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Abstract

Knitted fabrics are widely used in clothing and advanced tex-
tile devices because of their unique and programmable mechan-
ical properties. In order to better understand and control these
properties it is necessary to investigate the influence of yarn
level interactions and stitch structure on the macroscropic be-
havior of the fabric via computational simulation, e.g. Finite
Element Analysis (FEA). In this paper, we present a yarn-level
model that produces geometric models suitable for FEA simu-
lations of knitted fabrics. The geometric models of the yarns
are produced via an optimization process. The centerlines of
the yarns are defined as Catmull-Rom splines and their control
points are modified during the optimization. The optimization
is based on physical parameters such as interpenetration, con-
tact, length of the yarn and bending energy. The results show
that our approach produces valid yarn geometric models of knit-
ted fabrics consisting of an arbitrary combination of knit and
purl stitches, which can then be used for FEA simulations.

1 Introduction

The modelling and simulation of textiles has gained increased
interest in recent years. These simulation efforts include the
modelling and analysis of both woven and knitted materials.
Our research focuses on advancing knitted textiles as a sub-
strate for next-generation smart fabrics. A major thrust of
this research is the development of design tools that will au-
tomate the specification of optimized knitted structures. A
critical component of these tools are modelling and simulation
technologies that are capable of accurately predicting the prop-
erties of a knitted material, given the properties of its yarns and
the stitch patterns/commands used to knit the yarns into a fab-
ric. To attain these goals simulations of knitted materials are
done at the yarn-level using Finite Element Analysis (FEA)
[5, 6].

A critical component of these simulations are the geometric
models that define the initial configuration of the fabrics. In
order for the simulations to properly proceed these geometric
models must meet stringent requirements. The most impor-
tant feature of the models is how they define contact between
crossing yarns. Crossing yarns must “touch” at two points,
but must not inter-penetrate each other. These contact points
are defined by yarns that are outside of each other, but are
within an extremely short distance to each other. A secondary
requirement is that the initial geometric models by “plausi-
ble”, i.e. they should not have unnatural, sharp bends or self-
intersections.

A number of geometric models have been developed for knit-
ted fabric simulation [2, 3, 4]. Other simulation models have
been based on the topology of the fabric [1, 7]. None of these

models though meet the strict contact requirements demanded
by FEA in a general, parameterized approach.

In order to produce valid initial geometric conditions for FEA
simulation studies we have implemented an enhanced yarn-level
model of knitted fabrics that incorporates mechanical prop-
erties and spatial constraints with the underlying geometric
representation of the yarns; thus producing initial parameter-
ized geometric models that not only do not interpenetrate, but
touch each other at point contacts, and additionally have a fea-
sible, physically-accurate overall shapes. Our techniques pro-
duce yarn-level geometric models of weft-knitted fabrics con-
sisting of an arbitrary pattern of knit and purl stitches. The
dimensions of these individual stitches may be set by the user.
Together these features allow for the generation of a wide va-
riety of yarn-level geometric models that support the inves-
tigation of the relationship between yarn-level structures and
macroscopic mechanical properties.

Producing physically-accurate geometric models of yarns in
a knitted material is framed as an optimization problem. In
this computing context, a single “cost” function is defined that
captures the various required features of the final geometric
model. The function is specified in such a way that finding the
variable values that minimize the function produces the desired
geometric result [8]. The features incorporated into the model,
and therefore the associated cost function, include maintaining
yarn length, minimizing curvature and creating single contact
points between crossing yarns. The variables that are modified
to minimize the cost function are the spline control points that
define the centerlines of the tubes used to represent the yarns.

Once the optimization problem is formulated for a particular
set of fabric parameters the cost function is minimized using
a quasi-Newton method, which produces a spline that meets
the requirements and constraints of the specified FEA initial
conditions. This model has been utilized as the inputs to nu-
merous FEA simulations of knitted materials. A number of
output examples from the optimization process for a range of
material size parameters are provided, which demonstrate the
effectiveness of our approach to produce geometric models that
are suitable initial conditions for FEA simulations.

