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Abstract. Weft knitting is a versatile and widely used machine knit-
ting technology. However, research on computer algorithms for analysis
and design of knitted fabrics is limited. This paper addresses important
challenges surrounding the design of weft-knitted fabrics with specific
flow characteristics. We propose algorithms to generate a yarn topol-
ogy graph, simulate flow diffusion over the graph, and with a stochastic
optimization method generate stitch patterns that produce knitted fab-
rics with desired flow properties. Our computational results demonstrate
the feasibility of using yarn topology graphs to simulate and design flow
properties in weft-knitted fabrics.

Keywords: Fabric topology modeling · Yarn topology graph · Flow dif-
fusion simulation · Functional fabric design.

1 Introduction

Weft knitting is a common machine knitting technology that produces fabrics
known for their versatility, cost efficiency, comfort, and functionality, making
it an essential technology in the textile industry [7]. However, highly effective
computer modeling and simulation algorithms for weft-knitted fabrics are lim-
ited, hindering the precise analysis and design of weft-knitted functional textiles
[26]. Forward simulation capabilities are needed to support inverse design tasks,
such as determining the yarn material properties, fabric structure, and manu-
facturing parameters that will produce a fabric with desired characteristics. One
such prescribed characteristic is the flow of liquid and heat within a fabric. For
functional fabrics, the ability to control their flow properties would be impor-
tant for directing fluids towards a sensor or heat away from an energy-producing
component incorporated into the fabric. Manipulating the yarn structure of a
weft-knitted fabric, through its stitch pattern, offers this control.

The challenge is how to determine which stitch pattern will produce a yarn
structure that leads to the desired flow properties in the resulting fabric. In
order to address this inverse design problem, one must first create a forward
simulation capability that provides the flow characteristics of a fabric from a
given yarn structure. Since yarn structure is based on the stitch pattern of the
knitted fabric, once the forward simulation is available, the space of possible
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Fig. 1: (a) 16 discrete directions for flow within a swatch. (b) Fabric tiled with
swatches, with each swatch assigned one of the 16 directions.

stitch patterns may be searched to find a pattern that produces the desired
fabric property.

Our work on designing knitted fabrics with user-specified flow characteristics
builds upon previous work that models the yarn structure of weft-knitted fabrics.
We employ the TopoKnit system [22] to generate yarn topology graphs from
the stitch patterns for weft-knitted fabrics1. A yarn topology graph is a graph
with nodes that represent where yarns twist and interlock around each other
(intertwinings). The graph edges represent the segments of yarn between the
intertwinings. TopoKnit is able to produce the yarn topology graph for a weft-
knitted fabric manufactured from a single yarn on a double flat-bed knitting
machine based on a stitch pattern consisting of Knit, Purl, Miss, Tuck and
Transfer stitches. Given that a knitted fabric’s thickness is approximately three
orders of magnitude smaller than its surface area, our efforts focus on in-plane
flow and do not consider the affects of flow in a fabric’s thickness direction.

Our approach to designing the flow properties of weft-knitted fabrics includes
1) subdividing a large piece of virtual fabric into a tiling of smaller swatches
consisting of 10×10 stitches, 2) using the TopoKnit system to create a yarn
topology graph for each swatch, 3) performing flow simulations over the graph,
and 4) searching the space of 10×10 stitch patterns to find the yarn structure
that produces the desired flow characteristics for the swatch.

The design space of a large-scale weft-knitted fabric, in terms of the various
configurations of stitch patterns, is astronomical in size and cannot be feasibly
thoroughly searched. In order to make the design of a fabric’s flow properties
tractable, we subdivide a large fabric into a tiling of smaller (10×10 stitches)
swatches. To further simplify the problem space we assume that the flow in each
1 The TopoKnit software is available upon request from the authors.
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swatch is a single direction from one point on the swatch edge to another, taken
from a set of sixteen discrete directions. See Figure 1(a). Figure 1(b) presents an
example fabric tiled with 8×8 swatches, where each swatch has been assigned
one of the sixteen directions.

The work described here focuses on determining the yarn structure of these
sixteen swatches consisting of 10×10 stitches. Each swatch’s yarn structure is
defined to produce a preferential flow through the swatch in one of the 16 direc-
tions. The steps for finding the needed yarn structure, defined as a 10×10 stitch
pattern, are:

1. produce a yarn topology graph from a stitch pattern,
2. perform a flow simulation over the graph,
3. evaluate the quality of the resulting flow
4. modify the stitch pattern (and therefore the yarn topology graph) to produce

a “better” flow result, and
5. terminate the process once the flow converges on an optimal solution.

We utilize TopoKnit [22] to perform Step 1, and developed code to compute a
flow simulation, based on Fourier’s Law of Heat Conduction, over the resulting
graph in Step 2. We have developed an objective function that evaluates the
quality of a flow through the graph for Step 3. We employ a version of Simulated
Annealing [44] to perform the stitch pattern modifications and optimization in
Step 4. These four steps are iteratively executed until the quality of the results
converge and the “best” stitch pattern for a particular swatch is found.

2 Related Work

2.1 Yarn-level Modeling of Knitted Fabrics2

Meissner and Eberhardt [35], along with Eberhardt et al. [8], were the first to
develop a system capable 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 topological representation of the knitted material. This topology is com-
prised of Bonding Points (BPs), where yarns intertwine, and edges which repre-
sent yarns that link the BPs. More recently, Counts [6] 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
topological graph based on a restricted set of hand and machine knitting instruc-
tions, which is subsequently refined through a relaxation process. Additionally,
Qu and James [39] devised a verification pipeline for loopy structures, utilizing
a linking-number certificate at each simulation frame to identify any changes in
topology. This method flags topology errors that may occur during the simu-
lation of knitted textiles. Kapllani et al. [22] further contributed by developing
2 This section is derived from D.E. Breen’s previous publications [2, 21, 22, 32, 45–47].
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the TopoKnit system, which generates a yarn topology graph for weft-knitted
fabrics, incorporating various stitch types, including Knit, Purl, Transfer, Tuck,
and Miss.

