Yarn-Level Simulation of the Mesoscale
Self-Folding Behavior of Weft-Knitted Textiles
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Abstract. The ability to model, simulate and design the self-folding
behavior of weft-knitted textiles is important for a variety of functional
fabric applications. For example, simulating the emergent structure and
shape of knitted textiles is seen as critical for producing fabrics with
specific shape, strength, impact, thermal and dynamic characteristics.
We present a method for simulating the mesoscale self-folding behavior
of weft-knitted fabrics utilizing a yarn-level model. Our method is based
on a yarn-level geometric model developed for a previous knitted fabric
simulation project and a dynamic geometry processing system built on a
unified framework for optimization under constraints. Bringing these two
technical components together allows us to create models that properly
capture the local topological structure of Knit and Purl stitches in a
weft-knitted fabric. These yarn-level topological relationships, along with
the mechanical properties of yarns, give rise to the forces and torques
that lead to weft-knitted fabrics’ self-folding and curling behaviors. The
constraint optimization system computes a dynamic response for the
input yarn geometries and produces the final self-folded structure. We
present the results from our initial computational studies of knitted fabric
self-folding behavior. These results show that the stereotypical mesoscale
structures of weft-knitted fabrics can be attributed to the interaction
between yarn-level topological structures and the mechanical bending
properties of the fabric’s yarn.

Keywords: yarn-level model - simulation - weft-knitted fabrics - self-
folding behavior - geometric constraints - optimization

1 Introduction

Weft-knitted fabrics exhibit a wide range of physical properties, including their
mechanical behavior, permeability, and wicking [8I2728]. Evaluating and design-
ing fabric properties in accordance with application requirements are important
tasks for textile researchers and engineers. Traditional fabric property research
relies on a complex and inefficient iterative process: designing a pattern, knitting
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Fig. 1: Fabric knitted with a variety of Knit and Purl stitch patterns.®

a fabric sample, experimentally testing the fabric, and redesigning the pattern.
It is therefore essential to develop a computational framework that can auto-
matically analyze fabric properties [7/16]. One such property that is important
to realize in simulation is the self-folding and curling behaviors of weft-knitted
fabrics. The ability to design and control these behaviors is fundamental for
producing fabrics with specific shape, strength, impact, thermal and dynamic
characteristics. One approach to modeling and simulating fabrics is to represent
their structure at the yarn level with geometric elements that capture the topo-
logical relationships between yarns as they intertwine with each other throughout
the fabric. Mechanical properties, such as stretching, bending and twisting, can
also be incorporated into these elements.

Fabrics knitted with combinations of Knit and Purl stitches exhibit charac-
teristic self-folding and curling behaviors, as shown in Figure [1}f| In this paper,
we describe a computational approach to simulating the mesoscale self-folding
and curling behaviors of weft-knitted fabrics using a yarn-level model, where
the fabric consists of a combination of Knit and Purl stitches. Our approach
is based on a yarn-level geometric model developed for a previous fabric simu-
lation project [3I] and a deformation simulation capability implemented using
the ShapeOp dynamic geometry processing system [I]. The self-folding simula-
tion is formulated as a process of bending energy release under yarn length and

1 The knitted fabric is provided by Drexel University’s Center for Functional Fabrics.
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interpenetration constraints. Given an M N matrix of stitch commands, we
first construct a geometric model of the yarns in the resulting fabric. The model
is defined as a sequence of Bezier curves whose control point positions are de-
termined by minimum-distance and yarn length constraints. These constraints,
along with a bending energy term, produce a model of the yarn centerline as it
courses through the fabric, while maintaining the correct topological relation-
ships at yarn intertwinings. Additionally, a specialized strut structure is added
to the yarn geometric model in order to implement yarn-yarn contacts. Yarn
bending energy is then defined in the ShapeOp system through angle-change
constraints and stretching energy through edge-length constraints. The energy
is minimized using a local-global projection algorithm, which produces the emer-
gent self-folding and curling behaviors.

To verify the fidelity of the self-folding and curling simulations, we present
simulation results for several common knitted fabric patterns, including stock-
inette, 2 2 rib, double garter, and double moss, as well as several fancy patterns
present in the fabric of Fig. [I} The experiments demonstrate that our compu-
tational approach realistically captures the self-folding and curling behaviors
of knitted fabrics. Our model highlights that the characteristic mesoscale self-
folding structures of knitted fabric arise, for the most part, from the forces and
torques produced by the unbending of yarns in those regions where the yarns
intertwine. Our model only consists of geometry that explicitly represents the
yarn-level topological relationships at these intertwinings, along with an energy
term that drives the yarn geometry towards a locally straight configuration. It
can then be surmised that it is these two aspects that lead to the emergence of
the intricate and interesting mesoscale structures observed in knitted fabrics.

