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Modern CNC weft knitting machines are capable to produce textiles with complex
non-uniform structures and shapes in a single operation with minimum human
intervention. The type of knit structure and the settings of the knitting machine
significantly influence the fabric characteristics and its role in architectural
comfort. However, there is still no open-access tool for fast and efficient analysis
of textiles with consideration of their knit structure, especially if they are knitted
non-uniformly. Moreover, the existing methodologies of digital modeling of the
knit structure are not linked to the actual production of textiles on flat-bed
knitting machines. This paper presents a tool that ``reads'' a bitmap image that
can be as well imported into a knitting machine software and generates a
yarn-level geometry of the knitted textiles, that can be further integrated into the
behavior analysis software within the rhino-grasshopper environment. This
methodology helps to preview and analyze knitted textiles before production and
can help to optimize the programming of bespoke knitted textiles for large-scale
architectural applications.

Keywords: knitting, computational knitting, digital simulation, textile
characteristics, textiles for architecture

INTRODUCTION
Textiles are widely used in architecture both for
interior and exterior applications. They are used
in active-bending, air-supported structures, recently
they were proven to be as well a feasible solution for
the creation of resource-efficient formwork (Brennan
Ba et al., 2013) and for complex bespoke concrete ge-
ometries (Popescu et al., 2018). Besides exterior ap-

plications, textiles are widely used in interior design.
The use of fabrics in the interior space influences its
acoustics, creates solar screens and light reflectors,
helps to define a space, and increases the comfort
level.

Textile environments should satisfy the aspects
of safety and architectural comfort. Both can be con-
trolled on the levels of fiber composition and theway
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of textile production (Anishchenko, 2020). The look
and characteristics of the textiles depend on their
structure and choice of yarns. On the level of fiber
engineering, there is constant research of resistance
to fire, ultraviolet rays, moisture, and other aspects
that should be considered for construction. The way
of fabric production, density, and thickness of the
material play as well a significant role in the percep-
tion of architectural textiles and their role in architec-
tural comfort. All these characteristics influence the
way we perceive the fabrics and their capacity to dis-
tribute light and air, their insulation characteristics,
and structural resistance.

Knitted textiles in large-scale applications are
mostly used in the same way as woven materials
and in most cases, their complete potential is not re-
vealed. The main benefit of the knitted textiles with
respect to woven ones is the possibility to create a
non-uniform composition and complex shapesmini-
mizing the need for cutting and connecting separate
pieces. Moreover, the knitted textiles are naturally
much more flexible and elastic because their struc-
ture benefits easy elongation without the deforma-
tion of fibers (Cooke, 2011). It increases the lifespan
and the recovery properties of a material.

Knitting has advantages at the production stage
due to the possibility to program every single loop
of textile individually, respecting the limitations of a
knittingmachine. It enables ahighvariety of patterns
and yarns composition to be combined in a single
piece of fabric, to obtain an optimized bespoke fab-
ric structure. The requirements to the particular ar-
eas of a piece of textile can be defined on the design
stage, for example, to detect where an open struc-
ture is needed to provide more natural light, or more
dense and bulky to absorb sound. However, there is
no actual link between the analysis of required char-
acteristics and the production of the textiles. As well
there is no open-access database of textile structures
that could help to choose anoptimal knit pattern and
especially combine different ones together.

The software for the CNC-knitting machines is
relatively easy to use to design and produce flat uni-

form textiles. Production of more complicated struc-
tures with a specific shape or with non-uniform com-
positions requires a lotmore experience. Moreover, it
is generally impossible to preview the complex struc-
tures within the software. The built-in visualization
system within some knitting machine software, for
example, M1Plus by Stoll, renders well simple two-
dimensional patternsbut fails to rendermore compli-
cated structures and shapes. The topic of rendering
and predicting the behavior of knitted fabrics is un-
der the research for animation design. Though there
is ongoing research that explains the physics of the
knitted textiles, there is no actual way to link the dig-
ital simulation to theactual productionand topredict
the physical characteristics of textiles.

The methodology described in this paper aims
to facilitate the preview and production of bespoke
knitted textiles. In the further chapters is pre-
sented a script based on Rhinoceros-Grasshopper-
Python environment that creates a lightweight
three-dimensional model of a knit structure taking
as an input a bitmap image that can be as well used
to produce textile on a knitting machine. The main
aim of this tool is to create a direct link between real
textile production on flatbed knitting machines and
its simulation in the digital environment. As an out-
put, the script generates geometry representing the
knitted textiledependingon theuser request: points,
lines, curves, or surfaces for further integration of the
model into the existing behavior simulation plug-ins.