Cirio et al. [5] 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 [4]. Sanchez et al. [40] 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.

Sherburn [41] and Lin et al. [27] created a yarn-level 3D modeling system ca-
pable of operating at microscopic, mesoscopic, and macroscopic scales to predict
the mechanical properties of both wovens and knits. Kaldor et al. [19, 20] sim-
ulated entire knitted fabric swatches and garments by accurately modeling the
geometry and physical behavior of each yarn in the articles. Knittel, Wadekar,
Breen et al. [2, 25, 45, 46] explored the use of helicoid scaffolds as a context for
analyzing and modeling the properties of knitted fabrics. More recently, Singal et
al. [42] defined a yarn-level model designed to predict how various stitch patterns
influence the mechanical characteristics of knitted textiles.

McCann, Narayanan, and colleagues [34, 37, 38] produced algorithms capa-
ble of generating knitting machine commands using various polygonal models as
input. These algorithms enable the production of specific knitted items based
on interactively designed 3D shapes, using commercial knitting machines. Their
approach relies on constructing a knit graph, where nodes correspond to the
two connections between stitches, and edges represent the yarns between stitch
connections. Knit-GIST [15] utilizes a graph-based representation of knitted fab-
rics, where nodes signify loops and edges implement the connections between
them, and leverages this structure for design optimization. Jones et al. [18] apply
Narayanan’s knit graphs to conduct knittability analysis within their interactive
knitted garment design system. Additionally, Lin et al. [28, 29] use mathemat-
ical braids to represent knitting machine states, facilitating the validation and
optimization of fabrication plans.

Nader et al. [36] 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. [30]
propose methods for spatially adjusting the elasticity of 3D garments to enhance
comfort during body movement. Building on the work of Narayanan et al. [37],
Kaspar et al. [23] developed an interactive system that enables users of vary-
ing skill levels to design and personalize machine-knitted textiles. More recently,
Kaspar et al. [24] describe an interactive workflow that automates the genera-
tion of knitting machine instructions based on traditional garment cut-and-sew
patterns.
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2.2 Flow Simulations for Textiles

Early research on heat flow in textiles primarily focused on finite element mod-
eling (FEM) to simulate heat transfer within fabric structures. Fan et al. [9]
explored the thermal performance of biomimetic woven fabrics using FEM, in-
corporating yarn geometry and material properties to simulate heat transfer
and thermal behavior. Expanding on this work, Zheng et al. [50] developed a
geometry-based finite element simulation to analyze heat transfer in three com-
mon textile structures. By explicitly modeling yarn arrangements and interstitial
spaces, their study demonstrated how different weave patterns influence thermal
conductivity. Recent studies have incorporated multiscale modeling to bridge the
gap between microscopic fiber behavior and macroscopic textile performance.
Gadeikytė et al. [12] introduced a multiscale framework that integrates micro-
level fiber properties with macro-level fabric geometry to simulate heat and mass
transfer in textiles. This comprehensive approach allows for a more accurate pre-
diction of textile thermal performance. Building on bio-inspired strategies, Ade-
siji et al. [1] developed a heat transport model based on the insulating properties
of polar bear fur. Their approach incorporated hollow fiber structures and hi-
erarchical arrangements to achieve efficient heat retention and reduced thermal
conductivity.

Many fluid dynamics modeling techniques center around Navier-Stokes-based
simulations, which provide the foundation for studying fluid flow in porous mate-
rials. Bridson et al. [3] compiled a comprehensive guide on fluid simulation tech-
niques in computer graphics, covering Navier-Stokes equations, particle-based
methods, grid-based approaches, turbulence modeling, and multiphase flows.
Extending these modeling techniques to textiles, Zheng et al. [49] introduced a
stain simulation framework that accounts for liquid absorption, diffusion, and
interaction with textile structures. Their model incorporates yarn geometry, ma-
terial properties, and capillary effects to accurately depict stain formation and
spread. Hamdaoui et al. [14] examined how the structural characteristics of wo-
ven fabrics, such as yarn arrangement and pore geometry, affect water absorp-
tion and transport. They analyzed the interplay between fabric porosity, yarn
hydrophilicity, and weave patterns to understand their impact on sorption rates.
Hong et al. [16] examined fluid transport in textiles, modeling yarns as cylinders,
and investigating the wicking behavior of hygroscopic cotton fabrics through a
semi-empirical diffusion model. Their study established the relationship between
capillary action, diffusion effects, and fiber properties. To capture both micro-
and macro-scale liquid-textile interactions, Fei et al. [11] proposed a multi-scale
modeling framework. At the micro-scale, their method simulates capillary action
and liquid absorption at the fiber and yarn level. At the macro-scale, it models
fabric-wide wetting, spreading, and absorption behaviors.

