns
appropriate vertices for placing hinges. To find a non-overlapping
geometric positioning of the tiles with this second strategy, we for-
mulate an additional optimization step on the previously computed
flat configuration T,p. Using mesh T,p, derived from Section 4.3, we
minimize energy function EHinge on Trp:

EHinge (0) = w1ERigid (v) + @2Ecollision (0) + @3Econn(v)  (6)

To maintain the rigidity of the tile, we impose 18 Edge (see Equa-
tion 3) constraints per tile: four top edges, four bottom edges, four
side edges, and all six face diagonals, following Maxwell framework
(see Supplement, Appendix B.1). Extending the 2D collision detec-
tion between triangular faces implemented by [Konakovi¢ et al.
2016], we implement Collision constraint for rigid 3D tiles, ensuring
that the tiles never collide with each other during actuation.

To ensure that computed hinge pairs coincide and form shared
pivot points during layout optimization, we impose a penalty when
these points move apart. We minimize the connection energy Econn
defined as:

Ecom = Z ”Xu - PConn(Xu)Hj,
ueH(T,p)

where H(T,p) is the set of hinge vertex indices in the flat con-
figuration Tpp, X, € R3 is the current position of vertex u, and the
projection operator Pconn (Xy) returns the position of the hinge ver-
tex paired with vertex u. Minimizing Econn simultaneously aligns
every hinge-vertex pair and adjusts all tile positions to produce
a non-overlapping flat layout with correctly located hinge points.
After optimizing the hinge locations in the flat configuration Tp,
we merge each hinge vertex across its adjacent tiles, turning the
disconnected set of quads into a single, connected linkage.

4.5 Mesh Splitting

The bounded conformal scale factor A is the maximum local stretch-
ing allowed when mapping a curved surface onto a plane, ensuring
that no linkage exceeds its physical deformation limits [Konakovi¢
et al. 2016]. The scale factor A is constrained between 1 and a con-
stant o > 1, which depends on the linkage topology (triangular,
quadrilateral, hexagonal, etc.). These bounds imply that not all sur-
faces can be physically realized in the 3D configuration of a flat
auxetic linkage and A must remain strictly below its theoretical
upper limit. For triangular auxetic designs, the maximum area ex-
pansion is ¢ = 4, and for quadrilateral auxetic linkages we find
o = 2 (see Supplement, Figure 18).

Previous works utilize cone singularities and cuts within the aux-
etic topology to tackle geometric structures with o > 2 [Jiang et al.
2022; Konakovi¢ et al. 2016; Konakovic¢-Lukovié et al. 2018]. While
these methods can reduce the scale factor of a structure to within
fabricable limits, it interrupts the uniform quad grid. We observed
this uniformity is an essential element and placing a complete split
in the structure lends itself well to the grid configuration of quad
auxetic linkages (see Figure 10 for examples). This approach natu-
rally aligns with the minimal-link principle proposed by [Chen et al.

1.291
'< )
4.841 r 3.392
1.071

4.0284

1.849

Fig. 6. Illustration of split placement based on locations of high curvature
to reduce the conformal scale factor . We continue splitting the mesh until
each part satisfies o < 2.

2020], which shows that assembling such blocks need boundary
connections between them. This motivates our approach since a
string threaded inside these segments can easily provide necessary
minimum links providing connectivity and rigidity during transition
from flat to assembled configuration (see details in Section 5).

We introduce splits only in meshes where the conformal scale
factor is greater than 2. For example, in Figure 10, 3 out of 5 examples
have a split and we have used this technique on most of the meshes.
After generating the quad mesh Msp of the target structure and the
corresponding M,p, we introduce splits hierarchically within M,p
that bisect the mesh along the grid direction and through the point
of highest Gaussian curvature to effectively reduce the scale factor.
A complete split maintains regular connections within the linkage
and eliminates combinatorial singularities or irregular vertices in
both lifted and flat configurations. The split reduces the scale factor
more effectively and remains parallel to the grid of auxetic mesh,
facilitating the insertion of strings and keeping the same actuation
mechanism. See Figure 6 for an example of a scale factor reduction,
where the split direction follows the quad grid. Note that aligning
the quad grid with all high curvature points of target mesh is not
always possible. Thus, we leave feature alignment to the user’s
discretion based on application-specific requirements.