2 Related Work

Meissner, Eberhardt and Strasser [I0I2T] were the first to develop a system capa-
ble of modeling and visualizing complete knitted fabrics. Their system, known
as KnitSim, utilized low-level knitting machine commands, such as knitting a
stitch, transferring loops between beds, and racking beds, as input. Through
simulation of the knitting process, the system generated an explicit topologi-
cal representation of the knitted material. This representation is comprised of
Bonding Points (BPs), where yarns intertwine, and edges which represent yarns
that link the BPs. More recently, Counts [5] introduced a graph-based model
designed to approximate the two-dimensional structure of knitted textiles. The
proposed algorithms extract data from a knitting simulation to construct a topo-
logical graph based on a restricted set of hand and machine knitting instructions,
which is subsequently refined through a relaxation process.

Sherburn [26] and Lin et al. [I§] created a yarn-level 3D modeling system
capable of operating at microscopic, mesoscopic, and macroscopic scales to pre-
dict the mechanical properties of both wovens and knits. Kaldor et al. [ITJ12]
simulated entire knitted fabric swatches and garments by accurately modeling
the geometry and physical behavior of each yarn in the articles. Building upon
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the Kaldor work, Leaf et al. [I7] describe an interactive design tool for author-
ing, simulating, and adjusting yarn-level patterns for small swatches of knitted
and woven cloth. To achieve interactive performance they propose two accel-
eration schemes, yarn-level periodic boundary conditions and a highly parallel
GPU solver for efficient yarn-level simulation. Niu et al. [24] present a dynamic
thin-shell model to predict the self folding behavior of weft-knitted fabrics ap-
proximated with a triangle mesh. Minimizing the Foppl-von Karman energy
over the mesh produces the expected self-folding behavior.

Cirio et al. [4] introduced a topological framework for representing knitted
fabrics generated from a reduced set of stitch types. Their approach allows for the
creation of geometric models for rendering and incorporates simplified mechan-
ical constructs within the topological structure to enable efficient simulation of
approximate knitted fabric behavior. Other aspects of their work integrate yarn-
level geometric models, offering a more computationally efficient approach for
detailed cloth simulations [3]. Sanchez et al. [25] later expanded on this research
by introducing the simulation of stacked fabric layers with implicit contact han-
dling that employs Eulerian-on-Lagrangian (EoL) discretization. Wadekar, Knit-
tel, Breen, et al. [2JT529/30] explored the use of helicoid scaffolds as a context
for modeling the shape and properties of knitted fabrics. Recently, Ding et al. [9]
and Singal et al. [27] defined yarn-level models designed to predict how various
stitch patterns influence the mechanical characteristics of knitted textiles.

Nader et al. [22] created KnitKit, a versatile and customizable system de-
signed to simplify the knitting of 3D objects by separating high-level design from
the generation of low-level, machine-specific knitting commands. Liu et al. [20]
propose methods for spatially adjusting the elasticity of 3D garments to enhance
comfort during body movement. Building on the work of Narayanan et al. [23],
Kaspar et al. [13] developed an interactive system that enables users of vary-
ing skill levels to design and personalize machine-knitted textiles. More recently,
Kaspar et al. [14] described an interactive workflow that automates the genera-
tion of knitting machine instructions based on traditional garment cut-and-sew
patterns.

The works of Kaldor et al. [IT/12], Leaf et al. [I7], Cirio et al. [4] and Niu
et al. [24] are the most relevant to our work. While Kaldor et al. and Cirio et
al. did produce general yarn-level models for creating animations of knitted fab-
ric and clothing, they did not specifically apply their model to the simulation of
the intricate self-folding patterns that we have explored. Since their work was
focused on animation, they developed much more complex and computationally
expensive methods to generate their results. Leaf et al. [4] focus on a subset
of the phenomena that we are able to simulate. Their approach was applied to
small, constrained swatches and only produced small-scale deformation results.
We address the same simulation challenge as Niu et al., but we take a more
straightforward and physically accurate approach. Rather than approximating
the fabric with a mesh, which is imbued with continuum elastic properties, we
recognize that a knit’s self-folding behavior arises from the structure and topo-
logical relationships between its yarns. Representing this structure directly leads
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(a) (b)

Fig. 2: Fabric yarn-level model. (a) Knit stitches. (b) Purl stitches.

to the complex behavior, even though the underlying physical properties of our
model (yarn bending) are quite simple. The complex shapes of the fabrics emerge
from capturing the correct yarn structure.