Research on porous medium modeling has treated textiles as a multilayered
system with complex heat and mass transfer properties. Fan et al. [10] devel-
oped a coupled heat and moisture transfer model for porous clothing assemblies,
integrating sorption, condensation, and evaporation processes. Their approach
represents fabric as a porous medium, incorporating key material properties such
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as thermal conductivity, permeability, and moisture sorption capacity. By solving
the coupled heat and mass transfer equations, their numerical simulations pre-
dict temperature and moisture distributions across multilayered textiles under
varying environmental conditions. Extending beyond porous media representa-
tions, Mao et al. [33] introduced a yarn-level moisture transfer model, explicitly
representing individual yarns and their interactions within woven fabrics. Their
approach considers hygroscopic properties, including moisture absorption, diffu-
sion, retention, and temperature interactions at the yarn level. Through numeri-
cal simulation, they predicted moisture movement and distribution across textile
structures. Wang et al. [48] developed a three-dimensional heat and moisture
transfer simulation that simultaneously captures macro-scale fabric geometry
and micro-scale fiber properties. Their model highlights the interplay between
heat conduction, moisture evaporation, and diffusion, considering variations in
fabric type and tightness.

Our work builds upon a previously developed topological model for weft-
knitted fabrics described in Kapllani et al. [22]. It stands apart from previous
yarn-based knitted fabric modeling and simulation efforts in that it employs a
graph (the yarn topology graph generated by TopoKnit) to perform flow simu-
lations. TopoKnit’s ability to rapidly produce yarn topology graphs from stitch
patterns allows us to quickly search through the space of possible patterns and
explore how the yarn structure of a knitted fabric affects its flow properties.
These features facilitate the inverse design of weft-knitted fabrics with specified
flow properties, a new capability in the production of knitted textiles.

3 Methods

In designing the flow properties of fabrics, the process begins by generating a yarn
topology graph from a stitch pattern, followed by a forward flow simulation that
generates the diffusion behavior based on the given pattern. Subsequently, the
simulation output is evaluated with respect to the target properties. Utilizing a
simulated annealing optimization process, the space of stitch patterns is searched
to produce an optimal stitch pattern (and related yarn topology graph) that
achieves the desired flow properties.

3.1 Generating a Yarn Topology Graph

TopoKnit is a topological model of weft-knitted textiles defined within a process-
oriented space that represents aspects of the fabric itself, as well as the processes
that manipulate the fabric during knitting [22]. The main function of TopoKnit
is the creation of a yarn topology graph from a stitch pattern consisting of
Knit, Purl, Transfer, Tuck and Miss stitches. The graph captures how a yarn
flows through a weft-knitted fabric and how it intertwines with itself to hold
the fabric together. The yarn topology graph consists of nodes representing the
intertwinings and edges which represent the yarns connecting them. The graph
provides topological information that may be used to analyze the mechanistic
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Fig. 2: Stitch pattern with a combination of Knit, Transfer, Tuck and Miss
stitches: (a) Stitch instructions. (b) Simulated knitted pattern. (c) Yarn topology
graph showing the direction of the yarn path.

integrity and stability of a knitted fabric, as well as some of its unique topological
features, without the need to simulate the full knitting process or generate a 3D
yarn geometric model [21, 32].

Figure 2 presents the output from a TopoKnit analysis. (a) shows an input
stitch pattern with Knit, Transfer, Tuck and Miss stitches. (b) is a yarn ren-
dering produced by the Shima Seiki SDS-One APEX3 KnitDesign system. (c)
is a visualization of the TopoKnit yarn topology graph derived from the stitch
pattern. Note that the structure of the graph matches the yarns in the rendering.
Details describing how the yarn topology graph is generated may be found in
Kapllani Maharaj, et al. [22, 31].

The yarn topology graph does require preprocessing in order to prepare and
structure it for flow simulations. For example, all nodes in the graph visualiza-
tion (Fig. 2(c)) that have more than 4 edges emanating from them, actually have
more than one node at that location. These duplicate nodes must be removed and
combined into a single node at each location. While it is possible and acceptable
that there are duplicate edges, i.e. having more than one edge (yarn) connect-
ing the same two nodes (intertwinings), in the interior of the graph, duplicate
edges along the left and right boundaries are removed. Additionally, the missing
edges seen at the bottom and top of Figure 2(c) are added to ensure complete
single-edge connectivity around the boundary of the graph. These adjustments
align the graph structure with the realistic topology of a swatch embedded in a
larger fabric. We then use the Multigraph class in the NetworkX package [13] to
represent the resulting undirected graph.
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3.2 Flow Simulation Over Graphs

Our work simulates flow in a knitted textile as heat diffusion through the fab-
ric’s yarn topology graph, with heat diffusing between graph nodes via their
connecting edges. Many natural diffusion phenomena follow Fourier’s Law of
Heat Conduction, with heat flowing from regions of high temperature to regions
of low temperature. The speed of diffusion follows an exponential attenuation
pattern and eventually stabilizes over time. The quantity can manifest as heat, a
fluid, or a specialized signal. By generalizing various diffusion processes to heat
diffusion, setting heat on a specific node (the source node), analyzing the node
temperature changes during the heat diffusion process, especially the destination
node (sink node) temperature, we may approximate the flow characteristics of
a fabric swatch. Given that the graph is a closed system, all node temperatures
will eventually converge to the same value over time.

The principle of heat diffusion dictates that heat flows from regions of higher
temperature to regions of lower temperature. Furthermore, the rate of heat trans-
fer between two adjacent nodes is influenced by the edge length (the length of
yarn between two yarn crossings). Shorter edge lengths enable faster heat diffu-
sion, while longer edge lengths slow it down. Moreover, the greater the number
of edges connecting adjacent nodes, the higher its heat diffusion capacity. These
heat diffusion properties are represented in the graph Laplacian.