5 String Placement and Actuation

After designing the mechanical linkage, we compute a physically
realizable string path passing through a carefully selected subset of
tiles to enable smooth actuation. The resulting path guides the string
through specific lifting points: a location on the surface where the
string enters and exits the structure, and it is being lifted and tight-
ened from that location. Pulling the string at these lifting points lifts
the corresponding regions and progressively constrains the move-
ments of the tiles along the defined path, assembling the structure
(see Figure 3).

A key observation we make is that once the boundary tiles are
positioned into their target configuration, the geometry of the entire
structure is uniquely determined. Thus, we first weave the string
through the boundary tiles, fully closing and rigidifying the assem-
bly. We provide further details on this claim in the following section
(see Section 5.1). Next, we identify the minimum set of additional
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lifting points required to achieve smooth actuation while minimiz-
ing frictional resistance. To do this, we introduce an algorithm that
selects the minimum set of lift points based on the energetic interac-
tion among candidate points (see Section 5.2). Among all valid routes
connecting the lift points to the boundary, we compute the optimal
string path that minimizes channel friction and guarantees connec-
tivity across split components (see Section 5.3). We then discuss
simulation of the actuation mechanism along with implementation
details (see Section 5.4).

5.1 Constraining Boundary Tiles

The boundary of the quad auxetic linkage plays a critical role in
constraining the motion of the entire structure. When a continuous
string is routed through all boundary tiles (tiles containing at least
one vertex on the outer loop) and tensioned, the side faces of these
boundary tiles come into direct contact, constraining their relative
motion. Under these conditions, the entire structure admits exactly
the six trivial rigid-body motions and no internal infinitesimal flexes.

THEOREM 5.1. A linkage formed of eight-vertex quadrilateral frus-
tum rigid tiles in R®, each joined to its neighbors at a single corner
and arranged so that every interior void is a four-vertex rhomboid,
when enclosed by and tensioned with a single continuous boundary
string, is isostatic, admitting exactly the six trivial rigid-body motions
and no internal infinitesimal flexes.

See the detailed proof of the theorem in Supplement, Appendix
B, where we provide a general theory for N X N and N X M auxetic
topology and subsequently for irregular topology. In other words,
the main degrees of freedom of our linkage are controlled by the
boundary tiles. As the boundary starts shrinking to its target con-
figuration, the interior linkage starts to close and locks once all the
gaps are closed. Due to the quad auxetic topology of the linkage, ab-
sence of singularities, and constraining motion with dihedral angles,
our linkage can be assembled simply by closing the boundary tiles
when the weight of the structure is relatively small. However, as the
structure becomes heavier, introducing a lifting point is beneficial
to counteract gravitational loads during assembly. In the following
section, we present an optimization strategy to choose these lifting
points.

5.2 Selection of Minimum Lift Points

Since the string path must traverse all boundary tiles to constrain
them, the next step is to determine the location of the lift points,
where the string is being tightened and the structure lifted during the
assembly. Any valid string path must therefore traverse all boundary
tiles and the subset of interior tiles required to connect the lift point
to the boundary, thereby forming a single connected route. The
location of the lift point depends on the geometry of the structure
as well as its size and mass distribution. Intuitively, the lift points
are typically selected locally as the highest points on the surface.
However, as the number of lift points increases, the string path
becomes longer and more complex, introducing additional friction.
Minimizing their number is therefore a key design strategy for
smooth actuation. In the following, we provide a detailed algorithm
for selecting the minimum set of lift points.
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A naive solution would be to choose all local maxima throughout
the structure as lift points. However, this ignores how the pull forces
are distributed among those lifting points and can lead to wasted
resources. Rather than assigning lift points at every geometric local
maximum, we employ the discrete Morse-Smale theory [Forman
1998; Gyulassy et al. 2008] in conjunction with techniques from
computational topology [Zomorodian and Carlsson 2004] to identify
the minimum set of lift points required during actuation. We model
each gap as a discrete energy field, with the gravitational potential
energy (GPE) of each gap quantifying its load-bearing significance.
First, we apply discrete Morse-Smale segmentation to identify the
true energy maxima (peaks) and their associated regions, along with
the energetic interaction information. Next, we build a topologically
informed coupling directed graph among these peaks based on
their energetic interactions and connected component of this graph
clusters the peaks into minimum number of sets. This two-stage
process identifies the minimum set of lift points needed to bear the
load efficiently during assembly.

