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Figure 1: EmbroForm enables creating freeform pull-up objects that are soft, organically shaped, and digitally fabricated. (a) To

achieve this, EmbroForm machine embroiders pull-up strings on �exible sheet materials with fabricable �les generated from

our pipeline. (b) The integrated string is pulled to wrap a 2D patch into the 3D target shape. (c) EmbroForm is applicable to

di�erent sheet materials and shapes.

Abstract

Pull-up objects form 3D shapes by pulling a string routed through

a 2D material, o�ering low-cost 2D fabrication and reversible trans-

formation. However, existing approaches rely on origamic folding,

which creates faceted, oftentimes rigid surfaces and requiresmanual

pull-up string routing. We introduce EmbroForm, a digital fabrica-

tion pipeline for fully soft pull-up objects with organic, higher-

�delity shapes. Instead of folding, EmbroForm forms 3D shapes by

seaming the boundaries of a �exible 2D patch unwrapped from

the target. To enable this, we contribute a fabrication technique

that automates the routing of sliding strings on �exible sheet ma-

terials with machine embroidery, which we extend on to design

zig-zag lacings for seaming the boundaries. Then we introduce an

end-to-end pipeline that, given a 3D mesh, creates an optimized

2D unwrapped patch and generates pull-up string routing paths

for fabrication. We provide a design tool for customization and

validate our approach with technical experiments and implemented

application cases.
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1 Introduction

Pull-up or �at-to-shape objects [23, 28, 40] use strings to actuate a

2D sheetmaterial out of plane to form a desired 3D shape. To achieve

this, the target 3D shape is unwrapped to a corresponding 2D pat-

tern on which strings are anchored at selected locations. Pull-up

objects are widely used in both research and commercial products

to create customized objects [23], shape-changing e�ects [19], user

interfaces [28], and large-scale furniture [40]. They o�er unique ben-

e�ts of fast and cheap 2Dmanufacturing, compactness during trans-

port and storage, and simple and reversible actuation through man-

ual pulling. Existing pull-up objects are achieved through origamic

folding - the 2D material has softer creases sandwiched by more
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rigid panels that fold along the hinges when the string is pulled.

Such folding-based pull-up objects [6, 28] approximate smooth 3D

shapes with tessellated planar tiles, which result in faceted and

oftentimes rigid surfaces.

To tackle these, we propose a new type of fully soft pull-

up objects with organic, higher-�delity shapes that can be

digitally fabricated. This enables easy prototyping of custom de-

formable 3D objects that are soft and lightweight, which can be

especially bene�cial for wearable and intimate home contexts in

which aesthetics and comfort during interaction are crucial. Embro-

Form creates such soft freeform 3D objects by generating a �exible

2D pattern unwrapped from the 3D mesh (analogous to peeling an

orange) and seaming the boundaries of the pattern. As the corre-

sponding boundaries are seamed, the �exible 2D material naturally

bends and morphs to recreate the 3D shape with continuously

curved, organic surfaces.

The challenge in realizing this lies in the material’s high de-

formability: di�erent from rigid and self-supporting panels that

only need to be joined at a few vertices (e.g., [28]), soft patches

need to be securely joined along the boundaries to achieve shape in-

tegrity. This requires signi�cantly more demanding pull-up string

routing, whose design remains unknown and the existing man-

ual fabrication would be labor-intensive and error-prone. To solve

this, EmbroForm contributes a new fabrication technique that au-

tomates the routing of sliding strings on �exible sheet materials

with machine embroidery and a novel algorithm that generates the

unwrapped 2D pattern and pull-up string routing paths.

Our fabrication technique uses machine embroidery for auto-

matic routing of sliding strings on �exible sheet materials. Origi-

nally used to stitch patterns on textiles, we repurposed the embroi-

dery machine to digitally fabricate layered threads that e�ectively

constitute tendon-like mechanisms on soft sheet materials. This

includes sliding strings on the surface to be pulled for actuating the

material and tunnels �xed onto the material to constrain the string’s

path. Based on these two principles, we design and present strate-

gies to route zig-zag lacings for seaming highly irregular boundaries

of the 2D patches, taking inspiration from laces in clothing, such as

on corsets and shoes. We validate this technique and optimize the

design parameters with characterizations of friction and material

choices.

Based on this technique, EmbroForm further contributes an end-

to-end pipeline that generates designs and machine �les to digitally

fabricate soft pull-up objects. We �rst use an existing algorithm

by Zhao et al. [51] to decompose a 3D mesh into 2D developable

patches. We then contribute a novel algorithm that generates the

unwrapped 2D pattern by packing the decomposed developable

patches in a layout optimized for embroidery, identi�es points on

the pattern boundary to be joined, generates the pull-up string

routing, and �nally transforms the designs into fabricable �les

for laser cutting and machine embroidery. With this, EmbroForm

enables rapid prototyping of freeform objects that are (1) soft and de-

formable for pleasant and intimate user interactions, (2) organic and

higher-�delity in shape, (3) highly customizable with a digital fab-

rication work�ow, and (4) made from a wide range of embroidery-

compatible sheet materials for di�erent physical properties.

We provide a design tool that provides an interactive front-end

to designers and generates fabricable �les, and we outline the fab-

rication steps for customizing soft freeform pull-up objects. We

validate EmbroForm with a series of evaluations on materials, the

e�ect of the number of boundary points to be merged, and di�erent

3D meshes. Finally, we demonstrate EmbroForm’s capabilities with

three implemented applications, including soft and reversible shape-

changing furniture, an interactive toy with sensing capabilities, and

a custom character for 3D animation.

In summary, we make the following contributions:

(1) A novel automated fabrication approach for embedding

sliding strings and lacings on �exible sheet materials with

machine embroidery by programmatically creating layered

threads.

(2) A digital fabrication pipeline, along with a design tool,

for creating soft pull-up freeform objects with machine-

embroidered pull-up strings, by creating an optimized un-

wrapped 2D pattern for the target shape, generating the

string routing paths, and converting the result into machine

instructions for embroidery.

(3) A series of technical evaluations that validate the fabrication

technique and the soft pull-up shapes produced through the

pipeline.

(4) Three implemented example applications that demonstrate

the practical feasibility of EmbroForm.

2 Related Work

We draw on existing works on creating 3D objects from 2D materi-

als, 3D objects by joining 2D pieces, and machine embroidery:

2.1 3D Objects from 2D Material

Transforming 2D materials into 3D structures is becoming increas-

ingly popular, as 2D fabrication is often more cost-e�ective, faster,

and space-e�cient than 3D fabrication methods. Researchers have

applied di�erent 2D-to-3D transformation principles to a wide

range of 2D materials to realize versatile functionalities.

The most widely used principle is origami-inspired hinge-based

folding, curving, and twisting. This is enabled by creating softer

tunnels or grooves neighbored by more rigid panels in 2D, which

can be pulled closer to fold along the hinges to form the �nal 3D

shape. This transformation can be achieved by manual folding [21],

sewing [12, 27, 37], internal material stress [18, 31], or external

stimuli [3, 25, 41]. This has created a diverse set of functional inter-

faces, including interactive objects [29], thin-form actuators [42],

circuits on complex 3D geometries [9, 44], body-�tting orthoses

and furniture [43, 45], morphing food [39], and 3D textiles [6].

Among the folding-based 2D-to-3D transformations, pull-up ob-

jects [19, 23, 28] that are formed by pulling a string embedded in

the 2D material have been popular. By pulling and loosening the

string, these objects o�er reversible and interactive shape changes

that are appealing to users.