Fourier’s Law of Heat Conduction. Fourier’s Law of Heat Conduction [43]
is applied to calculate the dynamic temperature change of graph nodes during
heat diffusion, represented by

dTi

dt
= −

∑
j : vj∈N(vi)

αωij (T
t
i − T t

j ). (1)

i ∈ {1, ..., n} is the node index, α is the diffusion coefficient and depends on
the material’s physical properties (commonly set to 1). ωij is the edge weight
between two connected nodes i and j, which determines the influence of yarn
length on diffusion speed and is calculated by

ωij =
1

edgeLengthr . (2)

edgeLength is the Euclidean distance of the edge in the topological space of the
graph. The parameter r is introduced to allow us to balance the diffusion speed in
horizontal and vertical directions in the rectilinear lattices of the yarn topology
graphs, and will be further explained in Sect. 3.2. (T t

i − T t
j ) is the temperature

difference between node i and node j at the diffusion time t. The T unit is
Kelvin. N(vi) is the set of all nodes connected to the current node vi.
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Fig. 3: Boundary and interior nodes in a 10× 10 stitch pattern.

Node temperature formula. Based on the Fourier Law of Heat Conduction
equation [17], the temperature at a given node i over time t can be expressed as

Ti(t) =

n∑
k=1

V T
k T0 e−αλt Vk. (3)

Vk represents the eigenvectors of the graph Laplacian matrix. T0 is the initial
temperature vector of all nodes. In our simulations we give one node (the source)
a non-zero value and the other node temperatures are initialized to 0. α is the dif-
fusion coefficient, set to 1 in this case. λ is the eigenvalues of the graph Laplacian
matrix. n is the overall number of nodes in the graph.

Using the NetworkX library, the graph Laplacian matrix is first computed.
Then, its eigenvalues and eigenvectors are calculated with the Numpy library.
Finally, Eq. 3 is applied to calculate the temperature at each node. The final
result is a vector containing the temperatures of all nodes.

Defining the swatch graph. Our initial studies focused on discovering 10×10
knit swatches that have specific preferential flow properties. Given a 10×10 stitch
pattern, TopoKnit produces a lattice graph with 20×11 nodes. See Figure 3 for
the yarn topology graph of a 10×10 all-Knit swatch. Each column of stitches
produces two columns of nodes and each row of stitches produces one row of
nodes, with an additional row at the bottom needed to anchor the first line of
stitches. The horizontal spacing between adjacent nodes is set to 0.5, while the
vertical spacing is set to 1.

Defining edge weights. In our studies of diffusion behavior, we assume that
the diffusion speed in the horizontal and vertical directions is approximately
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equal for an All-Knit fabric. We use the isotropic diffusion within an all-Knit
fabric as the baseline for evaluating preferential flow within fabrics having other
stitch patterns. We discovered that in order to achieve the desired isotropic flow
in the graphs of all-Knit fabrics, the edge weights (ωij) needed some adjustment.
Thus, we added the exponent r to the weight formula (Eq. 2).

To measure the heat diffusion balance between graph nodes in the horizontal
and vertical directions, a symmetry metric function was defined,

temperature symmetry =
∑

j is row index

∣∣T t
0, j − T t

2j, 0

∣∣ . (4)

T t
0, j is the temperature located at the node (0, j) at diffusion time t. j is the

current row index. T t
2j, 0 represents the temperature located at the node (2j, 0) at

diffusion time t. The function assumes that diffusion begins at the bottom left of
a swatch and flows into the remainder of the fabric. The function calculates the
sum of the absolute temperature differences between the first column of nodes
and its symmetric nodes on the first row. There is a factor of 2 in the reference
to nodes in the row direction because of the difference in the distance between
nodes in the i (column index) and j (row index) directions. The factor of 2
ensures that symmetry is evaluated across a 45◦ axis through the fabric.

Eq. 4 was employed in a series of computational experiments on graphs from
100 × 100 all-Knit patterns to determine the value of parameter r that would
produce symmetric diffusion, starting from the bottom left corner. The experi-
mental results show that an r value of 2 produces the desired balanced diffusion.
We consistently use this value of r for all of our flow simulations over graphs,
producing edge weights that drop off as a function 1/r2.

3.3 Flow Objective Function

During a computational design process, candidate solutions are generated and
then evaluated to determine if they fulfill the objectives of the design. This
evaluation must be encapsulated in an objective function that returns a scalar
value that rates the “goodness” of the result, i.e. a number that may be used to
rank the quality of the solution. We have explored a number of possible objective
functions for evaluating the flow characteristics of a 10×10 knitted swatch. These
include computing the difference of temperatures at the sink node (the node
which is the target of the flow from the source point) between the candidate
and an all-Knit patterns, the difference between the temperature at the sink
node and the maximum temperature in the swatch, and computing a weighted
distance from each node to a direction vector.

From inspection of various simulation experiments we found the following
function to provide satisfactory results during the computational design process,

objective =

convergence time∑
t=1

(T t
sink − T̄ t

other nodes)× weight. (5)
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T t
sink is the sink node temperature at time t. T̄ t

other nodes represents the average
temperature of all the other nodes. Time t starts at 1 second, with a 1-second
interval for sampling, continuing until the diffusion convergence time. Conver-
gence time is defined as the point at which all node temperature differences in
the pattern are less than 10 percent of the average temperature. In experiments,
convergence time is observed to be around 45 seconds for most 10 × 10 pat-
terns. The function accumulates the temperature differences over the diffusion
time between the sink node and the average temperature of the other nodes. It
encourages greater heat diffusion from other nodes towards the sink node.

To mitigate the influence of node count on the energy calculation (since fewer
nodes increase the average temperature), a weight factor is defined,

weight =
overall number of nodes in current pattern

overall number of nodes in all-knit pattern with same scale
. (6)

This normalization ensures fair comparison between patterns with differing node counts
by adjusting the energy function to account for variations in node number. The combi-
nation of these components supports the unbiased optimization of the stitch pattern.