The suggested tool is designed as a first step
of the methodology of automatic generation of the
code for the knitting machines for the production of
bespoke non-uniform performative fabrics. This re-
search aim is to facilitate the overall process of the
design of textiles from the choice of optimal textile
structure to real production.

STATE OF THE ART
Knitting in general is a widely researched field. But
being mostly used in the fashion industry, where the
production tips are normally kept in secret, this re-
search doesn’t get much spread in the open-access
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networks (Underwood, 2009). In recent years knit-
ting has attracted the attention of people from dif-
ferent fields: product design, aerospace, automo-
tive, marine, geotextiles, medicine, protective cloth-
ing industries. Moreover, there is an interest in knit-
ting from the computer animation field to digital-
ize the behavior of knitted textiles. The use of knit-
ting in architecture is a relatively new topic. Among
the innovative applications of the knitted textiles
are stay-in-place concrete formworks (Popescu et
al., 2018), knitted textiles with non-homogeneous
structures for the bending-active structures (Deleu-
ran et al., 2015), integration of conductive fibers into
the knitted textiles for the interactive environments
(Ahlquist, 2016).

The State-of-the-Art relative to this paper can be
divided into 3 major categories: production of non-
uniform knitted fabrics, digital analysis of knitted tex-
tile on amacromesh level, and digital analysis onmi-
cro yarn contact level.

Knitting of non-uniform textiles is quickly get-
ting popularity within the fashion field, especially by
sports brands for the production of garments and
shoes to engineer zones for temperature regulation,
sweat, movement, support, etc. The choice of a fab-
ric structure is based on physical tests and the ex-
perience of knitting engineers. Programming and
knitting three-dimensionally shaped seamless non-
uniformgarments still requiremore time in respect to
the production of uniform flat fabric. This time is not
always compensated by the reduction of the number
of operations of cutting and sewing, thus the seam-
less production is not necessarily economically valu-
able. It may be different for the production of large-
scale bespoke textiles for architectural applications,
where each programmed piece should be produced
only once or in a very limited amount of copies and
each additional prototype may increase significantly
the costs. Thus, large-scale bespoke applications re-
quire more precise programming and simulations to
avoid the trial-and-error method and wasteful full-
scale prototyping stage.

Normally to analyse fabric on a macro level a

piece of textile is presented as amesh inwhich all the
edges are springs that tend to contract. This gives a
relatively realistic image of the tensile behaviour on
a large scale. This way it is possible to see in a fast
manner the behaviour of a textile piece but without
consideration of its structure and the behaviour on a
yarn level.

Tamke et al. (2016) have proposed a method-
ology of import of bitmap images with predefined
shape and structure divided into zones depending
on structural requirements in the knitting machine
code. The projects of Hybrid Tower and Isotropia
canopy (Thomsen et al., 2019) for Biennale 2018 use
bespoke CNC-knitted textiles with complex struc-
tures. Working with bending-active systems, they
perform as well the analysis of the textiles on macro-
scale within the rhino-grasshopper environment, us-
ing software like Kangaroo, Kiwi3D, SOFiSTiK ((La
Magnaet al., 2018)). Theydetect the areaswithdiffer-
ent structural requirements and export the data as a
bitmap for direct import in the knittingmachine soft-
ware. The choice of the most suitable knit pattern is
done througha series of physical experiments includ-
ing 3d scanning.

A research group from CIRTex college from
Shenkar in Israel (Karmon et al., 2018) works on
automatization of the creation of knitted patterns
based on the prediction of fabric deformation which
helps to achievemore precision between design and
production stages. It is doneonamesh level bydefin-
ing various elasticity characteristics to areas of fabric
with different knit patterns.

Themodeling of knitted textiles on the yarn level
is mostly researched for animation purposes, where
it is important to obtain a realistic image, but not
unveil the performative characteristics of the fab-
ric. In 2008 Kaldor et al. have suggested an effi-
cient methodology of analyzing the knitted textiles
on yarn level considering yarn-yarn friction and slid-
ing, pulls, frayed edges, or detailed fracture between
all the points in the model, which creates a reliable,
but however very heavy computational model. Yuk-
sel et al. (2012) suggested a ‘stitch mesh’ method-
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ology with a finer mesh representing the layout of
stitches in the garment. It helped to significantly de-
crease the time of calculations.