Despite their bene�ts, current folding-based 3D shapes and pull-

up objects have constraints in shape �delity and material sti�-

ness. The complexity of a folded shape scales with the number of

hinges. This leads to long fabrication times for more complex shapes
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(e.g., Demaine and Tachi [7] folded a Stanford Bunny in 10 hours),

limiting current folded "3D" shapes to mostly 2.5D surface textures

and simple geometries. Furthermore, folding-based approaches ap-

proximate a 3D shape with tessellated planar panels instead of

organic curvatures, compromising shape �delity. In addition to the

limitation in shape, pull-up objects currently rely on rigid or highly

plastic panels (e.g., plywood) that only need to be joined at very

few vertices via simple, manually routed strings to create sound 3D

objects. Pulling up softer material, on the other hand, would leave

gaps between the merging vertices as the material bends.

To enable rapid prototyping of soft freeform objects, we adopt

another 2D-to-3D principle based on seaming external boundaries

that is natural to soft, �exible sheet materials and can create higher-

�delity shapes.

2.2 3D Objects by Joining 2D Pieces

Moving beyond folding, creating 3D objects by joining smaller

pieces of 2D materials is also emerging. To start with, lasercut

pieces [1, 8, 34] and strips [38] are manually assembled or woven

together to create shapes. Layers of cut fabric are stacked together

to approximate a shape [30].

Another larger and evolving class of work from the graphics

community puts forward a 2D-to-3D principle that is natural to

�exible 2D materials [5, 17, 50, 51]. They decompose freeform 3D

objects into piecewise developable, curved surfaces that can be �at-

tened onto a plane without stretching, compressing, or tearing [13].

The decomposed developable patches are then bent and joined at

the corresponding boundaries to form the �nal shape, analogous to

how fabric patches are "seamed" at the boundaries to create clothing.

These algorithms can recreate high-�delity, continuously curved

3D shapes with a small number of soft, �exible patches. However,

as the graphics community focuses on advancing the decomposing

algorithm to improve the accuracy of the recreated shape, there

is currently no automated fabrication method for such recreation.

Seaming the boundaries of �exible 2D materials to create soft 3D

objects has been done manually by taping together paper [17, 50],

sewing the boundaries of fabrics [49], and sewing zippers onto

textiles [36], which is time-consuming and/or error-prone.

Thus, to enable lower-e�ort prototyping of 3D shapes that are

soft, organic, and higher-�delity, EmbroForm takes inspiration from

pull-up objects and shoelaces to design pull-up lacing mechanisms

that can e�ectively join boundaries of sheetmaterials and can be dig-

itally fabricated with embroidery machines. Based on the designed

lacing mechanism, EmbroForm contributes an end-to-end digital

fabrication pipeline and algorithm that prepares an optimized 2D

pattern to be seamed, and generates the lacing mechanisms needed

for a smooth pull-up.

2.3 Machine Embroidery

Fabrication of soft objects has gained increasing attention in HCI, as

such deformable objects allow richer and more intimate user inter-

actions. Among these, textile-based ones have the unique bene�ts

of being familiar to users. To this end, existing works have extended

textile crafting techniques, such as cutting [30], felting [15], knit-

ting [11, 14], smocking [37], and weaving [46] to create hand-sized

3D shapes. The fabricated soft objects, however, have limited shape

�delity and require redesigning the fabrication machine or manual

fabrication. EmbroForm explores using o�-the-shelf embroidery

machines to create higher-�delity 3D textile objects.

Machine embroidery is a digital fabrication method for creating

planar patterns on textiles. It creates programmed stitches on the

textile surface. Such embroidery machines have gradually made

their way into everyday households thanks to the development of

a�ordable commercial products1, the straightforward and software-

supported fabrication process, and the machine’s adaptability to a

wide range of sheet materials and threads.

Traditionally used to create aesthetic 2D patterns on clothing

by in�lling areas with colored threads, research has expanded

the functionality of embroidered surfaces. In improving aesthet-

ics, Zhenyuan et al. [52] embroidered controlled long thread seg-

ments to visually convey direction. Many works have machine-

embroidered textile-based user interfaces that are soft and �exi-

ble in materiality and can seamlessly blend into clothing or our

home environment. Examples include textile sensors to detect

body postures [26], on-skin or on-textile touch and gesture [2, 47],

pressure [32], and conductive objects [10]. Embroidered thin-form

speakers have also been shown [33].

Some works also explored extending planar embroidered textile

surfaces to higher dimensions. These include embroidering indents

and bumps to represent UI elements such as icons, buttons, and

sliders tactually [24, 35, 48], and shape-changing surface topologies

folded by stretchy fabric’s internal stress [18]. Closest to our work,

OriStitch [6] pioneered machine embroidery with heat-shrinking

threads to fold away excessive material between tessellated faces to

create 3D shapes. Yet the folded objects have limitations in shape

- they are faceted and have limited complexity due to the resolu-

tion of the facet, thus showing only semi-spherical prototypes, the

transformation is not reversible, and they add substantial rigidity to

the material due to the threads embroidered directly on the faces.

Inspired by pioneering works [4, 22] that automatically embed

actuation strings into objects during 3D printing, we extend ma-

chine embroidery’s capabilities and repurpose it as an automated

fabrication method for routing sliding strings and lacings on textile-

like �exible sheet materials to create soft and organic objects that

can be pulled up.

3 Machine Embroidering Pull-up Strings

In this section, we introduce a novel fabrication method based on

machine embroidery for integrating pull-up strings in �exible sheet

materials to enable making soft and organic pull-up objects.

To create a pull-up object, a string should go through or be

bound to the material at selected locations such that pulling the

string transforms the 2D patch into a 3D geometry by joining the

outer boundaries of the 2D patch. In prior work, this is done by

manually routing a string through holes in the 2D material [23, 40].

We automate pull-up string routing on �exible sheet materials

by repurposing a digital embroidery machine to lay out layers of

functional threads on a 2D surface. Speci�cally, the layered threads

include sliding strings that can slide on the surface when pulled, and

1https://www.bernina.com/en-US/Home-United-States
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tunnels that anchor the string to the surface at selected locations,

de�ning its path on the surface.

We start by detailing the design and fabrication principles of

sliding strings and tunnels in Sections 3.1 and 3.2. Next, we extend

on these basic building blocks to contribute a design of lacings

capable of securely joining boundaries of �exible sheet materials.

Contrary to previous folding-based pull-up objects that only need to

join vertices of straight boundaries that are oftentimes sti�, pulling

up organic shapes from �exible materials requires joining soft and

highly curved boundaries. To achieve this, we take inspiration from

laces in clothing (e.g., on shoes and corsets) that pull two fabric

pieces closer. Similarly, we join the soft, curved boundaries with

lacings that travel in a zig-zag pattern. In Section 3.3, we detail the

design of the lacing and present strategies to machine embroider

the lacing in 2D such that it can be smoothly pulled in 3D without

knots or entanglements to join the boundaries.

3.1 Sliding Strings

The challenge in automating the routing of pull-up strings lies in

that embroidery machines normally create stitches that are �xed in

place. As the schematics of embroidery in Figure 2a shows, during

each stitchmade by themachine, the top thread above the fabric and

the bottom bobbin thread below the fabric are intertwined to create

a secure stitch. In traditional embroidery, such stitches and the

interlocking of threads are typically made very dense (i.e., around

0.4mm - 3mm between each stitch) for creating �lled patterns and to

avoid threads unraveling during everydaywear and tear. In contrast,

in our case, a pull-up string needs to be �oating on the surface and

remain free to move. To make this possible, we take advantage of

machine embroidery’s double-thread structure. To route a sliding

string with the machine, we instead program very sparse stitches

with long overhanging threads in between (i.e., several centimeters)

to create the top thread as the string with a de�ned path that is only

loosely held in-place by the bobbin thread at the stitch positions,

as shown in Figure 2b.