3 Methods

Our computational approach to simulating the self-folding and curling behaviors
of weft-knitted fabrics composed of Knit and Purl stitches consists of several
components. The fabric is represented using a yarn-level geometric model. The
model is augmented with a strut structure that implements the contacts between
yarns. Mechanical deformations arising from inter-yarn forces and torques are
produced using the ShapeOp dynamic geometry processing library. The final
yarn-level fabric geometry is obtained through an iterative optimization process.
The final configurations may be displayed with a variety of visual representations.

3.1 Yarn-level Geometric Modeling

To generate the geometry of yarns in weft-knitted fabrics, we employ the pre-
viously developed yarn-level geometric model described in Wadekar et al. [31].
Each Knit and Purl stitch command generates a yarn loop, as shown in Figure 2]
Figure a) shows yarn loops generated by 3 2 Knit stitches, while Figure b)
shows yarn loops generated by 3 2 Purl stitches, which corresponds to a front-
to-back swap of Figure a). The red yarns indicate the yarn segments visible
when viewing the knitted fabric. Figure a) illustrates the geometric structure
of a 3 4 all-Knit stitch pattern generated by the Wadekar system. In this work,
a complete stitch and its loop contacts are abstracted as a combination of a loop
head and two loop legs, as shown in Figure [3(b), and further simplified into a
unit cell representation, as shown in Figure )El

Using this approach, yarn models of arbitrary combinations of Knit and Purl
stitches are constructed using eight unit cells modeled with Catmull-Rom (C-R)

2 Figures 2 and 3 are from Wadekar et al. [31].
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(b) ()

Fig.3: (a) 3 4 stitches yarn-level geometric model. (b) A stitch represented by
Catmull-Rom curves with control points. (¢) Unit cell represented by Catmull-
Rom curves with control points.

splines defined by the blue control points. The centerline of each complete loop
consists of sixteen spline segments, and each segment is a cubic Bezier curve de-
fined by four control points. This geometry can be meshed using NURBS patches,
to produce solid tubes around the centerline C—R curve. Through translation and
reflection operations applied to the unit cells, C''-continuous piecewise curves are
generated according to predefined connection rules to represent a row of Knit and
Purl yarn loops. Furthermore, multiple rows of loops are assembled to represent
the entire fabric.

A variety of parameters define the initial yarn geometry for a swatch of
simulated knitted fabric. These include the overall stitch pattern, stitch size,
stitch aspect ratio, spacing distance, and yarn thickness. Initial yarn splines are
constructed from these parameters. Cost functions are defined and minimized
to adjust yarn contact surfaces, prevent yarn interpenetration, and simulate the
bending and stretching behaviors of yarns. Through quasi-Newton optimization,
a yarn centerline model of the fabric is obtained. Figure a) presents the yarn
geometry model of a 6 6 stockinette pattern, along with a close-up that shows
the strut structures constructed at yarn intertwinings. This modeling process
focuses on generating a 3D yarn-level curve representation of the initial fabric
in a flat state, rather than simulating the mechanical deformation of the fabric.

Since the system used to compute the deformation of the yarn geometry (de-
scribed in the next section) does not implement collision detection and response,
it was necessary to add links between the yarns in the regions where they cross.
This effectively implements contacts between the yarns, and allows for the trans-
fer of forces and torques between yarns. One of the requirements for the yarn
models produced by the Wadekar system [3I] was that they consist of two dis-
tinct yarn contacts in the regions where yarns intertwine [19]. Fortunately, this
feature is also useful for our models. We access these contact points, each defined
as the two locally closest points on the crossing yarn centerlines, giving us four
points on the splines in an intertwining region, as seen in Figure b). A close-up
view of the strut structure (in white) is situated in the bottom right of the figure.
It is defined by the four contact points on the two yarn splines (in yellow). The
contact points are connected with six rigid segments. The lengths of the two
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Fig.4: (a) Yarn geometry model of 6 6 stitches. (b) Close-up of model showing
interloop struts. The yarn centerline is highlighted in yellow.

short segments are equal to the specified yarn diameter (2  yarn radius) and
these segments show where the two yarns locally contact each other. The two
horizontal segments (in this view) also connect the two yarns but at the other
contact points, and the diagonal segments are added to stabilize the whole strut
structure. The strut structure maintains the proper spatial relationship between
the yarns and transmits forces between them. Additionally, the two contacts at
a yarn intertwining produce torques that actuate the local bending of the fabric.