Cirio et al., (2014, 2017) propose an efficient rep-
resentation of loops geometry and kinematics, cap-
turing the essential deformation modes. The design
force models reproduce macroscopic characteristics
of knitted fabrics. McKee et al., 2017 and Liu et al.,
2018 use finite element analysis to check the be-
havior of textiles on a yarn-level scale. Sperl et al.
(2020) have proposed a method of animating yarn-
level cloth effects using a thin-shell solver. They use
a large number of yarn-level simulations to build a
model of the potential energy density of the cloth
and then use this energy density function to com-
pute forces in a thin shell simulator.

While the macro-scale simulation observes the
overall behavior of fabrics without consideration of
fabric structure, the micro-scale yarn-level contacts
analysis provides a waymore realistic model, though
with much higher requirements for the time of cal-
culation and the computational capacities of a ma-
chine. Thus, the existingmethodologies of modeling
knitted textiles are not suitable for analyses of tex-
tiles on a large scale with consideration of the textile
structure. As well, the current yarn-level simulations
are not linked to the real production of knitted tex-
tiles and to physical simulation analysis software.

METHODOLOGY
The aimof this research is to create amethodology of
digitalizing the knitting texture on yarn-level in a fast
and computationally light manner using the logic of
a CNC-knittingmachine for further integration inper-
formance analysis software.

This paper suggests a methodology of mod-
eling the knitted textiles following the operational
logic of a knitting machine to obtain the connec-
tion between the digitalization and actual produc-
tion of textiles. This allows to facilitate the pre-
view of the final result and to use the resulted three-
dimensionalmodel for further analysis. However, the
paper doesn’t specify the compatibility of the model

with someparticular plug-ins forphysical analysis. In-
stead, it suggests a tool that can generate as an out-
put various types of geometries from points to sur-
faces that would represent the required knit struc-
ture.

To enable yarn-level modeling of non-uniform
knit structures it is important to understand how a
knitting machine works. Initially designed to cre-
ate plain fabrics, the interface of a knitting soft-
ware reminds a raster 2D graphic editor where ev-
ery “pixel” contains instructions about which actions
should perform each pair of needles located on the
parallel beds. These instructions can be given manu-
ally by designing directly inside the knittingmachine
software, otherwise, they can be also imported as a
bitmap. During the import, it is possible to choose
manually the correspondence between each color of
the image to the commands of the software or up-
load the saved settings which will automatically as-
sign the predefined commands to each color.

The following chapters explain the basic princi-
ples of the work of a knitting machine and suggest
a script that is repeating in a simplified manner the
needle actions in a digital environment. As an in-
put, it takes a bitmap image where each color corre-
sponds to a set of instructions. In the further stages,
the resulted geometry is integrated into the Kanga-
roo2 plug-in for the application of the forces to see
the behavior of the fabric. The samemodel can be as
well integrated into other plugins for further physical
analysis within the grasshopper environment.

WORKING PRINCIPLE OF A WEFT KNIT-
TINGMACHINE
The modern knitting machines consist of 2 needle
beds - twoparallel platformsonwhich are located the
hook needles (Figure 1). The distance between them
is set by the gauge of themachine and influences the
space between the loops and their size. The needles
on different beds are located perpendicular to each
other permitting the transfer of loops from one side
to another. Items locatedonopposite beds in front of
each other will be further called “corresponding nee-

256 | eCAADe 39 - Computational design - Volume 1



dles” or “needle pairs”. The beds can move horizon-
tally relative to each other to change the position of
the needles on different beds respectively.

Figure 1
On the left: a
representation
scheme of 2 needle
beds. On the right:
graphical scheme of
the needles

Any manipulation with needles and yarn is called a
stitch. Any movement of exiting stitch to another
needle - a transfer. Simple knitting patterns can be
done with the use of one needle bed. The second
bed serves to create more complicated patterns that
would include theuseof bothbeds inparallel and the
transfer of the loops from one needle to another.

There are 3 basic operations with yarn that each
needle can do: loop, tuck, or float. The essential base
for all the patterns is a loop or a plain stitch. A new
loop is formedwhen a yarn is drawn through a previ-
ously existing loop. Alternative stitches are tuck and
float. For the tuck stitch, the needle creates a new
loop but does not draw it through the previously ex-
isting one: it keeps both stitches on the same needle.
The tuck can be also done on an empty needle. For
the float, the loop is skipped, and the needle keeps
the previous loop.

All these operations can be done both on front
and back needle beds. In a knitting machine code,
the operations that each needle needs to perform
are described consistently. By default, the carriage
starts moving from the right side of the needle bed
and the direction alternates every row. During ev-
ery single run in one direction, the carriage does nee-
dle actions with yarn or actions without yarn - trans-
fers. Operations with transfers always require more
time since the carriage should pass at least 2 times.
Within onepair of corresponding needles, the needle
actions canbeperformed consequently onbothnee-
dles in one single carriage run if they use the same
yarn, or separately in two or more runs if the yarns

are different or special instructions were given. The
order of these actions is defined for each pair of nee-
dles.