2 Optimized Model

Since a fabric consists of repeated stitches our approach focuses
on defining and optimizing the geometry of individual stitches,
rather than the more computationally costly strategy of laying
out the whole fabric and doing a global optimization. Once
optimized, specific stitches, which we call cells, are replicated
to produce the entire fabric. In order to maintain continuity
between replicated cells, precise boundary conditions, both po-
sitional and tangential, must be defined and maintained for
each cell.
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Figure 1: Control points and splines that define a single stitch.

2.1 Unit Cell for Optimization

Fig. 1 shows the control points and resulting splines that define
the yarn geometry for a single stitch. The large single spline
defines the “head” of stitch i, while the two smaller splines
define the “legs” of stitch i+1, the one above it. The control
points in the dotted box are considered a single cell, which can
be reflected to produce the complete stitch. This stitch may
then be copied and translated to produce a fabric model.

The following equations provide the parameterization of the
stitch’s dimensions in terms of course spacing (C), wale spacing
(W) and yarn radius (R). These are used as initial positions of
the control points to define the yarn in the left leg and the left
half of the head of a single stitch.

Pix = aix ∗W
Piy = aiy ∗ C
Piz = aiz ∗R

(2.1)

The coefficients {ai·} are obtained by defining an approximate
yarn path with reasonable positions. The control points for
the left half of the upper loop (head) of the stitch are assigned
independently from those of the leg.

The yarn splines of knit (K) and purl (P) stitches are defined
in a way that they are dependent on both neighboring stitches
in the vertical direction, and the left stitch in the horizontal di-
rection. Given this, there are only eight possible combinations
of stitches that we need to consider. These eight combinations
are: PPP, PPK, KPK, KPP, where four of them have the same
neighbor as the center stitch while the other four have a dif-
ferent neighbor than the center stitch. Since a knit stitch is
simply a reflection around the X-Y plane of a purl stitch, it is
not necessary to consider separate cells with K as the center
stitch. Thus eight distinct unit cells are able to create a stitch
pattern of any size consisting of knits and purls.

While the curves of the unit cell are presented in Fig. 2, some
of the control points needed to define these curves lie outside
of the unit cell. This is because the tangent vector of the curve
at a control point is defined by its neighboring control points.
These extra, external control points needed to define the curves
of the unit cell are Leg node 0, Leg node 6, Head node 0 and
Head node 6. In order to maintain the correct tangent vector
at the boundary control points (Leg node 1, Leg node 5, Head
node 1, Head node 5) the external control points are linked
with the control points interior to the boundary control points.
For example, as Leg node 2 is moved during the optimization
process, Leg node 0’s position is updated in a way that it is a

Figure 2: Constraints on the control points of unit cells.

reflection (in the X component of Leg node 1) of Leg node 2.
This ensures that the tangent direction at Leg node 1 remains
parallel to the X-Z plane. The same holds true for Head node
4 and Head node 6. Head node 6’s position follows Head node
4’s in order to maintain the correct tangent direction ([1,0,0])
at Head node 5.

Similarly the correct spline shape, i.e. tangent, must be main-
tained across the unit cell boundaries at Head node 1 and Leg
node 5. Note that during the copying and pasting process that
creates a complete stitch these two control points define the
same location. In other words the leg spline that exits the
unit cell at Leg node 5 enters the head spline at Head node 1.
Therefore the tangent vector at these two control points must
be identical. This boundary constraint is enforced by having
the position of Leg node 6 track/follow the position of Head
node 2, and having the position of Head node 0 track the posi-
tion of Leg node 4. All of the linking relationships are visually
presented on Fig. 2, where unique symbols are placed around
the linked control points. For example Leg node 0 and Leg
node 2 are linked and both are marked with red pentagons.
In all of these pairings, the interior control points are moved
by the optimization process and the external control points’
positions are then be updated.