The bobbin thread acts as a supporting structure during embroi-

dery that can be simply cut one time anywhere and pulled out.

Figure 2: (a) Stitches made with machine embroidery inter-

twine the top and the bottom bobbin thread on the fabric. (b)

We program these stitches to create sliding strings that �oat

on the surface and �xed tunnels that de�ne the string’s path.

(c) This is achieved by embroidering sparse string stitches

and then the tunnels above, then removing the string bob-

bin thread to unravel the string stitches, making the string

"slide".

Without the bobbin, the top thread becomes a string that entirely

�oats above the surface, not �xed to anything. Figure 2c shows

this fabrication process. Alternatively, if highly curved string paths

are needed, which require relatively dense stitches to redirect the

top thread, one can use water-soluble bobbin thread2 that can be

removed more easily by washing.

3.2 Tunnels

To be able to actuate the sheet material, the created sliding string

needs to be bound to the material. This is typically achieved in

pull-up objects by manually traversing the string on both sides of

the material. However, in machine embroidery, one thread can only

travel on either the top or the bottom of the material. We therefore

design tunnels that can bind the sliding string to the material sur-

face, holding it in place but also allowing the sliding of the string

through the tunnel. As shown in Figure 2b, the tunnels are made

by two zig-zag stitches that go perpendicularly across the sliding

string. Additional small tie-in and tie-o� stitches (0.8mm apart) are

added at the beginning and the end of a tunnel to �x it securely onto

the material. During fabrication, the tunnel is embroidered after

the string and before the supporting bobbin thread is removed. For

the sliding string to smoothly travel through the tunnels, the fric-

tion needs to be minimized. This ideally can be realized by having

loose stitches that create a hollow space under the tunnel; however,

this cannot be achieved with typical embroidery machines, as the

bobbin thread always pulls the top thread tightly. We thus control

the width of the tunnel such that the sliding string have some space

to move around with reduced friction under the tunnel. Through

iterative prototyping, we empirically determined the width to be

3mm, which leaves su�cient space under the tunnel, but is still

tight enough to avoid the string wiggling around. To guarantee a

0.8mm gap between stitches to avoid dense stitches damaging the

material, the overall length of the tunnel (the longest four stitches)

is 3.2mm. To reduce friction, we use silk top threads3 (3-ply, 50

weight) for both tunnels and sliding strings.

3.3 Lacings for Joining Boundaries

To join potentially highly curved boundaries of soft sheet materials

to create the pull-up objects, we contribute zig-zag lacings inspired

by laces seen in real life. Figure 3 shows an example of a lacing

between two boundaries to be joined. First, sets of merging points

that need to be pulled closer to join are identi�ed on the boundaries

(labeled in Figure 3a). We take the points with high curvature on ei-

ther boundary and their matching points on the other boundary, as

such points make sharp corners that stick out if not tied to another

boundary. Then additional points are added in between such that

the maximum distance between any two points does not exceed a

threshold. This guarantees a minimal density of points sampled on

the boundary to facilitate tightly joining the boundaries. Each point

set typically contains two points, but in some cases more than two

when the point is shared by multiple boundaries and patches in the

3D mesh. The parameters for sampling the merging points can be

2https://www.quiltmania.de/Produktkategorien/Zubehoer-Co/Garne-
Baender/Garne/Naehgarn-wasserloeslich/Vanish-Lite-Water-Soluble-Thread-
Cone.html

3https://www.superiorthreads.com/thread/tiara/c/60-201
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Figure 3: (a) The lacing is embroidered to run zig-zag in hol-

low edge tunnels (b) to join boundaries when the string is

pulled. (c) This is fabricated by sandwiching the cut sheet

material with a sticky water-soluble stabilizer and embroi-

dering the patterns on top.

programmtically de�ned and changed. Through empirically testing,

we determine them to be points on boundaries with highest 10%

curvature and a maximum distance of 2cm between neighboring

points. The number of points sampled a�ects both the quality of

the pulled-up shape and the ease of pulling up, which we evaluate

in Section 6.3.

On these points, we embroider tunnels that extend side-ways

beyond the boundary, as shown in Figure 3a. This creates entirely

hollow tunnels and thus more volume for the sliding string to travel

through to further reduce the friction. One zigzag lacing then passes

through all the tunnels pair by pair, as shown in Figure 3a with

highlighted stitch points.When pulled, the tunnels close up and join

the boundaries; the neighboring points on the same boundary are

not pulled together because the sheet material along the boundary

resists pulling much more than the air gap between the boundaries.

Figure 3b shows the fabricated prototype during pulling.

To fabricate the hollow tunnels, we use sticky water-soluble

stabilizers4 (i.e., tape-like sheets) to sandwich the material and

embroider the tunnels, as shown in Figure 3c. The zigzag stitches

of the tunnels run between the material and the stabilizer, with

the tie-in and tie-o� stitches on the material. After fabrication,

the stabilizers are washed away to leave only the intertwined top

and bobbin threads, creating a hollow tunnel extending side-ways

beyond the boundary of the patch. The detailed parameters of the

Figure 4: Using lacings to pull up a cone with (a) straight

boundaries and (b) curved ones.

4https://sulky.com/sulky-sticky-fabrisolvy-stabilizer-white-8-x-6-yd-roll

tunnel are characterized through technical tests, which we show in

Section 6.2. Figure 4 shows example lacings for straight and curved

boundaries that pull up cones.

As shown in Figure 3a, routing the lacing in 2D with machine

embroidery to enable a smooth pulling-up in 3D is non-trivial. The

challenges in the routing are threefold: (1) the sliding string needs to

be compatible with tunnels that will be embroidered afterwards, (2)

it should route through all tunnels smoothly without creating loops

or knots during pull-up, and (3) in contrast to straight boundaries

in real-life laces, the lacing string travels between highly curved

ones on which a naive zigzag creates entanglement. To solve these

challenges, we present three steps and strategies below to route the

lacing for an e�ective pull-up. Figure 5 shows a walk-through of

the process with the same example, including skirting, connecting,

and detouring, which each tackle one of the above challenges. All

lacing stitches are colored in purple.

3.3.1 Skirting the tunnel to e�ectively engage the lacing. The lacing

string needs to be compatible with the tunnels, which will be em-

broidered after the lacing. For each tunnel, the lacing needs to travel

through it exactly once. For one straight sliding string as shown in

Figure 2, this is simple to achieve. However, when routing a zig-zag

lacing on highly curved boundaries, the lacing might make sharp U-

turns before or after going through a tunnel. Due to the resolution

of the embroidery machine (∼1mm) and the drifting of the sheet

material, lacing stitches in these sharp U-turns embroidered too

close to the tunnels can get unintentionally bound by the tunnel

stitches. This could lead to the lacing making a U-turn inside and

therefore escaping the tunnel, or the lacing getting bound by short

and tight tie-in and tie-o� stitches that create very high friction. To

prevent this, we skirt each tunnel with some margin, as the bound-

ing boxes in Figure 5a visualize, such that no lacing stitch can be

placed inside the boxes. Through empirical testing, we determined

this bounding box by adding a gap of 1.5mm to the border of the

tunnel.

3.3.2 Connecting the tunnels to avoid loops in the lacing. The ten-

don should travel smoothly without loops in the joined tunnels

after pull-up, as shown in the inset in Figure 5b. This is determined

by the direction from which the lacing enters a tunnel - if the lacing

entered any of the tunnels from the other direction, a loop would

be created. To achieve this, we use an important observation in

3D after pull-up to inform how to strategically connect the lacing

string between the tunnels in 2D: the lacing enters all tunnels on

one boundary from the same direction along the boundary, and

enters all tunnels on the corresponding boundary from the other

direction. This de�nes the lacing traversing order for all tunnels

on a boundary. The midpoints of the tunnels are then connected

accordingly, as shown in Figure 5b.