3.4 Identifying Optimal Stitch Patterns

The aim of our work is to develop a computational design process for producing knitted
fabrics with specified flow properties. We employ the Simulated Annealing Algorithm
[44] to search the space of stitch combinations in order to find the optimal pattern that
produces a knitted fabric with the desired properties. Simulated Annealing is a well
established algorithm whose steps are summarized below for our task.

1. Provide the initial stitch pattern for a 10× 10 all-Knit swatch.
2. Generate the associated yarn topology graph using TopoKnit.
3. Define source node and temperature, and sink node (which defines the flow direc-

tion). The temperatures at all non-source nodes are set to zero.
4. Simulate the diffusion over the graph, and compute and save the value of the

objective function (E) from the result.
5. Define the control parameters for the Simulated Annealing Algorithm: Initial tem-

perature, T0 = 10. Damping rate, d = 0.9. Iteration count, L = 1000 (# simulations
performed per temperature step). Epsilon = 0.001.

6. Save the current pattern for later comparison.
7. Generate a new stitch pattern by inserting a random stitch (Knit, Tuck, Transfer

left, Transfer right, and Miss) into a random location in the interior of the current
pattern.

8. Verify that the generated pattern is valid using analysis methods from Maharaj et
al. [32]. If the pattern is not valid return to Step 7.

9. Generate the associated yarn topology graph using TopoKnit for the candidate
stitch pattern.

10. Simulate diffusion in the candidate stitch and compute the objective function (E).
11. Calculate the difference in energy (∆E) between the candidate pattern and the

current pattern.
12. Accept or reject the candidate stitch pattern. If ∆E > 0, accept the new pattern,

update the current pattern and current E values. If ∆E ≤ 0, accept the new
pattern according to the Metropolis criterion [44].
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(a) 9 basic flow directions. (b) 16 complete flow directions.

Fig. 4: Basic flow directions. The full set of 16 directions are generated from the
9 basic directions via reflection.

13. If ∆E is positive and its running average is less than ϵ, then stop and return current
stitch pattern, otherwise go back to Step 7.

This algorithm iteratively explores the solution space to find stitch patterns with
improved flow characteristics, while ensuring that the resulting pattern is valid and
knittable. The Simulated Annealing Algorithm ensures convergence by gradually re-
ducing the temperature control parameter (T), encouraging initial exploration of the
solution space, followed by solution fine-tuning at later stages.

3.5 Defining the Flow Directions

Source and sink node placement for a swatch defines the desired flow direction of the
associated swatch. For a 10×10 stitch pattern, we specify 16 possible flow directions as
shown in Figure 1(a), each is defined by a vector originating from the pattern center.
These directions are spaced at 22.5◦ intervals, ranging from 0◦ to 360◦. The source and
sink nodes associated with each direction are set to minimize the angular difference
between the vector connecting the nodes and the flow direction vector. Given the left-
right symmetry and the bottom-top asymmetry of a knitted fabric, it is only necessary
to determine stitch patterns for 9 of 16 basic flow directions. The specific configuration
of the source and sink nodes for these 9 are presented in Figure 4(a). For simplicity,
all source and sink nodes are positioned on the pattern boundary. The red lines with
arrows indicate a specific flow direction, while the red circles represent either source
nodes or sink nodes.

The remaining 7 patterns can be generated by reflecting the calculated stitch com-
mands around the central vertical axis. For example, to produce the stitch commands
for direction 11 in Figure 4(b), the stitch commands for direction 3 are reflected. To
produce the stitches for direction 14, the commands for direction 8 are reflected. The
stitch commands for direction 13 are the reflected commands of direction 1. After re-
flection, stitch commands labeled "transfer left" are changed to "transfer right" and
vice versa to maintain structural symmetry. Our experiments demonstrate that the re-
flected patterns have the identical symmetrical topology structure and flow properties
as the original pattern.
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4 Results

The described computational design process was performed to produce 10× 10 stitch
patterns for the 9 flow directions defined in Section 3.5 and Figure 4. The software
was written in Python and run on a Windows computer with an Intel Core i7 13700H
CPU and 16GB of RAM. Typical compute time to identify an optimal stitch pattern
is approximately 1 hour.

The results of our flow simulations are visualized by comparing the heat distribu-
tion of a candidate yarn topology graph with the distribution of an all-Knit fabric at
the same simulation time. The all-Knit graph is the complete lattice graph shown in
Figure 3. The corresponding node values are subtracted at a particular simulation time
step. The all-Knit flow distribution provides the maximum comparative difference with
candidate flows. The resulting visualizations are presented in Figures 5 to 13. (a) is a
stitch pattern, and (b) displays the heat distribution over the associated yarn topology
graph. (c) presents color-coded nodes of the graph, highlighting the changes in heat
flow compared to an all-Knit fabric. The color coding goes from dark blue for nodes
that are cooler than the all-Knit nodes, to dark red that are significantly warmer. Ar-
rows have been added to show the source and sink points that define the desired flow.
Note that constraints are imposed on Figures 9 and 13 to produce symmetric results.

It can be seen in these diagrams that changing the stitch patterns, and therefore
the topologies, of the swatches does affect their resulting flow properties, producing
preferential diffusion in the desired directions. Figure 14 presents a time sequence of
diffusions for direction 3, with the source at the lower left and the sink in the upper
right. The far right images show the heat diffusing over time along the diagonal towards
the upper right.