2.2 Yarn Model Cost Function

A cost function F (·) is defined, based on the shape of the
yarn splines. The minimum of this function represents a valid,
physically-realistic geometric initial condition for an FEA sim-
ulation. F () consists of three terms:

F (Ci(P j)) = αFDistance + βFBending + γFLength (2.2)

F () is a function of the curves Ci that define the centerlines of
the spline tubes used to represent the yarns. The centerlines
are specified with Catmull-Rom splines, which consist of C1
piecewise cubic Bezier curves. The curves are defined by a set
of control points P j , which are interpolated by the curves Ci.
FDistance is defined in such a way that it is at a minimum
when the distance between the spline tubes is zero, i.e. the
yarn geometries are not intersecting, and are touching at two
points. FBending defines the bending energy (as a function
of curvature) of the yarn and ensures that the yarn geometry
maintains a natural-looking shape. FLength is the term that
ensures that the yarn spline tube does not significantly change
its length during optimization. α, β and γ are weights that
control the strength of each term and give us the ability to
adjust the importance/contribution of each component to the
final result.
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2.3 Optimizing the Unit Cells

Given a unit cell that consists of a leg spline and a head spline,
an optimization may be employed to adjust the positions of the
splines’ control points in order to produce yarn geometric mod-
els with the desired properties. For design optimization pur-
poses, we explore the parameter space of materials, e.g. course
and wale spacing, as well as yarn thickness, in search of ma-
terials with optimal performance properties. Therefore it is
important during FEA simulations of knitted materials that
the simulated fabrics maintain certain size parameters. For
this reason, not all of the spline control points are allowed to
move freely.

Instead certain components of the yarn splines are con-
strained in order to ensure that the user-specified course and
wale spacing is preserved after the optimization process has
completed. The positions of the control points on the bound-
ary of the unit cell (Leg node 1, Leg node 5, Head node 1, Head
node 5 in Fig. 2) are therefore partially locked. The red nodes
may only move in the Z direction during optimization, i.e. they
are locked in the X and Y direction. The black nodes may move
in the X and Z direction, i.e. they are locked in the Y direction.
The positions of all the interior blue nodes are unconstrained
during optimization. Again, constraining the boundary control
points during optimization ensures that the values of C and W
are maintained.

An unconstrained quasi-Newton method is utilized to min-
imize Equation 2.2 for the eight defined unit cells. This un-
constrained optimization is performed while still enforcing the
required constraints by simply omitting the fixed components
of the constrained control points from the optimization pro-
cess. Therefore 22 variables are involved in the optimization,
i.e. the values of these variables are modified in order to mini-
mize the cost function. These 22 variables are the X, Y and Z
components of Leg node 2, Leg node 3, Leg node 4, Head node
2, Head node 3, and Head node 4 (the interior blue nodes in
Fig. 2), just the Y component of Leg node 1 and Head node
5 (the red nodes), and the X and Z components of Leg node
5. Note that Head node 1 is not included in the optimization,
since it is linked with Leg node 5 and tracks its position. Simi-
larly the exterior control points (Leg node 0, Leg node 6, Head
node 0 and Head node 6) are not directly modified by the opti-
mization process, but instead have their positions determined
by their linked, interior counterparts.

2.4 Replicating the Unit Cells

From a given stitch pattern the model is created by translating,
reflecting and connecting the appropriate unit cells. The unit
cells are designed to be the left halves of purl stitches. To
produce the right half, a unit cell is simply mirrored across the
X-Z plane. Similarly, to generate a knit stitch, a unit cell is
mirrored across the X-Y plan.

The types (Knit or Purl) of the neighboring stitches deter-
mine the type of cell that will be placed, via replication and
translation, at each stitch location in the fabric. Each cell has
constraints imposed on it during optimization to ensure that
C1 continuity is maintained across the boundaries to neigh-
boring cells. This allows for seamless connections at the cell
interfaces. Therefore any stitch pattern consisting of knit and
purl stitches can be constructed by using these eight cells, and
the resulting model may be used for an FEA simulation.

2.5 Writing an IGES file

Once the optimized control points for the entire fabric are gen-
erated, they are written to a file such that the geometry can be

Figure 3: Rib pattern of 4x4 stitches.

Figure 4: Random stitch pattern containing all the unit cells.

directly read by an FEA simulation software, such as ABAQUS.
For this file we use the Initial Graphics Exchange Specification
(IGES) format, as it can be read by a wide range of simulation
softwares.