3.3.3 Detouring to avoid intersecting lacings. After connecting all

the tunnels with straight lacings while respecting the bounding

boxes, the lacings can intersect, especially on highly curved bound-

aries, as shown in Figure 5b. During pulling up, the intersecting

lacing segments risk entangling and blocking each other’s move-

ment, hindering a smooth pull-up. To solve this, we detour the

intersecting lacing segments away from the patch, as shown in
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Figure 5: We present three strategies for 2D lacing routing to enable a smooth pull-up in 3D. We skirt each tunnel with a margin

to ensure that the lacing string can freely slide, connect the lacing between the tunnels to avoid loops, and, where necessary,

detour the lacing to avoid intersecting and entangling lacing segments.

Figure 5c. Algorithmically, this is achieved by scanning the con-

nected lacing inside-out from the tunnel pairs closest to each other;

if a scanned lacing segment intersects with a previous one, we

detour its stitch points such that it becomes the outermost lacing

segment. To realize this, we project the stitch points of the current

outermost lacing onto the scanned lacing segment and �nd points

along the projection direction 0.8mm away from the stitch points.

These points, which are the current outermost points, become the

stitch points of the scanned lacing segments. After the stabilizer is

washed away and the detour stitches unravel, the lacing segments

can be pulled tight to join the tunnels without entanglement.

4 EmbroForm Pipeline

To enable creating pull-up objects by joining �exible sheet mate-

rials, we contribute an algorithmic pipeline that prepares a given

target 3D mesh for embroidery with our fabrication approach in-

troduced in Section 3. In this section, we present the steps in this

pipeline. With the separate 2D patches segmented from a 3D mesh,

we pack the patches into one connected 2D patch optimized for em-

broidery that can be wrapped back to the target shape by seaming

the boundaries (Section 4.1). Next, we identify sets of points on the

boundaries that need to be joined (Section 4.2). Finally, we cluster

these point sets into lacing areas that each can be closed up by one

lacing and automatically generate the lacing routing (Section 4.3).

The outcomes generated by the pipeline are converted into embroi-

dery machine �les for fabrication (Section 4.4). We make the code

for the algorithm openly available5.

4.1 Generating Unwrapped 2D Patch from 3D
mesh

We �rst generate a 2D patch equivalent to the one obtained by

unwrapping the input 3D mesh. To achieve this, we obtain a seg-

mentation of the 3D mesh into separate 2D patches, then pack them

together in an optimized connected layout.

We use a state-of-the-art evolutionary algorithm [51] to obtain

the separate 2D patches. Figure 6a and b show an example of a

bird mesh being segmented into seven separate 2D patches. For a

mesh segmented into # patches P = {%8 }
#
8=1, these patches share

5https://hci.cs.uni-saarland.de/projects/embroform/

" boundaries B = {�8 }
"
8=1 when wrapped up in 3D as shown in

the highlighted blue lines in Figure 6a. Because each patch is made

up of mesh triangles, each boundary �8 is composed of  8 short

mesh edges {�8 } = {18 9 }
 8
9=1.

Next, we pack the segmented 2D patches into one connected

layout that can later reconstruct the target shape by seaming the

boundaries. Unwrapping the 3D mesh to 2D is analogous to cutting

along the shared boundaries to �atten the shape – only a subset

of the shared boundaries B′ ⊆ B can be touching in 2D; and for

the boundaries that still touch, they touch at a minimum of only

one short edge instead of the entire boundary. We thus �nd an

optimal unwrapping for embroidery-speci�c goals in two steps -

we �rst decide the topology by �nding B′ that should touch in 2D,

then �ne-tune the geometry to determine the exact short edges

1∗ = {1∗8 ∈ �8 ,∀�8 ∈ B′} that these boundaries touch at. The

packed 2D patch has one important constraint that there should be

no overlap between the patches.

Overlap
(

%8 , % 9
)

= 0, ∀ 8 ≠ 9, 8, 9 ∈ {1, . . . , # } (C)

To determine the topology, we model the connectivity of the

2D patches in the original 3D mesh with a graph in which a node

denotes a patch and an edge denotes that the two patches share

a boundary. An example of such a graph is shown in Figure 6c.

The goal is to �nd a subset of the boundaries B′ ⊆ B with size

# − 1 that creates an acyclic connected layout (i.e., no holes) and

to make the separate patches touch at long boundaries to avoid

very long lacings traversing large distances in between. We �rst

Figure 6: (a-b) We segment a mesh into �exible 2D patches

with an existing algorithm [51]. (c)We thenmodel the bound-

aries shared by the patches in 3D as a graph for generating a

connected 2D patch.
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reduce the search space by pruning edges that always create over-

laps if touched – the two patches overlap no matter where on the

boundary they touch. However, we can’t prune all combinations

of edges that create overlaps because it becomes computationally

too expensive. We thus solve this by �nding spanning trees on

this graph that cover di�erent combinations of the edges while

prioritizing long boundaries. To satisfy this, we �nd 20 weighted

random spanning trees [20], with the boundary length assigned as

the weight of the edge. This gives us patch topologies that preserve

long boundaries with high probability and avoid always keeping the

same boundaries that are long but are potentially prone to collision.

These patch topologies are taken as candidates for the geometry

optimization.

Next, we optimize the geometry of the 2D patches based on the

topology candidates. With a candidate subset of shared boundaries

B′, we now �nd the optimal touching short edges in the subset 1∗ =

{1∗8 ∈ �8 ,∀�8 ∈ B′} to determine the packed layout. The geometry

should satisfy Constraint C. To maximize the size of objects that

can be fabricated, the geometry should also be optimized to �ll

a given embroidery hoop, which clamps the sheet material and

thus de�nes the area that can be embroidered by the machine. The

more compact the patch bounding box with a �xed aspect ratio

A determined by the embroidery hoop, the more we can scale up

the object. For a set of patches P connected by short edges 1∗, we

de�ne its bounding box with �xed aspect ratio A as BBoxA (P, 1
∗).

The goal is thus to minimize the bounding box size:

argmin
1∗

B8I4 (BBoxA (1
∗,P))

We solve this by running simulated annealing (SA) (initial tem-

perature 1, cooling rate 0.995, maximum iteration 5000) to choose

the optimal 1∗. Constraint C was implemented as a heavy penalty

item in SA to avoid overlap. We then choose the best one from the

candidates.

4.2 Generating Point Sets on the Patch
Boundary

To close up sound 3D shapes with �exible 2D patches that have

curved boundaries, the boundaries need to be merged at selected

points. As Section 3.3 discussed, the selected points need to cover

highly curved points and should be su�cient to e�ectively seal the

boundary. We identify these points by screening the boundaries

with a sliding window of 3 mesh units and computing the turning

angle of the boundary segments. Figure 7 shows an example process

on the packed 2D patch generated from Section 4.1. (a) We �rst

take the segments with the largest 10% turning angle and sample

their mid-points and the matching points on the corresponding

boundaries as point set candidates. When a group of points is too

close together on a boundary (colored in grey), which would lead

to overlapping tunnels if fabricated, only the point with the highest

curvature is preserved. When the points in a set is too close to each

other, the set is removed. Point sets with three points are considered

important points that should be joined for shape �delity and are

never removed. (b) With the remaining point sets, we add points

into the gap between the points such that there is at least one point

every 2cm along the boundaries.

