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Fig. 1. Example yarn-level models generated from input 3D surfaces using our fully automatic pipeline.

We introduce the first fully automatic pipeline to convert arbitrary 3D shapes
into knit models. Our pipeline is based on a global parametrization remesh-
ing pipeline to produce an isotropic quad-dominant mesh aligned with a
2-RoSy field. The knitting directions over the surface are determined using
a set of custom topological operations and a two-step global optimization
that minimizes the number of irregularities. The resulting mesh is converted
into a valid stitch mesh that represents the knit model. The yarn curves
are generated from the stitch mesh and the final yarn geometry is com-
puted using a yarn-level relaxation process. Thus, we produce topologically
valid models that can be used with a yarn-level simulation. We validate
our algorithm by automatically generating knit models from complex 3D
shapes and processing over a hundred models with various shapes without
any user input or parameter tuning. We also demonstrate applications of
our approach for custom knit model generation using fabrication via 3D
printing.
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1 INTRODUCTION
Knitted garments are common in our daily lives, going from socks
and T-shirts to winter clothing and accessories, and are thus ubiqui-
tous in movies and games. There are two good reasons for favoring
knitting over its alternatives: knitted fabrics easily stretch and the
shaping techniques used in knitting allow producing complex 3D
surfaces without any seams.

However, designing knitting pattern for a given 3D surface is still
an open problem. Knitting patterns are currently designed using a
high level of expertise and numerous iterations of trial and error
to figure out how one could knit a particular 3D shape. That is
why most knitting patterns used today are merely derivations of
a limited number of well-known and well-understood shapes. In
computer graphics, stitch meshes [Yuksel et al. 2012] provide a
powerful interface for modeling knit garments. However, they still
require users to manually design the topology of the given (typically
low-resolution) input mesh. This requires the user to know exactly
how to knit the desired shape and prepare an inputmesh accordingly.
Therefore, it is extremely difficult and time consuming to design
knitted models for complex and uncommon shapes, like the ones
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shown in Fig. 1, each of which would require numerous design
iterations by a knitting expert.

In this paper, we introduce the �rst automatic pipeline to deal with
this challenging problem: our method takes a 3D surface as input and
the desired stitch size, and automatically produces a topologically-
valid yarn-level knit model. The resulting yarn-level model can be
either directly used in computer graphics applications with yarn-
level simulation or realized in the real world using 3D printing. The
challenge we are tackling is the design of a dense network of closed,
intertwined yarn curves which are not self-intersecting and hold
together thanks to the interlocked curves formed by knitted stitches.
The problem is inherently global, i.e. a change in one stitch can
a�ect not only its neighborhood, but the entire shape.

We use stitch meshes [Yuksel et al. 2012] as an intermediate step
in our pipeline. We begin by converting the input 3D shape into
an isotropic quad-dominant mesh with approximately uniform face
sizes using a two-fold rotational symmetry (2-RoSy) orientation
�eld. This process provides a good starting point that minimizes the
distortions of the �nal knit structure. Then, we automatically deter-
mine the knitting directions over the entire model surface using a
two-step global optimization process along with custom topological
operations. Finally, we subdivide the resulting mesh to generate a
valid stitch mesh. After the stitch mesh is ready, we can use it to
create the �nal yarn curves. Since the yarn-curves are topologically
valid, we can use them with yarn-level cloth simulations. Also, fab-
ricating them using 3D printing produces interlocked curves that
form �exible surfaces.

We show the e�ectiveness of our approach by automatically pro-
ducing yarn-level knit models for complex 3D shapes (Fig. 1) and its
robustness by generating stitch meshes from a large number of com-
plex 3D models. We also present yarn-level models automatically
generated using our pipeline and fabricated via 3D printing.

This paper does not address the problems of fabrication via knit-
ting and the models we generate are not guaranteed to be knittable.
Also, we assume that each stitch has a roughly square shape, while
in reality the height and width of a knitted stitch is often di�erent.

2 BACKGROUND
Before we discuss the details of our method, we brie�y overview
of modeling fabrics and knit structures as well as the stitch mesh
structure [Yuksel et al. 2012] that we use in our pipeline for repre-
senting the �nal yarn-level model. We also provide an overview of
prior works on quad-dominant remeshing.