For each gap G;, let 7(G;) denote the set of its surrounding tiles.
If each tile tx € 7 (G;) has mass my and center-of-mass height
zx, and if zyi, denotes the lowest point in the structure, then the
gravitational potential energy of the gap (GPE), g;, is given by

1
9gi = Z Z mrg (Zk - Zmin)

€7 (Gi)

We then identify the dominant energy peaks and their correspond-
ing basins in this scalar field by applying Morse-Smale segmentation
(see Supplement, Appendix C).

We build an undirected graph G where each node represent a
gap and each edge (u,v) connect two gaps G, and G, if they share
at least one surrounding tile, i.e. 7(G,) N 7 (G,) # @. To quantify
peak-to-peak coupling, we assign each edge (u, v) a weight w(u,v) =
min{gy, g}, so that the strength of each connection is limited by its
weaker end. We then compute the maximum-spanning tree (MST) T
of the weighted graph G using the Kruskal algorithm [Kruskal 1956].
The unique path between two peaks i and j, denoted Pathr (i, j),
is formed during MST construction: Kruskal’s algorithm sorts all
edges in descending order of weight and adds them one by one,
skipping any edge that would introduce a cycle.

At some stage, adding a particular edge connects two previously
disconnected components containing peaks i and j. Since heavier
edges are always considered first, any stronger possible connections
between these peaks have already been evaluated. Hence, the edge
that eventually joins these peaks represents the weakest (lightest)
link along their path in the MST. Consequently, no alternative path
between these two peaks in the original graph can have a stronger
weakest edge.

Since each edge weight reflects the minimum GPE of its two
connected nodes, this weakest link on the unique path Pathr (i, j)
corresponds precisely to the highest energy that must be overcome
before the basins of peaks i and j can be merged. Thus, barrier(i, j)
can be defined as:

barrier(i, j) = w(u,0)

min
(u,0) €Path (i,j)
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Peak and Basins GPE Distribution

Selected Lift Points

Fig. 7. Minimum lift points selection. Top: Per-vertex gravitational potential energy (GPE) distribution (red = high); Middle: Identified peaks (dark dots) and
their Morse-Smale basins (shaded regions); Bottom: Final minimum lift points (red) selected via coupling analysis for string actuation (details in Section 5.2).

Higher energy indicates that the peaks i and j are more highly
coupled with each other. Therefore, we define the coupling coeffi-
cient

(i) = 22 d) e PhgisgpP e
j

where, the coupling coefficient ¢ ~ 1 indicates that the peak j
begins to rise almost simultaneously with the peak i, which indi-
cates a strong energetic coupling. In contrast, ¢ ~ 0 implies minimal
coupling, which means that the two peaks remain effectively inde-
pendent and transfer little to no energy [Zomorodian and Carlsson
2004].

We begin by constructing a Directed Acyclic Graph (DAG) whose
vertices represent peaks. We use a coupling threshold 7 to decide
whether the energetic interaction between two peaks is strong
enough to consider them coupled. We add an edge from peaks
ito jif:

e c(i,j)>1
e ¢(i,j) = maxg c(k, j) (no other peak k has a larger coupling
to j)

In the resulting DAG, we extract the connected components which
correspond to a cluster of strongly coupled peaks. The number of
total clusters denotes the number of minimum lifting points required.

Within each cluster, the unique node with zero in-degree, i.e. the
cluster’s highest energy peak, is selected as that cluster’s lift point.

Determining an optimal threshold 7 for identifying strong cou-
pling is challenging, as it typically requires extensive testing with
various physical structures. To mitigate sensitivity to threshold se-
lection, we use a threshold-sweeping strategy. Initially, we construct
the coupling DAG and select lift points using a starting threshold
(o = 0.8). We then simulate the actuation process with these se-
lected lift points. If the deployment fails during transition (i.e., the
structure is stuck in an intermediate configuration during simu-
lation), we incrementally raise the threshold by 0.1, rebuild the
coupling graph and corresponding lift-point clusters, and rerun the
simulation. This sequential procedure continues until the structure
successfully deploys from its flat configuration.

Figure 7 shows the result of the selection of minimum lifting
points in multiple structures with various curvature and resolutions.
Our method also addresses discretization artifacts that would other-
wise inflate the peak count, especially in lower mesh resolution. For
instance, the chair model in Figure 7 shows two closely spaced GPE
maxima at its top, an artifact of low mesh resolution that would
merge into a single peak at higher resolution. By analyzing ener-
getic interactions, our algorithm automatically fuses such spurious
duplicates and returns the minimum set of lift points.
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Fig. 8. Auxetic representation to gap-graph formulation: empty spaces
marked as g; (left) are represented as nodes in the gap graph (right). In the
gap graph, node value 0 denotes vertical gap (purple), 1 denotes horizontal
gap (deep green), -1 denotes a virtual entrance point on the boundary which
are not physical gaps (red), -2 denotes split boundary gaps created when
the mesh is segmented into multiple segments (light green).