3.2 Deformation Simulation

The initial yarn-level geometric model with the strut structures is provided as
input to a system (ShapeOp) that enforces and balances shape constraints on
discrete geometric datasets [I]. The constraints are realized via an optimization
framework that utilizes a shape proximity function and shape projection op-
erators. The approach solves geometry processing problems by simply defining
the least-squares fit of a desired shape to a set of vertices. Processing our yarn
models, augmented only with length and angle constraints, with ShapeOp sim-
ulates the self-folding and curling behaviors of weft-knitted fabrics. Self-folding
and curling arise naturally from yarn deformations and interactions, as shown in
Figures [1] and |5, and are based on the yarn’s topological structure and mechan-
ical properties. Figure (a) shows a front face of a stockinette fabric generated
by an all-Knit stitch pattern. The central region is nearly flat, while the top and
bottom boundaries exhibit forward self-curling behavior and the left and right
boundaries exhibit backward self-curling behavior due to the bending moments
present at stitch boundaries. Figure [5[b) shows the back face of the stockinette
fabric, which can also be generated by an all-Purl stitch pattern and exhibits
curling behavior in the opposite direction to the front face of the stockinette
fabric.

The initial state of a yarn in a knitted fabric is assumed to be straight and
relaxed, without bending, twisting, and stretching. We use this initial yarn state
as a reference model and assume that the yarns in the input swatch/fabric geo-
metric model move towards this straight, relaxed state. Edge-length constraints
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(a) (b)

Fig.5: (a) Stockinette (all-Knit) fabric. (a) front. (b) back. Used with permission
of Kristen McDonnell, www.studioknitsf.com.

and edge-angle constraints are employed to produce energy functions that quan-
tify how far the current yarn state is from the initial reference state. Minimizing
these energy functions simulates the yarn deformations generated by a com-
plex physical system. The self-folding and curling simulation is formulated as
a process in which yarns release bending energy (straighten) under stretching
constraints. The simulation moves the whole system of constraints into an equi-
librium con guration that balances all of the e ective forces that originate
from the constraint de nitions.

The Catmull Rom splines that de ne the yarn centerlines are sampled and
converted to polylines (a sequence of line segments). Each yarn loop is approxi-
mated with about 80 line segments. An edge-length constraint is de ned between
the vertices of each line segment, with its rest/target length being de ned by
the length of the segment in the initial input model. Edge-length constraints
are also de ned for each segment of the strut structures. Two adjacent yarn
segments de ne an angle around their common vertex. An angle constraint is
de ned at each interior vertex of the polylines that make up the yarn models. Its
rest/target value is set to 180 degrees, corresponding to a straight con guration.
No angle constraints are de ned for the strut structures.

Weights and acceptable value ranges are assigned to the constraints in or-
der to inform the system how to balance con icting constraints. After several
test simulations, we found that setting the weight of the angle constraint to 0.3
and the weight of the edge-length constraint to 0.1, as well as value ranges to
0, provided acceptable results using a reasonable amount of computation time.
The one exception was the double moss fabric in Figurg] 7(g-i), where the angle
constraint was weakened (weight = 0.005) in order to bolster the struts' ability
to prevent yarn interpenetration and maintain yarn topology. Once all aspects
of the geometry and constraint models are de ned, multi-threaded parallel com-
putations in ShapeOp are performed for a speci ed number of iterations. An
example result is shown in Figure[ § for a simulation of a 30 20 stockinette
(all-Knit) swatch run with 100,000 simulation iterations.
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Table 1: Parameters setting in modeling and simulation. (Loop width is 0.212
cm, and yarn radius is 0.0075 cm in all patterns)

Pattern Stitch pattern qup Mo_deling Sim_ulation Simulation

name size height| time tw_ne steps
(rowOcolumn)| (cm) |(seconds) (mins)

Stockinette 3020 0.086| 184.5 13 100,000
Double garter 3030 0.086| 2.9 4 30,000
22 Rib 3030 0.128| 192.7 4 30,000
Double moss 3030 0.128| 2.8 8 60,000
Fancyl early 40 40 0.128| 4.7 3 10,000
Fancyl later 40 40 0.128| 4.7 11 40,000
Fancy?2 early 42 56 0.128) 7.1 4 10,000
Fancy? later 42 56 0.128, 7.1 20 50,000
Fancy3 early 50 50 0.128, 7.7 4 10,000