2.1 Cloth Modeling
Much of the work in computer graphics involving cloth has been
aimed towards simulating woven fabrics using sheet-based repre-
sentations [Bara� and Witkin 1998; Breen et al. 1994; Bridson et al.
2002; Goldenthal et al. 2007; Grinspun et al. 2003; Volino et al. 2009].
The modeling approaches for sheet-based cloth mainly concentrate
on �tting garment models on virtual characters [Berthouzoz et al.
2013; Carignan et al. 1992; Decaudin et al. 2006; Guan et al. 2012;
Robson et al. 2011; Turquin et al. 2004; Umetani et al. 2011; Wang
et al. 2003]. 3D modeling approaches have also been used in virtual
garment prototyping [Luo and Yuen 2005; Volino and Magnenat-

Thalmann 2005]. To produce more complex cloth models, Mori and
Igarashi [2007] proposed a method for designing 3D plush toys by
sketching 2D patterns. More recently, cloth capturing methods using
multi-view systems [Bradley et al. 2008], single images [Dan¥°ek
et al. 2017; Zhou et al. 2013], 3D scans [Chen et al. 2015], and motion
sequences [Pons-Moll et al. 2017] have been shown to successfully
produce virtual garment models.

Akleman et al. [2009] introduced a method for converting arbi-
trary quad-meshes into plain-woven structures using graph rota-
tion systems. While this approach is similar in spirit to our method,
the knit structures we produce have entirely di�erent construc-
tions and requirements than plain-woven structures. 3D printing
is often paired with computational fabrication techniques. Meth-
ods to design and fabricate various structures, such as �exible rod
meshes [Pérez et al. 2015], ornamental curve networks [Zehnder
et al. 2016], and wireframe meshes [Wu et al. 2016] have been ex-
plored in prior work. Our method �ts in this trend, allowing the
automatic design of 3D printable complex knit structures.

Knit structures are constructed by pulling yarn loops through
other yarn loops to form stitches. Shaping techniques, such asin-
creasesthat pull multiple yarn loops through one yarn loop orde-
creasesthat pull a yarn loop through multiple yarn loops, allow
forming complex 3D shapes without introducing seams. Due to the
properties of this construction, knit fabrics have low resistance to
stretching even if the yarn itself is not stretchable.

Therefore, more complex representations than sheet-based mod-
els are favored for knits. Nocent et al. [2001] used a continuum model
for simulating knitted cloth. Kaldor et al. [2008; 2010] introduced
yarn-level simulation methods for animating knitted cloth models.
Cirio et al. [2014] presented a reduced-order model for handling
yarn interactions, which is extended to support knit cloth [Cirio
et al. 2015, 2017]. Jiang et al. [2017] used the material point method
for handling yarn-level interactions.

On the other hand, designing yarn-level models for knits has been
a challenging problem. Meiÿner and Eberhardt [1998] introduced
a system to simulate the knit construction process with a simpli-
�ed yarn-level model. Peng et al. [2004] introduced a texture-based
method to add yarn-level details to surface appearance. Igarashi et
al. [2008a] introduced a semi-automatic method for generating knit
models from an input 3D shape, which is manually segmented into
multiple patches of disks or disks with holes. They also presented a
sketch-based modeling system for designing plush toys [Igarashi
et al.2008b]. McCann et al. [2016] recently proposed a method to gen-
erate machine knitting instructions for knitting 3D models designed
by their custom interface, which is limited to simple primitives,
such as tubes and sheets. Yuksel et al. [2012] introduced the stitch
mesh modeling framework. Stitch meshes provide a mesh-based
representation of the yarn-level knit geometry and allow e�ciently
designing complex 3D knit models with correct yarn-level topology,
such that they can be used with yarn-level simulations. However,
the stitch mesh modeling framework heavily relies on the topology
of the given input mesh, which must be manually constructed, such
that the edges align with the knitting directions. The pipeline we
introduce in this paper is based on the stitch mesh representation,
so we provide a more detailed overview below.

ACM Trans. Graph., Vol. 37, No. 4, Article 130. Publication date: August 2018.



Stitch Meshing ˆ 130:3

(a) stitch mesh face (b) faces on a row (c) multiple rows

Fig. 2. Stitch mesh representation: (a) a typical stitch mesh face
and the corresponding yarn-level model, (b) stitch mesh faces on a row,
(c) multiple rows of stitch mesh faces representing interlocked stitches
on consecutive rows.