5.3 Minimal Friction String Route

Having identified the minimum set of lift points, we next compute a
valid closed string route that minimizes friction between the string
and string channel. We model channel energy, Echannel using the
Capstan equation [Stuart 1961]. If the string enters under tension
T; and wraps through a cumulative angle O1ota1, and g, is the chan-
nel wall friction coefficient then, Echannel = Ti (e# Orotal — 1) (see
Supplement, Appendix D).

We represent the flat configuration as an undirected graph G =
(V,E), where each node g; € V corresponds to a gap and each edge
(9i-9;) € E indicates that the two gaps share a vertex (Figure 8).
Owing to the regular quadrilateral connectivity, G forms a grid-like
structure. Each gap node g; carries an integer label x; specifying its
role: x; = 0 and x; = 1 denote vertical and horizontal gaps, x; = —1
denotes a virtual boundary entrance (allowing entry into an interior
lift-point gap), and x; = —2 denotes a split boundary gap resulting
from mesh splits. A valid route R must form a closed walk C on G,
such that C € N C V, where N is the set of visited nodes.

While more elaborate models of friction along curved string paths
exist, we draw inspiration from prior work in robotics [Choi et al.
2023; Heap et al. 2022; Suthar et al. 2018] and graph theory [De-
maine et al. 2024], which effectively employ the Capstan equation
to capture frictional effects. Due to the earlier stages of our pipeline,
which guarantee a uniform quadrilateral topology and select mini-
mum lift points to add to the string path, the path space is already
well-structured and yields simple candidate routes. At this stage,
large directional turns as the string weaves through the tiles is the re-
maining contributor of friction. Rather than estimating the absolute
magnitude of friction, we focus on minimizing the cumulative sharp
bends in the string path. This approach is computationally light-
weight and practically effective, as demonstrated by the successful
deployment of our prototypes across a range of scales.

We minimize Ecpannel to reduce overall friction in the string chan-
nel. Previous work on string routing [Demaine et al. 2024] empha-
sized minimizing the turn cost over total string length, noting that
although shorter strings reduce material cost and manufacturing
time, friction during the deployment of a structure is primarily de-
termined by string turns within the channel. In a valid string path
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Crossing allowed

Optimal path

Fig. 9. If a string path from boundary enters the interior of the linkage from
a joint rather than a gap, the string path can avoid making a crossing on
each other, which significantly reduce the friction. Left: minimize crossing
is taken off. Right: Showing the optimal path with minimum friction.

within the graph, each node corresponds to a gap in the flat con-
figuration. The turn angle at a node is given by the angle formed
between the centroids of its predecessor, itself, and its successor. Al-
though the path is extracted from the graph, the angles are measured
using the geometric positions of the gaps in the flat configuration
rather than the graph edges. The total turn angle of the path, Oy, is
obtained by summing these local contributions. Assuming uniform
entry tension T; and channel friction coefficient ., our objective is
therefore to identify a valid string route R C {g1, 92, . .., giire } that
minimizes the cumulative turn angle ming 010t under the following
constraints:

Minimize Crossing. Strings crossing each other in a gap or chan-
nel introduces additional friction as they slide against each other
(Figure 9, Left) and hinder smooth deployment. To minimize cross-
ing, we need to constrain each gap g; € Nj to be traversed by exactly
one string, thereby minimizing the number of paths intersecting
any tile. Formally, in the graph G = (V, E), when a string path tran-
sitions from a boundary node g € V;, to an internal node which is a
lift point gap, it should try to enter from a gap with x; = -1, see
Figure 9.

Connecting Splits. A valid path must also preserve component
connectivity by traversing all boundary tiles while avoiding routes
that separate adjacent parts of the structure. In practice, this means
the string may traverse boundary nodes split by prior cuts, but it
cannot enter the interior through them. Formally, entry from a gap
with x; = —2 is disallowed.