The control points of the individual cells are concatenated
along each row to produce a single Catmull-Rom (CR) spline
that defines the yarn along the row. The cross section of the
yarn is assumed to be circular. A circle of the given yarn radius
is swept through these CR splines to create a cylindrical tube.
The ends of the yarns are capped by circular disks in order
to create closed, solid objects. The IGES format requires the
curves to be represented as Non-Uniform Rational B-Splines
(NURBS). Hence the individual cubic Bezier curves of the CR
splines are converted to NURBS of degree 3 while maintaining
the same set of control points.

3 Results

It takes approximately 3 minutes for all unit cells to be gen-
erated and run through the MATLAB fminunc function on an
Apple iMac with a 4.2 GHz Intel Core i7 processor and 32 GB
of RAM.

For generating the examples, we have chosen the model’s
initial parameter values as W = 21.2, C = 12.8, R = 0.75. Us-
ing these values, different stitch patterns are generated. Fig. 8
shows a plain knit stitch pattern and Fig. 3 presents a rib pat-
tern. It can be seen that only one unit cell is included in these
patterns. Hence, a random stitch pattern of size 4× 4 contain-
ing all eight unit cells was generated as shown in Fig. 4. It
is defined as “pppk;ppkp;pkpp;kpkp”, where ’;’ separates the
rows. We use this pattern to compare models with different
parameter values.

The model in Fig. 5 has an increased yarn radius. Fig. 6
increases course spacing by 25%, while in Fig. 7 the wale spac-
ing is reduced by 25%. Fig. 8 presents the output of an FEA
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Figure 5: Random stitch pattern with yarn radius increased by
25%.

Figure 6: Random stitch pattern with course spacing increased
by 25%.

simulation using our yarn-level geometric model.

4 Conclusion

We have presented a yarn-level geometric model of knitted fab-
rics that can be used for FEA simulations. The model is opti-
mized to prevent inter-penetrations while minimizing the cur-
vature and maintaining the length of the yarns. The control
points of the model are used to create cylindrical surfaces rep-
resenting the surface of the yarns. The model is written into
an IGES file, which can then read by an FEA software such as
ABAQUS for further processing.

This research was partially supported by National Science
Foundation grant # CMMI-1537720.

References

[1] Gabriel Cirio, Jorge Lopez-Moreno, and Miguel Otaduy.
Yarn-level cloth simulation with sliding persistent contacts.
IEEE Transactions on Visualization and Computer Graph-
ics, 23(2):1152–1162, February 2017.

[2] Jonathan M. Kaldor, Doug L. James, and Steve Marschner.
Simulating knitted cloth at the yarn level. ACM Trans.
Graph., 27(3):65:1–65:9, August 2008.

[3] Y. Kyosev, Y. Angelova, and R. Kovar. 3D modeling of
plain weft knitted structures of compressible yarns. Re-
search Journal of Textile and Apparel, 9(1):88–97, 2005.

Figure 7: Random stitch pattern with wale spacing reduced by
25%

Figure 8: Results from a knitted fabric FEA simulation. Orig-
inally published in [6].

[4] H. Lin, X. Zeng, M. Sherburn, A.C. Long, and M.J. Clif-
ford. Automated geometric modelling of textile structures.
Textile Research Journal, 82(16):1689–1702, 2012.

[5] D. Liu, D. Christie, B. Shakibajahromi, C. Knittel, N. Cas-
taneda, D. Breen, G. Dion, and A. Kontsos. On the role
of material architecture in the mechanical behavior of knit-
ted textiles. International Journal of Solids and Structures,
109:101–111, March 2017.

[6] D. Liu, B. Shakibajahromi, G. Dion, D. Breen, and
A. Kontsos. A computational approach to model interfa-
cial effects on the mechanical behavior of knitted textiles.
Journal of Applied Mechanics, 85(4):JAM–17–1584, Febru-
ary 2018.

[7] M. Meissner and B. Eberhardt. The art of knitted fabrics,
realistic & physically based modelling of knitted patterns.
Computer Graphics Forum, 17(3):355–362, 1998.

[8] A. Witkin, K. Fleischer, and A. Barr. Energy constraints on
parameterized models. In Proc. ACM SIGGRAPH, pages
225–232, July 1987.

IGS 2019 Poster 4