Transfer means moving an existing loop from
one needle to another. It can be done only between
the corresponding needles of opposite beds. To do
that an empty needle from one bed passes through
a loop on a corresponding needle of another bed to
pick it up. During one carriage move, the transfer
can be done only in one direction (for instance from
front to back). Thus, for the rows where are present
transfers in both directions, the carriage should do
2 passes. In case if the transfer should be done be-
tween two needles of the same needle bed, the loop
should be first transferred to the opposite bed and
then be transferred back to the original one after the
rack was moved.

DIGITALMODELINGOFKNITTEDTEXTILES
The script to digitalize the structure of knitted tex-
tile on the yarn level is programmed within the
Grasshopper for Rhinoceros and consists of threema-
jor parts: Reading of a bitmap, generation of loops
geometry, and application of forces. Following the
logic of the knitting machine that was described
above, the suggested script requires as input two sets
of data: a bitmap image, in which every pixel corre-
sponds to the needle actions on one needle pair, and
a table of correspondence where are described the
commands that should be performed for each “pixel”
depending on its color.

Reading the bitmap
At the first stage, the image, imported as a bitmap
file, is read by the Aviary1 plug-in for Grasshopper
that works with raster images. This script extracts the
width and the height of the image, and the RGB color
of each pixel. In the next step, the Python script con-
fronts the data from each pixel of the image to the
data in an imported table, where each RGB is trans-
formed into a special code described below and the
meanings are stored in a “matrix”. Matrix is a grafted
list, that contains a series of sub-lists corresponding
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to the rows from the bottom to the top of the bitmap,
which contain the codes with the needle actions.

The nine-digit code assigned to each pixel has its
ownmeaning and corresponds to the needle actions
that should be performed to the current needle pair.
The first two digits represent the needle actions with
yarn on the front bed. The first digit, which can be
L, T, or F corresponds to “loop”, “tuck”, or “float” re-
spectively. 0 instead means that no action should be
performed. The second digit says which yarn should
be used for this operation. The next couple of digits
has the samemeaningbut corresponds to theactions
on the back bed. The last 5 digits correspond to the
transfer operations. The5thdigitmayhavemeanings
0, F, or B (no transfer, transfer to the front, transfer to
the back). The last 2 pairs instead inform if the front
or rear racks should be moved to a side, moving the
loops to the neighboring needles.

Generation of the loops geometry
The second part of the script generates the geome-
try of the stitches. As an input, it takes the “matrix”
with a code for each stitch, and the initial positions
of the needle beds in respect to each other. As an
output, the script generates four types of geometry:
points, lines approximating the segments of the yarn,
splines, and pipe surfaces. Generation of the pipe
surface takes a significant part of the time of calcula-
tion of the script and can significantly slow down the
overall process for calculation of large pieces of fab-
ric. For this reason, the output can be limited to the
generation of points and lines to speed up the calcu-
lation process.

As a base for the knit geometry is used a hexag-
onal grid as suggested in (Cirio et al. 2017). The
hexagonal grid allows to represent in a simplifiedway
the geometry of loops and keep all the points of the
hexagons as the nodes. To represent the two beds
of a knitting machine, two parallel grids of the same
size are generated. They can be moved with respect
to each other. All the points of both grids are divided
in a three levels tree structure corresponding to the
row, the column numbers, and the point index inside

of the hexagon. The sizes of the grids depend on the
size of the bitmap (Figure 2).

Figure 2
Transformation of a
part of the input
matrix to the
hexagonal grid,
where each node
has a code
corresponding to
three-level data tree
and each hexagon
has a type code

Depending on the number of yarns introduced in the
matrix, the script creates oneormore listswhich, con-
tain consequent sub-lists of the points that yarn is
passing to form stitches. Each sub-list contains sev-
eral points corresponding to the type of the stitch: 8
points for loop, 4 points for tuck, and 2 for float (Fig-
ure 3).