5.4 Simulation and Implementation

Using the generated string path, we simulate the structures from
flat to assembled configuration (see Supplementary video, 00:19) to
evaluate our method before proceeding to physical fabrication. For
the simulation environment, we use Projective Dynamics [Bouaziz
et al. 2014] for computational efficiency and compatibility with our
design pipeline, which allows us to develop an end-to-end work-
flow for the design and actuation of our structures. Our actuation
simulation includes dynamic effects (e.g., gravity) through position
and velocity updates (see Supplement, Appendix E).

During this simulation, we need the tiles to be rigid and non
overlapping with each other. Additionally, we need to model the
actuation behavior of the string. When a single string is routed



One String to Pull Them All: Fast Assembly of Curved Structures from Flat Auxetic Linkages « 11

Fig. 10. From left to right: target surface, assembled 3D structure, flat layout, optimized string path on flat linkage. From top to bottom: ThreeShell, Seashell,
Peanut, Saddle, Cloud.
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Fig. 11. From top to bottom: target surface, assembled 3D structure, optimized string path using the minimum set of lift points, fabricated flat layout (T: top,

B: bottom), deployed structure. All models are manufactured via multi material 3D printing (FDM), using orange PLA for the rigid tiles and white TPU for the
hinges.
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e

Fig. 12. Application in the furniture industry, a functional human-scale chair: assembled configuration (left), top and side-view of flat configuration (right).
This chair can be manufactured, stored, and shipped flat, while being deployed quickly and reliably by the consumer with a single string pull.

Fig. 13. Timelapse of deploying and disassembling a chair, demonstrating the reversible actuation capability of our method.

through a sequence of tiles, it performs two kinematic tasks: (a)
it brings the mid-points of adjacent side faces into coincidence,
thereby closing each gap, a snap action and (b) at its exit, it lifts
the associated gap to a prescribed height, a lift action. Because
both effects are purely geometric, we can encode them as positional
constraints on those mid-points, rather than modeling a discretized
rope model, for a faster simulation.

Additionally, to model the string actuation behavior maintaining
the rigidity of the tiles and actuate them from a flat to an assembled
configuration, we minimize the energy Egimulation, defined as:

Esimulation (U) = leRigid(U) + szCOHiSiOI’l(U) + wSEActuation(U),

where Egigiq represents deviation from rigidity, Ecolision repre-
sents collision, Eactuation represents deviation from string pulling
action respectively, and w; , w2 and ws are their corresponding
weights. Here, Erigia and Ecoliision are formulated identical to Equa-
tion 6. Additionally, we form two constraints to abstract string-path
actuation from the flat rest state to the lifted configuration. First,
we penalize the squared distance between each paired side-face
midpoint along the string path and its partner’s position, defining
the energy Esnap. Second, at each designated lift gap, we penalize
the squared distance between each vertex’s current position and
its prescribed lift target, capturing the string’s pull along its exit

direction and thereby define the energy Ejig. Detailed formulations
of Espap and Epf; are provided in Supplement, Appendix E. Together,
the snap and lift constraints model the motion of how the auxetic
mechanism responds to the string pull by snapping closed the gaps
between tiles and lifting the tiles at the designated lift points.

Implementation. We developed a computational design tool with
an interactive user interface to design and optimize configurations.
The implementation of constraints for both assembled and flat con-
figurations builds on the open-source libraries ShapeOp [Deuss et al.
2015] and libigl [Jacobson and Panozzo 2017]. For a mesh containing
~ 10k triangles, optimization of the assembled configuration takes
~ 1.2 minutes, while optimization of the flat configuration takes
~ 0.6 minutes on a Mac M1 Pro computer with a 3.2 GHz, eight-core
processor. Actuation simulation requires an additional 5.5-6 min-
utes to complete the assembly. Although our design approximation
(Section 4) employs soft constraints, we find that intuitive choices
of relative weights consistently yield good results across different
structures. For reproduction of our method we provide the weights
used in minimizing Eassembled> EFlat, and Epinge (see Section 4). In
Equation 1, we set w; = 10000, w; = 10, and w3 = 0.1. A low weight
on surface matching (ws) allows deviations from the target geom-
etry to accommodate planar elements and coarse approximations,
while a high weight on planarity ensures physical fabricability. In
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Dual Surface Hinge

Top Surface Hinge

FDM Dual Material

FDM + Laser Cutting

Fig. 14. Comparison of two fabrication methods and hinge placement strate-
gies: Top: dual-material FDM printing with TPU linkages and PLA tiles. Bot-
tom: laser-cut EPDM rubber hinges adhered to PLA tiles. Left: top-surface-
only hinge placement. Right: hinges placed on the top or the bottom using
the design optimization strategy presented in Section 4.4. Prototypes with
dual surface hinge placement show improved quality over top surface only
hinges.