5 Conclusions

This paper presents an approach for modeling, simulating, and designing the flow dif-
fusion properties of weft-knitted fabrics. The structure of the fabric is represented with
a yarn topology graph produced by TopoKnit. The graph captures how the yarn flows
through a knitted fabric and intertwines with itself. TopoKnit is capable of generating
the graph from the stitch instructions that define the fabric. We assume that fluid and
heat flow within the fabric may be simulated over the graph. Changing the stitches
of a fabric, changes its structure and therefore its properties. We employ a stochastic
optimization technique, Simulated Annealing, to explore the space of stitch patterns
and discover those that produce flow characteristics in 10 × 10 swatches of knitted
fabric. Our approach has been used to find stitch patterns that define swatches with
preferential flow properties in 9 basic directions, which can be expanded into 16, given
the left-right symmetry of a weft-knitted fabric.

In future work, these 16 swatches will be tiled to define the flow properties of
larger pieces of fabric. This hierarchical approach will make the inverse design of large
fabrics tractable and possible to attain in real-time. Additionally, we intend to ex-
plore further refinement of our optimization algorithm, and integration with advanced
computational tools that will allow for the direct analysis of larger stitch patterns.
We acknowledge that the work presented here is purely computational and relies on
untested assumptions to perform the simulations. In the future we plan to compare
and validate our flow simulations with experiments with actual knitted fabrics. This
should lead to advancements in our simulation methods.
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(a) stitch pattern

0.425 0.450 0.475 0.500 0.525 0.550 0.575 0.600 0.625
Temperature min:0.4189960732983538  max:0.6266285658975335

 average_temperature:0.5208333333333334

(b) yarn topology graph

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Temperature difference min:0.020086723  max:0.10283419

 average_temperature_difference:0.06628787878787884

(c) temp. difference

diffusion time = 26 seconds

Fig. 5: Optimal pattern for direction 1.

(a) stitch pattern

0.50 0.52 0.54 0.56 0.58 0.60
Temperature min:0.4828678278391088  max:0.6181591688132395

 average_temperature:0.5376344086021505

(b) yarn topology graph

0.02 0.04 0.06 0.08 0.10 0.12 0.14
Temperature difference min:0.0033853899  max:0.1450229474

 average_temperature_difference:0.08308895405669597

(c) temp. difference

diffusion time = 21 seconds

Fig. 6: Optimal pattern for direction 2.

(a) stitch pattern (b) yarn topology graph (c) temp. difference

diffusion time = 48 seconds

Fig. 7: Optimal pattern for direction 3.
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(a) stitch pattern

0.61 0.62 0.63 0.64 0.65 0.66 0.67 0.68
Temperature min:0.6096485038326299  max:0.6848083760647611

 average_temperature:0.6410256410256411

(b) yarn topology graph

0.182 0.184 0.186 0.188 0.190 0.192 0.194
Temperature difference min:0.180649706  max:0.1940186779

 average_temperature_difference:0.18648018648018655

(c) temp. difference

diffusion time = 42 seconds

Fig. 8: Optimal pattern for direction 4.

(a) stitch pattern

0.650 0.655 0.660 0.665 0.670
Temperature min:0.6470176677495918  max:0.6713750533775275

 average_temperature:0.6578947368421053

(b) yarn topology graph

0.2030 0.2035 0.2040 0.2045 0.2050
Temperature difference min:0.2025644008  max:0.2051041833

 average_temperature_difference:0.20334928229665078

(c) temp. difference

diffusion time = 53 seconds

Fig. 9: Optimal pattern for direction 5 (with symmetry constraints imposed).

(a) stitch pattern

0.49 0.50 0.51 0.52 0.53 0.54 0.55 0.56
Temperature min:0.4851032854093127  max:0.5670505650675234

 average_temperature:0.5208333333333334

(b) yarn topology graph

0.06 0.07 0.08 0.09 0.10
Temperature difference min:0.0585164369  max:0.1082814193

 average_temperature_difference:0.08308895405669597

(c) temp. difference

diffusion time = 35 seconds

Fig. 10: Optimal pattern for direction 6.
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(a) stitch pattern

0.60 0.61 0.62 0.63 0.64 0.65 0.66 0.67
Temperature min:0.5976380645563717  max:0.6764359766935095

 average_temperature:0.6369426751592356

(b) yarn topology graph

0.174 0.176 0.178 0.180 0.182 0.184 0.186 0.188
Temperature difference min:0.1734890729  max:0.1897148575

 average_temperature_difference:0.1823972206137811

(c) temp. difference

diffusion time = 40 seconds

Fig. 11: Optimal pattern for direction 7.

(a) stitch pattern

0.55 0.60 0.65 0.70 0.75
Temperature min:0.5383402627401861  max:0.7923437729945977

 average_temperature:0.6493506493506493

(b) yarn topology graph

0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22
Temperature difference min:0.1438835593  max:0.2248401505

 average_temperature_difference:0.19480519480519481

(c) temp. difference

diffusion time = 29 seconds

Fig. 12: Optimal pattern for direction 8.