Figure 7: We identify sets of points to be merged by (a) �nd-

ing high curvature points and their partners on the contour

and (b) adding additional points to guarantee a maximum

distance between adjacent points on the contour.

The sliding window size, the percentage of the highly curved

points to keep, and the maximum distance between adjacent points

were empirically iterated to e�ectively identify highly curved point

sets while minimizing the number of sets to avoid friction from

connecting a high number of points. These parameters can be

changed based on applications and object sizes. An evaluation of the

e�ect of varying numbers of point sets is carried out in Section 6.3.

4.3 Routing the Lacing

Finally, with the packed 2D patch and identi�ed point sets to be

joined, our algorithm automatically generates the lacing routing

such that pulling one string e�ectively joins all the point sets to

wrap up the 3D shape. To �nd a lacing routing that enables a smooth

pull-up without loops or entanglements, we split the problem into

manageable subproblems by clustering the point sets into lacing

areas A = {�8 }
#
8=1. In each lacing area, we can route the lacing as

introduced in Section 3.3, which we can strategically embroider to

avoid loops and entanglements.

We walk through our algorithm with the same example in Fig-

ure 8. From the previous steps, we obtain the packed 2D patch

and the point sets as numbered in Figure 8a. We �nd lacing areas

by tracing the patch contour from the edges where the separate

patches join (highlighted in red dotted lines). This is analogous to

zipping two matching boundaries that already touch in the middle

- we zip towards both directions from the joining point to close the

gap between the boundaries. Thus, starting from each endpoint of

each joining edge, we trace along both directions of the contour to

�nd consecutive matching pairs of points through which we can

route a zig-zag lacing. An example is illustrated in Figure 8a. We

trace from the edge endpoint ( on both sides of the contour and

�nd matching pairs of points numbered 1 to 5 which belong to one

lacing area. The tracing stops after 5 because the next points on

the two sides, 6 and 7, do not match. As a result, the initial tracing

from the joining edges might produce disconnected lacing areas

and many untraversed points, as shown in Figure 8b.

The mismatch can happen when we encounter a point set with

more than two points (e.g., 5) and two or more gaps that need to

be closed at the same endpoint (e.g., �7 and �8 should be closed

and joined at point 5). After such a point set is joined, the tracing
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Figure 8: (a) We trace from where the patches join (e.g., point () to �nd consecutive matching sets of points that constitute

a lacing area. (b) After initial tracing, the lacing areas �1 to �8 do not cover all merging points. We thus iteratively merge

areas that share a set of merging points (e.g., �1 can be merged into �2) to continue tracing the boundary. (c) For this example,

merging small areas with the number of point sets = 1 covers all points. We then determine how the endpoints of the areas are

connected.

can continue with matching pairs of points (e.g., we can trace to

7 on two sides after 5). Therefore, in order to traverse the entire

boundary to cluster all points into lacing areas, we perform local

merge operations to merge smaller areas into a bigger one that

shares a point set. For the merged areas, the lacing can make a

detour to close the smaller lacing area before returning to the main

area. We start by merging lacing areas whose number of point

sets is : = 1. We show an example with �1 and �2, which both

contain a pair of 24, in Figure 8b. Tracing from �2 stops at 240 and

241 because the next points (23 and 242 ) do not match. To try to

merge, we look at 2: − 1 more points along the contour (242 ) - if

they and the current end point (241 ) match, we merge them in the

area and continue tracing. This allows merging �1 into �2, and

the endpoints of �1 are updated to 240 and 242 . The tracing can

continue to 23, 22, etc., and �3 and �4 can be similarly merged into

�2 with : = 1.

Figure 8c shows the result after merging with : = 1. After merg-

ing, we check if all point pairs are assigned to lacing areas. For this

example, this is satis�ed with three lacing areas when : = 1. If

not, we continue merging with an iteratively increasing : . Starting

by merging smaller areas, which results in more lacing areas, is

preferred because this avoids big lacing areas that require very

long lacings to traverse. If merging creates overlapping lacing areas

(i.e., some point sets can be assigned to either area), the overlapped

point sets are assigned to the smaller lacing area for balance.

For each identi�ed lacing area, how the lacing travels through

the point sets within the area is determined by the lacing. We then

determine how the di�erent areas are connected by the lacing with

a goal of minimizing its overall length. Speci�cally, the lacing can

enter from one of the four endpoints E8 = {418 , 4
2
8 , 4

3
8
, 448 } of a lacing

area �8 , as highlighted in Figure 8c. The goal is to choose one

entry point per lacing area 4∗ = {4∗8 ∈ E8 }
#
8=1 and to determine

the traversing order of the areas c : {1, . . . , =} → {%1, . . . , %=} that

together minimizes total cost which is the lacing length connecting

the lacing areas. Thus with a pairwise cost matrix �8, 9 [:, ;] that

gives the length of the lacing that travels between �8 with entry

point : and � 9 with entry point ; , we run SA(initial temperature 1,

cooling rate 0.99, maximum iteration 3000) to minimize:

TotalCost(c, 4∗) =

#−1
∑

8=1

�c (8 ),c (8+1) [4
∗
c (8 )

, 4∗
c (8+1)

]

After the point pair traversing order is determined, we identify

the stitching pattern that can create the target routing design based

on the three strategies presented in Section 3.3.

4.4 Machine File

The algorithm outputs the following �les for fabrication. (1) A PDF

�le for laser cutting the patch contour from a sheet material and for

engraving a rectangle with intersecting centerlines for embroidery

calibration, (2) a SVG �le that contains the generated lacing routing

and tunnels. We process the SVG �le into low-level embroidery

machine code and export to machine-compatible EXP �les using

the pyembroidery library6. The lacing routing and tunnels are

converted into corresponding stitches in two di�erent colors. We

detail the step-by-step fabrication process in Section 5.2.

5 Design Tool and Fabrication

To support customizing EmbroForm objects, we provide a dedicated

design tool and detail the fabrication steps.

5.1 Design Tool

The visual design tool that takes in a 3D mesh from the user and

prepares it for fabrication. As Figure 9 shows, the design tool shows

the output of each step in the pipeline. Example steps, including

(a) segmenting the imported mesh into separate 2D patches and

(b) generating the lacing routing on a packed 2D patch with iden-

ti�ed point pairs, are shown in the Figure. (c) Finally, the design

6https://pypi.org/project/pyembroidery/1.1.0/
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Figure 9: EmbroForm design tool for fabricating custom pull-up objects. Given an input 3D mesh, the design tool shows the

results of each step in the pipeline. For example, (a) segmenting the mesh into 2D patches, (b) generating the lacing routing

based on the packed 2D patch and identi�ed merging points, and (c) exporting the machine �le for embroidering the lacing

(purple) and tunnels (red).

tool exports the necessary �les for fabrication. We implemented

the design tool as a plug-in in Blender.

5.2 Fabrication Steps

Figure 10 details the fabrication steps to create a pull-up soft 3D

object with EmbroForm. The layout-optimized 2D patch in PDF

generated by the algorithm is �rst lasercut with the chosen sheet

material. Without moving or taking the cut material out of the ma-

chine, a layer of sticky water-soluble stabilizer is applied directly

onto it. A grid for calibration is then engraved onto the stabilizer. To

engrave on the thin stabilizer without cutting through the underly-

ing sheet material, the laser cutter was set to 2% power, 100% speed,

and 500Hz frequency. After engraving, the excess sheet material is

peeled o� the stabilizer, and another layer of sticky water-soluble

stabilizer is put underneath the material. This sandwiches the cut

2D patch with stabilizers to secure it during embroidery. Using the

embroidery �le generated from the pipeline, the lacing and tunnels

are then machine embroidered. A Bernina embroidery machine

(model 790 PLUS) and a Jumbo embroidery hoop with an embroi-

dery area of 260mm by 400mm7 were used for fabrication. The

machine was set to the lowest speed to reduce the drifting of the

material. For the bird example, the total embroidery time needed

was around 20 minutes. After embroidery, the support material,

including the stabilizers and the lacing bobbin thread, is washed

away. The 3D object can then be formed by pulling the lacing string.