Equation 5, we set w; = 1, w2 = 1, and w3 = 0.001, balancing edge
matching and collision avoidance equally, while allowing w3 to be
tuned to control gap size for ease of fabrication. Finally, in Equation
6, we set w1 = 100, w; = 100, and w3 = 1, emphasizing rigidity and
collision avoidance over alignment of the hinge vertices.

6 Results and Discussion

We evaluate our method on a wide range of doubly curved surfaces
(Figure 10), complemented by physical fabrications (Figure 11) and
a large-scale prototype (Figure 12), which showcase a variety of
fabrication methods and the effectiveness of our hinge placement
strategy. Finally, we highlight application case studies spanning
biomedical devices, consumer products, space exploration, robotics,
and architecture.

6.1 Fabrication and Deployment

Fabrication methods. The auxetic mechanism consists of two com-
ponents: the rigid tiles and the flexible hinges that connect them.
In Figure 14, we present two possible fabrication techniques: 1)
dual-material 3D printing with Flexible Thermoplastic Polyurethane
(TPU) for the linkages and Polylactic Acid (PLA) for the tiles, and 2)
laser-cut Ethylene propylene diene monomer (EPDM) rubber hinges
adhered to PLA tiles. A thickness of 0.6mm for the TPU joints is
found to provide sufficient flexibility and resistance to tearing, while
a width of 0.8mm prevents plastic deformation caused by excessive
stiffness. To create a tight bond between TPU and PLA, an inter-
locking structural design is used between the material layers. By
contrast, laser-cut EPDM rubber offers lower resistance to rotation
but requires an additional fabrication step of manual adhesion. This
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highlights a trade-off between quality and ease of production, illus-
trating that fabrication choices for our designs can be tailored to
user requirements and available resources.

Hinge placement ablation. We compare the hinge placement strate-
gies of top-surface hinges and the dual-hinge method in Figure 14.
Top surface hinges allow the prototype to sag in regions with con-
cave features, since tile overlap in the flat layout was trimmed. The
dual-hinge method automatically places hinges on the bottom in
these regions, which enables full side-face contact between tiles and
prevents sagging.

Small-scale prototypes. We show several physical prototypes fab-
ricated using dual-material 3D printing in Figure 11. We use an
Ultimaker S5 3D printer with a build plate volume of 330 X 240 X 300
mm to fabricate the prototypes. The assembled configurations of
these structures have an average size of 164 X 121 X 56 mm and
an average mass of 135 g (see Supplement, Table 1). In structures
having splits, we embed magnets on the side faces of the tiles along
the split zone to precisely align the adjacent tiles in the assembled
state. For different applications and scales, tiles can also be aligned
with other engineering solutions, such as pins or snapping joints.

Large-scale prototype. We fabricate a life-size, functional chair
(Figure 12), measuring approximately 3 ft in height once assem-
bled (see Supplement, Table 1). The structure is made of laser-cut
plywood boxes that are connected with rubber strips as hinges. A
vinyl-coated stainless steel cable is routed through plastic channels
glued within the tiles. The chair deploys smoothly from the flat state,
remains stable after tension release, and can be flattened and folded
into a compact form. (Figure 13). For sitting, the cable is knotted at
the lift point to maintain tension, and the chair is placed within a
wooden frame that constrains the boundary tiles in contact with
the ground.

6.2 Discussion on Design and Optimization Choices

We optimize the assembled configuration first, followed by the flat
configuration through two distinct steps as discussed in Section
4. Although joint co-optimization is a natural alternative, in our
setting it is unnecessary. Conformal mapping with a bounded scale
factor ensures that a valid flat embedding always exists. Thus, edge
lengths of the flat configuration can always match those already
optimized for the assembled configuration. Across the pipeline, we
choose the simplest approach that achieves the required accuracy.
We enforce planarity by computing a best-fit plane via SVD for each
face and projecting its four vertices onto that plane, with per-face
operations executed in parallel. For surface matching, we minimize a
point-to-point energy using an AABB tree for closest-point queries,
which directly reduces Euclidean distances and preserves sharp
features without relying on normals or offset surfaces. While other
choices are possible, this integrates cleanly with ShapeOp and has
proven reliable in practice.