(a) stitch pattern

0.6230 0.6235 0.6240 0.6245 0.6250 0.6255 0.6260 0.6265
Temperature min:0.6228920541397175  max:0.626930931948941

 average_temperature:0.625

(b) yarn topology graph

0.1702 0.1703 0.1704 0.1705 0.1706 0.1707
Temperature difference min:0.1701876587  max:0.1707128686

 average_temperature_difference:0.17045454545454547

(c) temp. difference

diffusion time = 75 seconds

Fig. 13: Optimal pattern for direction 9 (with symmetry constraints imposed).
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0.25 0.50 0.75 1.00 1.25 1.50 1.75
Temperature min:0.14016449173215467  max:1.998354583623668

 average_temperature:0.6097560975609756

0.2 0.4 0.6 0.8 1.0 1.2
Temperature min:0.05549702209533402  max:1.318515956690035

 average_temperature:0.45454545454545453

0.08 0.06 0.04 0.02
Temperature difference min:-0.0981923811  max:-0.000374791

 average_temperature_difference:0.15521064301552107

0.1 0.2 0.3 0.4 0.5 0.6
Temperature difference min:0.0007828977  max:0.6798386269

 average_temperature_difference:0.15521064301552107

diffusion time = 12 seconds

0.5 0.6 0.7 0.8 0.9
Temperature min:0.4317867207084501  max:0.9906412135561261

 average_temperature:0.6097560975609756

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
Temperature min:0.2663369137489049  max:0.6913746620018282

 average_temperature:0.45454545454545453

0.10 0.15 0.20 0.25
Temperature difference min:0.0561092629  max:0.2992665516

 average_temperature_difference:0.15521064301552107

diffusion time = 24 seconds

0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70 0.72
Temperature min:0.5512560550051451  max:0.7233101639243815

 average_temperature:0.6097560975609756

0.40 0.42 0.44 0.46 0.48 0.50 0.52
Temperature min:0.3830500532830406  max:0.5315884600372474

 average_temperature:0.45454545454545453

0.13 0.14 0.15 0.16 0.17 0.18 0.19
Temperature difference min:0.1242324949  max:0.1917217039

 average_temperature_difference:0.15521064301552107

diffusion time = 36 seconds

0.60 0.61 0.62 0.63 0.64
Temperature min:0.5905972256409874  max:0.6440433005309641

 average_temperature:0.6097560975609756

(a) optimum pattern

0.43 0.44 0.45 0.46 0.47 0.48
Temperature min:0.42863871076155724  max:0.4810939194516198

 average_temperature:0.45454545454545453

(b) all-knit pattern

0.148 0.150 0.152 0.154 0.156 0.158 0.160 0.162
Temperature difference min:0.1472800217  max:0.1629493811

 average_temperature_difference:0.15521064301552107

(c) temp. difference
diffusion time = 48 seconds

Fig. 14: Heat diffusion simulation of the 10×10 optimal diagonal pattern (direc-
tion 3) at different diffusion times (12s, 24s, 36s, 48s).
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12. Gadeikytė, A., Barauskas, R.: Multiscale model of heat and mass exchange through
textile structures. In: American Institute of Physics Conference Series. vol. 2849,
p. 360010 (2023)

13. Hagberg, A., Schult, D., Swart, P.: Exploring network structure, dynamics, and
function using NetworkX. In: Proc. 7th Python in Science Conference. pp. 11–15
(2008)

14. Hamdaoui, M., Achour, N.S., Nasrallah, S.B.: The influence of woven fabric struc-
ture on kinetics of water sorption. Journal of Engineered Fibers and Fabrics 9(1),
155892501400900112 (2014)

15. Hofmann, M., Mankoff, J., Hudson, S.E.: KnitGIST: A programming synthesis
toolkit for generating functional machine-knitting textures. In: Proc. ACM Sym-
posium on User Interface Software and Technology. p. 1234–1247 (2020)

16. Hong, C.J., Kim, B.J.: Model-based simulation analysis of wicking behavior in
hygroscopic cotton fabric. Journal of Fashion Business 20(6), 66–78 (2016)

17. Horaud, R.: Graph laplacian tutorial. https://csustan.csustan.edu/~tom/
Clustering/GraphLaplacian-tutorial.pdf (2024), accessed: June 10, 2024



Designing Fabric Flow Properties 19

18. Jones, B., Mei, Y., Zhao, H., Gotfrid, T., Mankoff, J., Schulz, A.: Computational
design of knit templates. ACM Transactions on Graphics 41(2), 16:1–16:16 (2021)

19. Kaldor, J.M., James, D.L., Marschner, S.: Simulating knitted cloth at the yarn
level. ACM Transactions on Graphics (Proc. SIGGRAPH) 27(3), 65:1–65:9 (2008)

20. Kaldor, J.M., James, D.L., Marschner, S.: Efficient yarn-based cloth with adaptive
contact linearization. ACM Transactions on Graphics (Proc. SIGGRAPH) 29(4),
105:1–105:10 (2010)

21. Kapllani, L., Amanatides, C., Dion, G., Breen, D.E.: Loop order analysis of weft-
knitted textiles. Textiles 2(2), 275–295 (2022)

22. Kapllani, L., Amanatides, C., Dion, G., Shapiro, V., Breen, D.E.: TopoKnit: A
process-oriented representation for modeling the topology of yarns in weft-knitted
textiles. Graphical Models 118, 101114 (2021)

23. Kaspar, A., Makatura, L., Matusik, W.: Knitting Skeletons: A computer-aided
design tool for shaping and patterning of knitted garments. In: Proc. ACM Sym-
posium on User Interface Software and Technology. pp. 53–65 (2019)

24. Kaspar, A., Wu, K., Luo, Y., Makatura, L., Matusik, W.: Knit Sketching: from
cut & sew patterns to machine-knit garments. ACM Transactions on Graphics
(Proc. SIGGRAPH) 40(4), 63:1–63:15 (2021)

25. Knittel, C., Tanis, M., Stoltzfus, A., Castle, T., Kamien, R., Dion, G.: Modelling
textile structures using bicontinuous surfaces. Journal of Mathematics and the Arts
14(4), 331–344 (2020)

26. Kyosev, Y.: Topology-based modeling of textile structures and their joint assem-
blies. Springer (2019)

27. Lin, H., Zeng, X., Sherburn, M., Long, A.C., Clifford, M.J.: Automated geometric
modelling of textile structures. Textile Research Journal 82(16), 1689–1702 (2012)