Figure 10: The fabrication steps for creating EmbroForm pro-

totypes that can be pulled up.

7https://www.bernina.com/en-US/Accessories-US/Embroidery-
Accessories/Embroidery-Hoops-and-Adapters/Jumbo-Embroidery-Hoop

6 Technical Evaluation

We performed a series of tests to characterize and evaluate Embro-

Form’s fabrication approach and pipeline. Speci�cally, we tested

EmbroForm with �ve sheet materials, determined the parameters

for the hollow tunnels through empirical tests, and evaluated fab-

ricated EmbroForm prototypes with varying numbers of merging

points. Finally, we evaluated the achievable shapes by running the

algorithm on seven 3D meshes and show the generated designs.

6.1 EmbroForm with Di�erent Materials

To be compatible with the EmbroForm pipeline, the used sheet ma-

terials need to be laser-cut safe, non-fraying such that the boundary

hollow tunnels do not get torn away when pulled, and should be

compatible with machine embroidery. We test �ve di�erent types

of sheet materials whose detailed speci�cations and fabricated pro-

totypes are shown in Figure 11. These include a thin and light

cotton fabric8, a heavier and thicker dry waxed organic cotton9,

transparent TPU vinyl, faux leather, and polyester felt. We empiri-

cally measured the materials’ bending rigidity with the cantilever

(self-weight) test [16] on strips of 3cm by 5cm. The materials create

sound 3D objects with thicker material, such as leather, creating

sti�er objects.

6.2 Characterizing Hollow Tunnels

The hollow tunnels in our lacing design are crucial to a smooth

pull-up. They should securely stay on the sheet material and should

enable the lacing to travel through them with minimum friction.

To �ne-tune their fabrication parameters, we perform a detailed

characterization of the hollow tunnels. We characterized the tun-

nels’ width of the stitch o� the patch (3>DC ) and on the patch (38=),

as shown in Figure 12 . We carried out the tests on all �ve sheet

materials introduced above.

8https://swa�ng.de/luisa-beschichtet-buegeln-linke-warenseite-beschichtete-
baumwolle/078435-000747

9https://sto�fairliebt.de/produkt/dry-waxed-organic-cotton/
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Figure 11: Five �exible sheet materials tested with varying composition, thickness, weight, and bending rigidity.

For 3>DC , there is a trade-o� between low friction and the

boundary-merging quality. Pulling the lacing string joins the tun-

nels together. Tunnels with large 3>DC create large-diameter hollow

tunnels which, when pulled together, still leave a gap between the

material boundaries. We thus tested 3>DC from 0mm to 3mm with

38= set to 2mm to choose a value that balances the trade-o�. To

simulate the pull-up scenario with maximum friction, we closely

laid out a high number (22) of tunnels on two boundaries to be

joined such that the lacing between the boundaries turns with sharp

angles (90 degrees) with high friction. We pulled the lacing string

to join the boundaries, and the pulling forces were measured with

the force gauge and shown in Figure 12. The pulling force signi�-

cantly decreased for all materials when 3>DC is increased to 2mm,

but stayed similar for 3mm. Therefore, to create more nicely closed

boundaries, we determined 3>DC to be 2mm.

38= should be minimized to reduce the width of the patch re-

quired to place a tunnel, such that it can still be put on very narrow

patches. However, tunnels with too small 38= have tie-in and tie-o�

stitches embroidered very close to the boundary and can easily

be torn away when the lacing string is pulled. We thus tested 38=
from 1mm to 2mm with a �xed 3>DC of 3mm. We measured the

force to tear by pulling a lacing that goes through the tunnel in the

direction perpendicular to the boundary along the surface plane

and recorded the force at which the tunnel was torn away from

the material. A maximum of 20N pulling force was used, which

is the force at which the silk lacing thread snaps. A force gauge

(Baoshishan ZP-50N with 0.01 N accuracy) was used. As Figure 12

shows, none of the tunnels are torn away at 38= = 2<< when 20N

of force was applied, which is the �nal value we chose.

Figure 12: Characterization of parameters of the hollow tun-

nel. On the �ve materials, we characterize 3>DC to minimize

the pulling force required against friction and 38= to make

the tunnels tear-resistant.

6.3 E�ect of Number of Merging Points

As mentioned in Section 3.3, the number of points to be merged

is a parameter that can be tuned and programmatically controlled.

We empirically evaluate the e�ect of the number of merging points

with the bird example fabricated with di�erent numbers of tunnels,

as shown in Figure 13. The left one only has the 10% of points with

the largest curvature. On top of this, the middle has a maximum

distance of 2cm between points, and the right has a maximum

distance of 1cm between points. This sampling criterion results in

the prototypes having 40, 54, and 72 tunnels, respectively.

Increasing the number of points creates more precise shapes as

the boundaries are better merged with denser points. As shown,

higher numbers of merging points e�ectively seam the boundaries,

while too sparse merging points result in gaps and fail to recre-

ate details in the 3D mesh. We measured the error of the shape

recreation. Compared to the input bird mesh, the shape error of the

bird with piecewise developable patches generated by the segmen-

tation algorithm [51] is 0.9%, which is the lowest possible shape

error for the fabricated prototypes. We scanned the fabricated bird

prototypes to compare with the input mesh. The scanning was

performed with a Revpoint laser scanner with down to 0.05mm

accuracy10. The error in the fabricated object was calculated by the

two-sided Hausdor� distance normalized by the diagonal length of

Figure 13: We fabricated the bird with di�erent numbers of

merging points and measured the shape accuracy, size, and

pull-up time. Having more merging points lowers the shape

error, reduces the achievable size, and increases the pull-up

time.

10https://global.revopoint3d.com/en-us/products/infrared-laser-3d-scanner-
inspire2
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the bounding box, which measures the largest deviation between

any point on one shape and the closest point on the other relative

to the object size. The result shows that while all three prototypes

have quite low errors and were able to reproduce the input mesh

in high quality, the prototype with the largest number of merging

points has the lowest error of only 5.9%.

Trade-o� between accuracy and size. A higher number of

merging points increases the shape accuracy, but limits the achiev-

able size. As the number of tunnels increases, more space is needed

for routing the lacing on the limited embroidery workspace. This

forces the generated 2D patch and thus the size of the fabricated

prototype to scale down. We report the height of the prototypes

with di�erent numbers of merging points to show this trade-o�.

For each prototype, we fabricated the largest possible size with the

embroidery hoop that we have. As shown in Figure 13, the largest

achievable height gradually scales down as the accuracy increases.

Trade-o� between accuracy and pull-up e�ort. We found

that as the accuracy improves with increasing numbers of merging

points, it takes more e�ort and time to pull up the shape.