Planarity of the Contact Faces. Although perfect planarity is not
assured, our method significantly minimizes deviations by prioritiz-
ing planarity over surface approximation, since this is crucial for
valid fabrication and assembly. We quantify planarity error as the
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Fig. 15. Timelapse of a humonoid robot assembling Lilium containing 193
tiles with one continuous string pull (see Supplementary Video, 01:23). Our
method can facilitate autonomous robotic assembly of structures, as the
single string pull actuation mechanism is a much simpler motion planning
task than assembling individual modules.

maximum vertex to best-fit plane distance, with 0 indicating perfect
planarity. Upon optimization, 3D printed Lilium (211 X 212 X 169
mm) although not a conical mesh, demonstrates reductions in maxi-
mum planarity error in absolute scale from 0.0074 mm to 0.00036
mm (top faces), 0.1729 mm to 0.00038 mm (bottom faces), and 0.587
mm to 0.00039 mm (contact faces). While we observe larger errors
at lower resolutions and smaller ones at higher resolutions, as ex-
pected due to the discretization error, our optimization consistently
drives deviations to negligible values, typically by factors of 100 to
1000.

Quad Remeshing. We initialize our optimization with conformal
mapping, since quad remeshing through alignment of Conjugate
Direction Field (CDF) often introduce points with five valances
[Dong et al. 2006; Eigensatz et al. 2010; Liu et al. 2006, 2011], i.e.,
singularities. Such points cannot be represented in a quad linkage,
which always requires four vertices. Similarly, aligning with a Rota-
tional Symmetry Field (n-RoSy) [Ray et al. 2006] does not eliminate
the issue and singularities still arise, which is undesirable for the
quad auxetic topology we adopt. We can observe the same issue
in [Jiang et al. 2022] proposing a quad-auxetic mechanism, where
initial remeshing using alignment of the curve network produces
quadrilateral tiles but non-quadrilateral gaps. By contrast, we pri-
oritize preserving quadrilateral gaps over exact curve alignment,
yielding a grid-like pattern that enables simpler string routing and
assembly.

Absence of Singularities. Approximating surfaces without allow-
ing for singularities limits achievable shapes. We mitigate this by
introducing splits (see Section 4.5), which expands the achievable
shape space without introducing singularities that can cause irreg-
ular non-quad gaps and disrupt auxetic linkage connectivity. Our
method relies on consistent gap geometries and uniform tile con-
figurations to ensure effective cumulative gap closure and smooth
force propagation via string tension.

6.3 Application Case Studies

Our method can be utilized to design structures for a variety of ap-
plications, including consumer goods, medical devices, autonomous
robotic assembly, and large-scale architectures.

Consumer Items. We present the physical case study of a chair in
Figure 12. Our algorithm encodes the ergonomic curves of a chair
into a modularized planar state, allowing it to be manufactured from
planar materials and transported flat to reduce time and cost. Once
purchased, the ease of a single string pull eliminates any assembly
challenges for the consumer. The flat configuration can also be
folded compactly for storage and transportation (Figure 13).

Personalized Medical Devices. We explore applications in person-
alized medical devices in Figure 2. The ability to approximate doubly
curved geometries allows us to create medical devices that conform
to the complex contours of the body. Manufacturing in the flat state
enables quick and simple fabrication of personalized geometries.
We present the examples of a splint and posture corrector, both
of which can be custom-fit to a user and stored flat while not in
use, and then are easily assembled at the time of a user’s need by
tightening a string.

Fast Robotic Assembly. Robotic assembly is expected to be at the
forefront of future manufacturing. However, assembling a complex
freeform structure from modules remains a challenging problem
for robotic systems, requiring complex motion planning and often
multiple robotic arms to hold the intermediate configurations in
place. Our method facilitates fast and compute-efficient assembly,
since the robot only needs to detect and pull a single string. This
reduces the task to a simple motion while our pipeline ensures a
minimal-friction string path that can be easily actuated, making the
process well suited for robotic systems. In Figure 15, we demonstrate
the effortless assembly of a 3D-printed prototype with 193 modules
using a humanoid robot (see Supplementary Video, 01:23).