28. Lin, J., McCann, J.: An Artin braid group representation of knitting machine
state with applications to validation and optimization of fabrication plans. In:
Proc. IEEE International Conference on Robotics and Automation. pp. 1147–1153
(2021)

29. Lin, J., Narayanan, V., Ikarashi, Y., Ragan-Kelley, J., Bernstein, G., McCann, J.:
Semantics and scheduling for machine knitting compilers. ACM Transactions on
Graphics 42(4), 143:1–143:26 (2023)

30. Liu, Z., Han, X., Zhang, Y., Chen, X., Lai, Y.K., Doubrovski, E.L., Whiting, E.,
Wang, C.C.: Knitting 4D garments with elasticity controlled for body motion.
ACM Transactions on Graphics (Proc. SIGGRAPH) 40(4), 62:1–62:16 (2021)

31. Maharaj, L.K.: TopoKnit: A Process-Oriented Topology Representation for Mod-
eling and Analyzing Weft-Knitted Textiles. Ph.D. thesis, Drexel University (2022)

32. Maharaj, L.K., Amanatides, C., Dion, G., Shapiro, V., Breen, D.E.: Topology,
integrity and stability analysis of weft-knitted textiles. Textile Research Journal
(2025), in press

33. Mao, A., Dong, W., Xie, C., Wang, H., Liu, Y.J., Li, G., He, Y.: Yarn-level simu-
lation of hygroscopicity of woven textiles. IEEE Transactions on Visualization and
Computer Graphics 29(12), 5250–5264 (2022)

34. McCann, J., Albaugh, L., Narayanan, V., Grow, A., Matusik, W., Mankoff, J.,
Hodgins, J.: A compiler for 3D machine knitting. ACM Transactions on Graphics
(Proc. SIGGRAPH)) 35(4), 49:1–49:11 (July 2016)

35. Meissner, M., Eberhardt, B.: The art of knitted fabrics, realistic & physically
based modeling of knitted fabrics. Computer Graphics Forum (Proc. Eurographics)
17(3), 355–362 (1998)



20 C. Sun and D.E. Breen

36. Nader, G., Quek, Y.H., Chia, P.Z., Weeger, O., Yeung, S.K.: KnitKit: a flexible sys-
tem for machine knitting of customizable textiles. ACM Transactions on Graphics
(Proc. SIGGRAPH) 40(4), 64:1–64:16 (2021)

37. Narayanan, V., Albaugh, L., Hodgins, J., Coros, S., McCann, J.: Automatic ma-
chine knitting of 3D meshes. ACM Transactions on Graphics (Proc. SIGGRAPH)
37(3), 35:1–35:15 (2018)

38. Narayanan, V., Wu, K., Yuksel, C., McCann, J.: Visual knitting machine program-
ming. ACM Transactions on Graphics (Proc. SIGGRAPH) 38(4), 63:1–63:13 (Jul
2019)

39. Qu, A., James, D.L.: Fast linking numbers for topology verification of loopy struc-
tures. ACM Transactions on Graphics (Proc. SIGGRAPH) 40(4), 106:1–106:19
(2021)

40. Sánchez-Banderas, R.M., Rodríguez, A., Barreiro, H., Otaduy, M.A.: Robust
eulerian-on-lagrangian rods. ACM Transactions on Graphics (Proc. SIGGRAPH)
39(4), 59:1–59:10 (2020)

41. Sherburn, M.: Geometric and Mechanical Modelling of Textiles. Ph.D. thesis, Uni-
versity of Nottingham (2007)

42. Singal, K., Dimitriyev, M., Gonzalez, S., Cachine1, A., Quinn, S., Matsumoto, E.:
Programming mechanics in knitted materials, stitch by stitch. Nature Communi-
cations 15, 2622:1–2622:9 (2024)

43. Teke, O., Vaidyanathan, P.P.: Time estimation for heat diffusion on graphs. In:
2017 51st Asilomar Conference on Signals, Systems, and Computers. pp. 1963–
1967. IEEE (2017)

44. Van Laarhoven, P.J., Aarts, E.H.: Simulated Annealing: Theory and Applications.
Springer, Dordrecht, NL (1987)

45. Wadekar, P., Goel, P., Amanatides, C., Dion, G., Kamien, R., Breen, D.: Geometric
modeling of knitted fabrics using helicoid scaffolds. Journal of Engineered Fibers
and Fabrics 15, 1–15 (April 2020)

46. Wadekar, P., Kapllani, L., Amanatides, C., Dion, G., Kamien, R., Breen, D.: Geo-
metric modeling of complex knitting stitches using a bicontinuous surface and its
offsets. Computer Aided Geometric Design 89, Paper 102024 (2021)

47. Wadekar, P., Perumal, V., Dion, G., Kontsos, A., Breen, D.: An optimized yarn-
level geometric model for finite element analysis of weft-knitted fabrics. Computer
Aided Geometric Design 80, 101883 (June 2020)

48. Wang, H., Li, J., Liu, Z., Yang, Y., Seyam, A.F.M.: Three-dimensional simulation
of heat and moisture transfer in woven fabric structures. Textile Research Journal
p. 00405175241245913 (2024)

49. Zheng, Y., Chen, Y., Fei, G., Dorsey, J., Wu, E.: Simulation of textile stains. IEEE
Transactions on Visualization and Computer Graphics 25(7), 2471–2481 (2018)

50. Zheng, Z., Zhang, N., Zhao, X.: Simulation of heat transfer through woven fabrics
based on the fabric geometry model. Thermal Science 22(6 Part B), 2815–2825
(2018)