We evaluated the force required to pull up with the most no-

table factors (boundary curvature and the density of tunnels) to

merge 2D boundaries of 14cm length. We varied the curvature from

straight to 40mm, 80mm, and 120mm in radius and varied the num-

ber of tunnels from 6, 10, to 14. The tests showed that with the

tunnel parameters optimized in Section 6.2, the pull-up forces were

0.3(±0.05)N for all tested parameters. This shows that for shorter

and more regular boundaries, the pull-up can be done easily. In

practical cases, more complex shapes like the bird have highly ir-

regular and much longer boundaries, where the low-e�ort pull-up

in the evaluation becomes only locally applicable at shorter and

regular boundary segments. We empirically found out that more

complex shapes need to be pulled up segment-by-segment to deal

with the long string length and the high friction at places where

the boundary is highly irregular (e.g., makes a sharp turn). Since

the pull-up e�ort in such cases is highly dependent on the exact

geometry and the continuous shape change throughout the pulling

process, as well as how the person pulls, we empirically quanti�ed

it with the end-to-end overall duration to pull up the three bird

prototypes. As shown in Figure 13, the least accurate prototype

with the lowest number of merging points requires the shortest

time to pull up, while the most accurate prototype takes longer

to pull due to the additional length and complexity of the lacing

routing.

The EmbroForm pipeline is developed with �exibility in mind to

allow customization with respect to di�erent application needs and

available machinery. Thus, designers can make their own choices

between accuracy, size, and pull-up e�ort depending on the con-

text by varying the number of merging points. For the prototypes

implemented in this paper, informed by the above �ndings, we

chose the sampling criteria of the top 10% curvature points with a

maximum of 2cm between points. For our prototypes, which are

around 10cm in scale and the maximum that can be achieved with

our embroidery setup, this is a nice middle ground that gives us

high-quality shapes, hand-sized objects, and relatively easy pull-

ups that can be done within 5 minutes for complex shapes. We

speculate that for larger-scale objects, the criteria will be similar, as

sparse merging points would leave the material unbent and create

gaps, yet recommend to empirically �nd an optimal threshold for

objects of a substantially di�erent scale.

6.4 Evaluating the Shape Space

We successfully generated the unwrapped 2D patch and lacing

routing path for seven 3D meshes. Other than the bird example

shown in the paper, we show the other six in Figure 14. For each

mesh, we show the segmented mesh, the packed unwrapped 2D

patch with highlighted identi�ed merging points, and the �nal

Figure 14: Segmented mesh, packed unwrapped 2D patch,

identi�ed merging points, and generated routing path for six

3D meshes. The maximum size that can be fabricated with

our setup, the number of merging points, and the distance

to pull up are labeled.
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color-coded embroidery machine �le including the generated lacing

routing. We labeled the maximum dimension of the object that can

be produced with our embroidery machine and hoop, the number

of merging points identi�ed, and the distance required to pull up

the shape.

7 Applications

To further evaluate the practical feasibility and usefulness of Em-

broForm’s, we designed and fabricated three example applications:

7.1 Blanket-lamp on Armrest

With a small number of tunnels and simple lacing routing designs,

EmbroForm can achieve easily reversible pull-up for shape-changing

objects that can be actuated by simple user interactions. We demon-

strate this with a blanket on a sofa armrest that can be transformed

into a dome-shaped lamp and can be reset e�ortlessly. As shown

in Figure 15, we machine embroidered a petal-shaped blanket with

transparent TPU vinyl with hollow tunnels at the end of each petal

and a straight lacing that routes through all tunnels. We sew LED

sequins for lighting the lamp and a small coin-cell battery for pow-

ering. (b) The blanket is made out of soft material, thus safe to press

into or comfortably lean on. Custom aesthetic patterns can be em-

broidered on top, which can be easily integrated into EmbroForm’s

fabrication process. (c-d) When the user wants a small, focused

light for tasks like reading, the string can be pulled to transform

the planar blanket into a dome-shaped lamp that stands on the

armrest. (e) When �nished using the lamp, it can be easily reverted

by pushing out the petals, which then collapse under gravity to

transform back to the blanket.

Figure 15: (a) We created a blanket on a sofa armrest that can

be reversibly converted into an ambient lamp. The blanket is

(b) soft and unobtrusive and (c-d) can be turned into a dome-

shaped lamp for reading by pulling the string. (d) The lamp

resets with a simple push.

Figure 16: EmbroForm enables easy prototyping of soft 3D

objects with integrated sensing by (a) applying conductive

fabric tapes onto the 2D patch. This enables both (b) touch

and (c) squeeze sensing by measuring capacitance.

7.2 Touch-sensitive Kitten

EmbroForm 2D-to-3D transformation enables easy integration of

functional electronic components into freeform 3D objects: they

can be added when the object is in its 2D state. We show an example

of integrating sensing capabilities into a soft kitten in Figure 16.

(a) We lasercut conductive fabric tapes for the original segmented

2D patches and applied them to the material after washing away

the support. The conductive fabric is put on the interior side, thus

does not a�ect the pulled-up object’s surface texture and aesthetics.

(b) After pulling up, this can realize patch-based capacitive touch

sensing, which detects which patch(s) the user is touching. To

process capacitive touch contact, we used an ESP32 microcontroller.

(c) Thanks to the soft and deformable nature of EmbroForm

objects, they a�ord a richer set of input and output capabilities

that can be sensed and actuated by the added components. For

example, contrary to solid 3D objects, users can easily squeeze the

kitten. We sense squeezing by measuring the mutual capacitance

between the front and back patches on the kitten’s body. We used

a FDC2214EVM evaluation board for sensing mutual capacitance,

and the di�erence in signal is shown in Figure 16c.

7.3 Animating Custom Characters

The freeform objects made by EmbroForm with �exible sheet ma-

terials are deformable. This allows not only making custom 3D

objects, but also ones that can be manipulated through user inter-

actions for applications like toys for children, deformable tangible
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Figure 17: EmbroForm creates custom deformable 3D char-

acters that can be used for animation. (a)We attach external

strings onto a fabricated eagle to (b) control and animate its

wings.

interfaces, authoring animation of custom characters, etc. We show

an example of animating custom characters in Figure 17. (a) We

marionette an eagle by attaching external strings after fabrication.

Alternatively, these additional strings can also be embroidered by

manually adding stitches into the generated machine �le. (b) The

user can then control the additional strings to deform and animate

the eagle to transform between di�erent poses. For this speci�c

eagle mesh, we in�lled the pull-up character with cotton to enhance

the shape �delity. This will be further discussed in Section 8.

8 Discussion

We discuss limitations and lay out potential future work directions

on EmbroForm’s achievable shapes and scales, easy and interactive

pull-up and resetting, and extending the aesthetics and functionali-

ties of the current prototypes.

8.1 Achievable Shapes and Scales

Failing geometries.While EmbroForm works for demanding ge-

ometries like the kitten, it has limits. The space of geometries is

primarily limited by the segmentation of the input mesh, which

depends on the state-of-the-art segmentation algorithm used. For

some geometries and their segmentation, a collision-free topology

for packing the 2D segmented patches does not exist. For example,

when a segmentation creates U-shaped or highly concave patches

and another patch that can only be placed inside the concave, col-

lision is unavoidable, no matter where on the merging boundary

they touch. We empirically found that this typically happens when

the input mesh contains very thin volumes that connect to a larger

body, for example, the ears of a Stanford Bunny. The connecting

boundary is then very short and of a concave shape, while the thin

volume �attens into a larger patch. This makes overlaps di�cult

to avoid. These "unpackable" geometries are beyond the scope of

this paper, as we are using a readily available segmentation method

from existing research.