Fancy3 later 50 50 0.128| 7.7 122 300,000

3.3 Visualization

The models of the initial and simulated fabric geometries can be visualized with
three di erent methods, with all geometry being output in Open Inventor for-
mat, making them displayable in a variety of viewers. Yarn-level models, along
with the strut structures, can be visualized as polylines, as seen in Figure 4. The
segments of the yarn polylines may be replaced with cylinders and its vertices
replaced by spheres in order to produce a more realistic rendering of the sim-
ulated results, as seen Figure 6(a&c). It should be noted that the cylinder and
sphere radii used for visualization output are larger than the yarn radius used in
our simulation models. Expanding the radii provide a better viewing of the yarn
geometry. Finally, the centroids of the strut structures can be used as vertices
and connected with adjacent vertices of the yarn loop to form quadrilaterals,
which are then triangulated to generate the mesh model. These triangles pro-
duce a polygonal surface model, as seen in Figures 6(b&d) and 8 9 10(e&g). In
many cases, tting a surface to the yarn-level model produces a rendering that
better visualizes the general shape of the deformed fabric.

4 Results

Using the Wadekar geometry modeling framework [31], we rst generate an ini-
tial yarn-level model extended with interloop strut structures, and then employ
ShapeOp to perform a self-folding simulation to produce the nal deformed yarn-
level model, which is visualized without the strut structures. Since ShapeOp does
not support collision detection or friction calculations, the number of iterations
performed per simulation is a parameter set by the user in order to produce a
desired result. To demonstrate the simulation performance and computational
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e ectiveness of our approach, we present a number of knitted swatches, including
their stitch pattern, yarn-level geometry model, self-folding and curling simula-
tion results, modeling time, and simulation time, and a corresponding actual
knitted fabric.

The yarn-level geometry modeling software was implemented in MATLAB
and executed on a Windows computer equipped with an Intel Core i7-13700H
CPU and 64 GB of RAM. The self-folding and curling simulation software was
implemented in C++ and executed on a Drexel University Ubuntu server with
an AMD EPYC CPU (32 cores, 32 threads) and 64 GB of RAM. The meshing
software was implemented in Python and executed in the same environment as
the geometry modeling software. The parameters used for modeling and simu-
lation, along with computation times, are shown in Table 1. The high modeling
times of the stockinette and 2 2 rib examples should be explained. For a given
set of loop parameters, the Wadekar system performs a computationally expen-
sive optimization process that generates the control points for the 8 unit cells
that are replicated to produce a model of a complete swatch of fabric. Once
computed, the unit cells are saved to a le and may be used to de ne a swatch
with a di erent stitch pattern, i.e. one with a di erent number and combination
of Knit and Purl stitches. This reuse of a previous computation saves signi cant
modeling, as long as the stitch shape parameters are not changed, as seen in the
modeling times reported for the other examples.

The rst performed simulation employed a stockinette fabric consisting of
30 20 all-Knit stitches. The simulation is run for 100,000 iterations and the
resulting model, seen in Figure 6, produces the expected curling behavior, as
compared to an actual stockinette fabric presented in Figure 5. The simulation
output successfully captures the nearly at central region and the curled struc-
tures near the boundaries, along the top, bottom, left, and right boundaries of
the knitted fabric. The top and bottom edges of the front face curl forward,
while the left and right boundaries curl backward.

To evaluate the e ectiveness of our approach when simulating mesoscale self-
folding behavior, we performed simulations with frequently used stitch patterns,
as well as a number of fancy patterns. These include: (1) a double garter pattern
produced by two rows of Knit stitches followed by two rows of Purl stitches, (2)
a 2 2 rib pattern produced by two columns of Knit stitches followed by two
columns of Purl stitches, (3) a double moss pattern produced by a 2 2 Knit
stitch matrix next to a 2 2 Purl stitch matrix, followed in the row direction by
a 2 2 Purl stitch matrix next to a 2 2 Knit stitch matrix, i.e. a checkerboard
pattern. The fancy stitch patterns include: (1) a repeated square pattern, (2) a
Zig-zag pattern, and (3) a shifted checkerboard pattern. These last three patterns
come from the knitted sample presented in Figure 1.

The double garter pattern is shown in Figure 7(a) (c), where the simulation
results capture the wave-shape self-folding behavior along the rows and fabric
shrinkage in the vertical direction, as seen in the actual double garter fabric in
(c). The 2 2 rib pattern is shown in Figure 7(d) (f), and the simulation results
capture the alternating inward and outward self-folding along the columns and
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(@) (b)

(€) (d)

Fig.6: 30 20 stockinette pattern self-folding simulation with 10,000 iterations.
(a) Yarn geometry simulation result of the fabric's front face. (b) Mesh model
simulation result of the fabric's front face. (c) Yarn geometry simulation result
of the fabric's back face. (d) Mesh model simulation result of the fabric's back

face.
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