Space Exploration and Architectural Structures. Compact, easily
maneuverable and deployable habitats are desirable in space mis-
sions. Our method could offer a solution that addresses these re-
quirements. The habitats could be designed as flat-manufactured
modular systems that compactly pack for storage and transit and

Fig. 16. Modular space habitat. Our method is convenient for designing
flat-manufactured modular habitats that are compact to store and transport,
and can be rapidly deployed, disassembled, and reassembled through robotic
assembly in hostile extraterrestrial environments, potentially saving critical

time and energy in future space missions. While similar structures have
been evaluated at small scale, application-specific studies on hardware and
large-scale deployment remain as future work.
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Fig. 17. Rapid assembly of architectural structure. Our geometric approx-
imation could provide the frames around the glass panels which can be
fully manufactured off-site, transported flat, and deployed onsite using only
two cranes. While our design method is scalable, realizing full architectural
deployment requires future engineering studies.

can be rapidly deployed, disassembled, and reassembled via robotic
assembly (See Figure 16).

Similarly, architectural structures benefit from simpler and faster
deployment mechanisms, as well as manufacturing and transport-
ing flat structures. A vast majority of architectural designs rely
on building a structure from modules. Our method could facilitate
the creation of both final modular structures or on-site scaffolding
for freeform designs. Note that the modules are not required to be
solid blocks of material. They can also be realized as hollow frames
representing the edges of tiles computed by our optimization sys-
tem. Then, for example, glass panels could be mounted only on
the top faces of the frames. These frames can be deployed rapidly
with minimal crane operations and limited human intervention (see
Figure 17). Although related concepts have been demonstrated at
small scale, rigorous evaluation for specific hardware and large-scale
deployment remain areas for future work.

7 Limitations and Future Work

Our current implementation focuses on input surfaces with disk
topology. More work is required to generalize our initial solution to
other topologies, which can be an interesting avenue for future ex-
ploration. Exploring fabrication of a sphere-like topology is mainly
constrained by conformal mapping and its inability to always align
with the quadrilateral pattern. However, this is an interesting venue
for future research.

For very complex geometries, maintaining a conformal scale fac-
tor below our threshold requires many splits, making the fabrication
and actuation challenging. For complex structures, like the Stanford
Bunny, numerous splits would be needed to keep the conformal
scale factor below our threshold (>2). Optimally placing numerous
splits in the right location and orientation poses a separate and
complex research problem, beyond the capabilities of our current
algorithm.

Although our theory shows that constraining the boundary with
the string guarantees rigidity of the assembled configuration, we
observe that all of our fabricated structures remain stable under

ACM Trans. Graph., Vol. 44, No. 6, Article . Publication date: December 2025.

self-weight once the string tension is released after deployment (see
Lilium at 01:12, small-scale chair at 02:00, and human-scale chair at
02:38 in Supplementary Video). However, this behavior was neither
rigorously tested nor enforced during optimization. Nevertheless, it
indicates a strong potential to extend our method to create single-
string actuated self-supporting structures. This would be further
beneficial for a range of applications and particularly interesting
for large-scale architectures that could stand independently after
actuation.

Though we demonstrate building a human-size chair, we do not
guarantee a solution to every scale-specific challenge. The string
paradigm that assembles a human-scale chair can, in principle, de-
ploy a building-scale architectural structure (see Figure 17) using
a minimal number of cranes. The primary engineering hurdle is
hardware specifications, such as identifying cable diameters and
hinge strength. We leave this scale-specific engineering challenge
aimed at architectural-scale deployment for future exploration.

Finally, despite its promise for reversible deployment in space
habitats and disaster-relief scenarios, our current simulation system
does not incorporate environmental loads such as wind or thermal
stresses. A valuable direction for future work is to integrate these
loads into the simulation framework to assess linkage performance
in diverse operating environments and fabrication scenarios.

8 Conclusion

We present a novel approach for assembling a 3D structure from
a flat linkage via a single string pull. Our key contribution ab-
stracts the interaction between the auxetic linkage and the actuation
string solely through tile connectivity, making the method agnostic
to scale, material, and fabrication technique. The pipeline unifies
geometry-driven quad tiling, collision-free flattening, lift-point min-
imization, and friction-aware string routing into a coherent design
tool. Designed and fabricated prototypes exhibit diverse curvatures
and geometric complexities, demonstrating that the method pro-
duces deployable, rigid, and reversible structures without specialized
equipment. By encoding kinematics, structural integrity, and sur-
face closure directly in a flat rest state, the approach establishes an
efficient, scalable, and reversible assembly paradigm. Our method
opens new avenues for compact and adaptive consumer products,
personalized medical devices, fast and autonomous robotic assem-
bly, transportable and rapidly deployable space habitats, emergency
shelters, and architectural applications.
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