2.2 Stitch Meshes
The stitch mesh structure [Yuksel et al. 2012] is an abstraction of the
yarn-level geometry that provides a powerful interface for modeling
knit structures. Each stitch-mesh face corresponds to a stitch of
the knit structure, shown in Fig. 2a. These faces are placed side-
by-side along thecourseknitting direction, formingrows(Fig. 2b).
Consecutive rows are connected along thewaleknitting direction
(Fig. 2c). Each stitch-mesh face has twowale edgesthat are aligned
with the wale knitting direction. Most stitch mesh faces are quads
with two wale edges and twocourse edgesthat are aligned with the
course knitting direction and separate the wale edges. The yarn
used for knitting the stitch represented by a face enters the face
from one of the wale edges, forms the stitch, and then exists the
face from the other wale edge (green yarn curves in Fig. 2a). The top
part of a yarn loop formed by the stitch in the previous row enters
and exits the face from thebottom course edge(green yarn curves
in Fig. 2a). Similarly, the loop forming the stitch of a face exits and
enters the face from thetop course edge, connecting it to the next
row.

Stitch mesh faces can have more than four edges. Faces with
multiple top course edges are calledincreases, as they increase the
number of stitches on the next row. Similarly, faces with multiple
bottom course edges are calleddecreases. The stitch mesh structure
also permits faces with no bottom course edges or no top course
edges, but such faces must be placed with caution, since they do
not form stable stitches and placing them side-by-side may cause
the yarn-level model to unravel. That is why we entirely avoid
such faces in our framework. Yet, this limitation has no practical
consequence, since the yarn-level models including such faces can
be represented di�erently. For example, a triangular face next to a
quad face can also be represented by a face with �ve edges.

2.3 Structured Meshing
The generation of quadrilateral or quadrilateral-dominant meshes
has received a lot of attention in the last two decades. We restrict our
survey to the most recent works in global and local parametrization,

and we refer an interested reader to [Bommes et al. 2013] for a
complete survey.

Global parametrization methods [Alliez et al. 2002; Gu et al. 2002;
Khodakovsky et al. 2003; Marinov and Kobbelt 2006] �atten the sur-
face after cutting it into a topological disk, generate a regular lattice
on the plane, and then lift it back to the original surface, producing
a structured mesh. To control edge alignment, it is possible to solve
an optimization that strive to align the parametrization gradients to
a guiding �eld [Bommes et al. 2009; Ebke et al. 2014; Kälberer et al.
2007; Nieser et al. 2012]. Designing the guiding �eld is a di�cult
problem on its own [Crane et al. 2010; Hertzmann and Zorin 2000;
Jiang et al. 2015; Knöppel et al. 2013, 2015; Lai et al. 2010; Palacios
and Zhang 2007; Panozzo et al. 2014; Ray et al. 2008], and we refer
an interested reader to the recent state-of-the-art report of Vaxman
et al. [2016]. These methods �x the singularities of the quadrilateral
mesh during the orientation �eld design, and they thus inevitably
introduce distortion in the parametrization (since the orientation
�eld is not integrable [Diamanti et al. 2014]), which results in quads
of varying size. While this is not problematic for most remeshing
applications, it is not acceptable for stitch meshes, since the size of
stitch has to be uniform.

Local parametrization methods [Gao et al. 2017; Jakob et al. 2015;
Ray et al. 2006; Sokolov et al. 2016] provide a radically di�erent
approach, where a perfectly isometric parametrization is computed
locally for every vertex/triangle of a surface. Local inconsistencies
between neighboring parametrizations, which are unavoidable since
exact isometry is enforced, lead to the introduction of non-quad
elements or T-junctions, producing hybrid meshes composed of a
majority of isotropic quadrilateral elements. These meshes are ideal
for our purposes, since they contain minimal distortions and they
produce approximately uniform face sizes.

Our remeshing algorithm is heavily based on the Robust Instant
Meshing (RIM) quad-dominant meshing pipeline of Gao et al. [2017].
In RIM, the orientation �eld is encoded as a unit vector attached to
every vertex, which is unique up to an integer rotation. The position
�eld encodes a local isometric parametrization whose gradient is
aligned with the orientation �eld, i.e. it encodes a regular grid in
the tangent space. It is called position �eld, since the only available
degree of freedom is the origin of the grid (up to an integer trans-
lation), which is represented as a 3D point. The position �eld can
be visualized as a new set of 3D coordinates for the vertices of the
input triangle mesh, that are mapping each vertex to the position of
the closest vertex of the output quadrilateral mesh. RIM extracts the
�nal quad mesh by collapsing the edges of the input mesh, using
the position �eld to identify which edges should be preserved as
�nal edges of the quad-dominant mesh, which edges are diagonals,
and which edges should be collapsed.

3 OVERVIEW
Our pipeline begins with an input model. Unlike the stitch mesh
modeling framework, however, we do not rely on the topology of this
input model. Instead we begin with remeshing the model to produce
a quad-dominant mesh. Then, we perform a series of optimizations
and topological operations to generate the knitting directions over
the mesh. Finally, we perform a subdivision operation that produces
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