There are multiple potential pathways to solve "unpackable"

geometries with overlapping patches. To start with, the EmbroForm

pipeline is compatible with any other piecewise developable seg-

mentation method. Currently, EmbroForm uses a state-of-the-art

algorithm [51] that has very high shape accuracy and a low num-

ber of patches. This can be �exibly replaced with other existing

and future segmentation algorithms that can extend the achiev-

able geometries at some cost. For example, Baharami et al. [5] seg-

ments a 3D shape into patches with more regular and less curved

boundaries, which would make collision-free pacing easier, but

with compromised shape accuracy. Collisions can also be managed

in a brute force manner by further segmenting the overlapping

patches along the intersecting boundary. This would increase the

number of patches and thus the complexity of string routing. Alter-

natively, our fabrication method based on machine embroidery has

the potential to create a pull-up object from separate unwrapped

2D patches. Thanks to the sandwiching stabilizers, we can have

separate patches during embroidery that can later be joined by clos-

ing the gap. This reduces the constraint on no overlaps by allowing

overlapping patches to be disconnected during embroidery. Yet, this

would require di�erent lacing routing strategies and might sacri�ce

the boundary quality, which is then not rigidly connected.

Failing string routing. The EmbroForm algorithm strategically

routed the pull-up strings to avoid loops and entanglements, as pre-

sented in Section 3.3 and Section 4.3. The success of the string rout-

ing, however, is not always guaranteed due to spatial constraints.

We found that the routed string could still entangle when two lacing

areas are closely facing each other and there is not enough space

between the areas to accommodate the detoured strings. Because

the lacing string in each area is detoured away from the patch into

the openings, the string of one area could be in con�ict with a

tunnel from the other lacing area and thus entangle with the string.

To solve this, the space between such lacing areas needs to increase

by scaling up the 2D unwrapped pattern.

Volumetric vs. slender shapes. Through empirical prototyping,

we found that more volumetric rather than slender shapes work

better for EmbroForm, especially when softer sheet materials are

used. For example, the eagle that we fabricated in Section 7.3 has

�at wings with two pieces of fabric very close to each other. Due to

the softness of the material, the upper and bottom sides of the wings

risk collapsing into each other instead of creating a de�ned, stable

shape. This can be mitigated by putting in�ll into �atter areas

to support the outer soft "shell", such as the in�lling cotton we

have used to create a plushie in Figure 17. Alternatively, additional

threads can be embroidered selectively on these areas to change the

local sti�ness of the sheet material, as demonstrated by prior works

(e.g., [18]). This avoids the slender parts of the shape collapsing. To

realize this, future work can extend the algorithm to analytically

determine failing regions based on the input geometry and the

sheet material used to add additional embroidery patterns.

Scalability. To fabricate the prototypes presented in the paper,

we used one of the biggest embroidery hoops that is commercially

available and is compatible with our machine. With this hoop, the

fabricated prototypes were palm-sized to hand-sized, depending on

the number of segmented patches and the e�ciency of 2D packing.
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This is in line with the scale of fabricated textile 3D structures in

existing works [11, 14, 30], which has always been con�ned by the

size of machines available in usual maker spaces. To further scale up

the object, one can consider using multi-hooping on the embroidery

machine, which allows embroidering a design larger than the hoop

by re-hooping to reposition the fabric. However, the lacing string

cannot be cut and needs to be embroidered continuously through-

out the entire design, which might require frequent re-hooping or

optimizing the lacing design such that it can be routed area by area

on the fabric. Alternatively, industry-level embroidery machines

have much larger working areas that can signi�cantly scale up the

pull-up objects.

The limiting factor of scaling down EmbroForm objects is the

size of the hollow tunnel. We performed technical characterization

(Section 6.2) tominimize its size while ensuringmechanical strength

against tearing and low friction. During prototyping, we found that

due to the need for alignment (i.e., align stabilizers with lasercut

pieces) and calibration (i.e., calibrate the material for the machine)

in the pipeline, drifts and errors occur. During embroidery, the

stitches might also pull the material and create drifts. Due to these

reasons, we found that the error on the �nal embroidered patch can

go up to 2mm, which makes robust scaling down more challenging.

Thus, if precision through fabrication steps can be further improved,

scaling down the hollow tunnel and thereafter the pull-up object

can be achieved.

8.2 Enabling Easy and Interactive Pull-up and
Resetting

We chose to route only one string, instead of using several strings

for di�erent areas of the object, to minimize the post-processing

e�ort required from the user. In consequence, the user may need

to pull segment-by-segment during a pull-up or resetting (shown

in Section 6.3), and the pull-up distance can be quite long (shown

in Figure 14). Other than the long pulling distance, we anecdotally

report that this is due to the string being locally stuck in one of the

tunnels during pulling, which happens by chance. As the hollow

tunnels contain a short segment of the sheet material (i.e., 38= in

Figure 12), the string could be stuck in-between the sheet material

and the tunnel stitches, resulting in local high friction. This happens

by chance when the boundary and the string make a very sharp

turn. The very thin silk string EmbroForm uses could also twist or

temporarily self-loop during pulling, making a small bump that

might get stuck when it passes through a tunnel. In either case, a

larger pulling force is temporarily needed to free the string such

that it can move smoothly again.

There are potential pathways to solve these issues to enable in-

teractive and real-time shape-change even for complex geometries.

One promising avenue to facilitate easier pull-ups is to split the

pull-up string into multiple segments that the user can pull together.

For example, the string could be split between the identi�ed lacing

areas. This shortens the overall pulling distance and reduces the

sharp turns usually between the lacing areas to make pull-up easier.

With this, the pull-up can even be automatically actuated (e.g., with

DC motors) without requiring manual adjustment. The pulling dis-

tances for the split segments can be calculated and aligned to allow

synchronous actuation. While our lacing design for the pull-up

string e�ectively informs the routing to avoid entanglement and

minimizes the overall string length, entirely new string routing

designs and algorithms that prioritize other factors can be devel-

oped. For example, one can minimize the overall redirection of the

routing to facilitate smoother string movement.

To enable easier resetting, worthwhile directions for future work

include reducing the friction by using glossier thread or sheet ma-

terial, employing an elastic string that bounces back automatically

when released, or integrating another resetting string on the oppo-

site side of the material that passes through the lacings, such that

they can be elongated to reset the shape when the resetting string

is pulled.

8.3 Extending Aesthetics and Functionality

The prototypes fabricated in this paper mostly used only the sheet

materials themselves. Contrasting colors were used for the tunnels

and the sheet materials to make the tunnels visible. The aesthetics

and the functionalities of the prototypes, however, can be easily

extended. The colors of the materials can be �exibly changed, e.g.,

keeping the colors consistent such that the thread-based tunnels

can blend into the fabric. The sheet fabric can be manipulated both

in its 2D and 3D pulled-up states. EmbroForm objects only have

tunnels and lacings embroidered on the boundaries, leaving most

of the sheet material untouched and available for additional add-

ons. Our applications show examples of transforming the passive

pull-up objects into interactive interfaces by embroidering aesthetic

patterns, embedding fabric-compatible electronics, and attaching

additional strings for actuation.

Many additional opportunities exist, such as drawing, processing

the 2Dmaterial such that the pull-up object can have localized visual

or haptic properties, or integrating thin-form actuators like SMA

for shape changes, etc., to further extend the aesthetics and the

functions of pull-up objects.

9 Conclusions

We introduced EmbroForm, a digital fabrication pipeline for pro-

totyping fully soft pull-up objects with organic, higher-�delity

shapes. EmbroForm achieves this by seaming the boundaries of a

�exible 2D patch unwrapped from a target geometry. To realize

this, we contribute a novel fabrication technique that automates the

routing of sliding strings on �exible sheet material using machine

embroidery. We further design lacings that can be embroidered to

join highly curved soft boundaries in 3D when the lacing is pulled.

Based on this fabrication technique, we contribute an end-to-end

pipeline that, based on an input 3D mesh, generates an optimized

2D unwrapped patch and the lacing routing paths for fabrication.

We validated EmbroForm through technical studies and demon-

strated its versatility with applications in shape-changing furniture,

interactive toys, and custom animated characters.
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