Figure 3
Loop, tuck and float
stitches generated
on the front bed

After each stitch, the lists representing the occu-
pancy of each needle are updated, saving informa-
tion about how many loops are contained by each
needle. The loop erases all the previous information
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Figure 4
Various knit
structures knitted
with one yarn. on
the left of each
pattern is the
bitmap imported as
input and on the
right is the output
mesh

Figure 5
From the left to the
right: double jersey
knitted with one
yarn with the back
rack moved on half
a gauge to the right;
interlock fabric
knitted with two
yarns; interlock with
alternating loops
and floats knitted
with two yarns

and sets the occupancy to 1. The tuck stitch adds an
additional loop, keeping the previous ones and the
float doesn’t change the number of loops on the nee-
dle, so the previous number remains. This informa-
tion is updated aswell after the transfers. Before each
float or tuck, the script is also checking if there are any
loops on the needle and if yes, elongates them, mov-
ing the points to the next row.

As a result, the script generates one or several
lists of points corresponding to the number of yarns
used in the code. After the end of the calculation,

single continuous curves or pipe surfaces represent-
ing the yarns are generated. The thickness of the
pipe surface may be modified to represent different
types of yarns. Figure 4 shows various knit structures
with 1 yarn generatedwith the described script. It in-
cludes textile structures knitted on one and two nee-
dle beds, some of themwith the use of transfers. Fig-
ure 5 demonstrates patterns knitted on both beds
with the use of all of the needles with one and two
yarns.

With the increase in the size of the textile, the
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computational effort obviously grows. Since the
script is calculating the positions of points that form
the yarn shape one after another independently, the
change of time to calculate the position of points and
preview the springs or spline is relatively linear with
respect to the number of loops. Instead, the calcula-
tion effort to preview the pipe surface grows signifi-
cantly with the increase in complexity and fails when
the fabric is too big. The graph in figure 6 demon-
strates the almost linear dependency of the time in
seconds needed for the calculation of the number of
loops in the fabric.

Figure 6
The graph
demonstrating the
dependency of time
in seconds needed
for the calculation
depending on the
number of loops.

Figure 7
Green lines connect
the continuous list
of points that
approximate the
pieces of yarn.
Black lines connect
the corresponding
points at the nodes

At the stage of loops modeling the script produces
well recognizable knit structures, which can be al-
ready used to preview an approximate look of the
textile before the production. However, since the
physical forces acting both internally and externally
are not considered yet, the further step of the calcu-
lations is required to obtain a more realistic model.

Application of forces
The application of forces is done through the Kan-
garoo2 plug-in for Grasshopper. To launch the sim-

ulation the collection of points and two sets of lines
connecting them are required as input. The first are
the lines that connect the neighboring points in the
flattened list of points produced by the loop gener-
ation script and the second are the lines connecting
the corresponding points (Figure 7).

The first group of lines represents the pieces of
yarns that should maintain their length. Though in
reality, it is not a line, but a curve segment that should
keep the original length, inserting the lines in the cal-
culation as springs provides a big economy in time.
The yarn within the knit structure tends to straighten
and obtain the initial shape, so the neighboring seg-
ments of the yarn tend to maintain an angle of 180
degrees between each other.

The second set of lines represents the contact
points of the yarn. These lines should maintain the
minimum length equal to a double radius of the yarn
and stay perpendicular to the plane of the local area
of fabric. For the current experiment, to see how the
textile will behave in a relaxed horizontal position
thus aligning the springs to the axis z. To switch to
the simulation of knitted fabric placed in a not hori-
zontal position, it is necessary to instead set an angle
between the connection points and the plane of the
nearby loops close to perpendicular.

To simulate gravity, the Kangaroo2 gives a mini-
mumweight to all the points of the lines to keep the
internal forces dominant with respect to the gravity
force. The anchors are set to all the points located
on the border of the piece to see the behavior of a
slightly stretched fabric.

The current script still needs to be calibrated
to achieve precision with the use of different yarns.
However, the deformation of the fabrics after the
application of forces demonstrates quite reliable re-
sults. For example, plain fabrics tend to deform the
stitches in a diagonal direction; in cross-miss fab-
rics, the loops tend to become more round to oc-
cupy all the available space while the yarn tends to
straighten. The analysis performed with Kangaroo
demonstrates very similar behaviour to the plain and
cross-miss fabric knitted with a hairy Polyester fibre
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Figure 8
From the left to the
right: single jersey
before the
deformation; single
jersey after
deformation; the
picture of a
physically produced
sample. Cross-miss
before the
deformation;
cross-miss after
deformation; the
picture of a
physically produced
sample

which slows down the sliding effect (Figure 8).
Since the yarn is approximated with springs

and points, the simulation of the fabric behavior in
the Kangaroo2 requires only slightly more compu-
tational effort to calculate additional forces with re-
spect to the classical methodology where a mesh is
represented as a rectangular grid of springs.

CONCLUSION
The methodology and script presented in this paper
suggest a way of modeling a simplified knitted tex-
tiles structure produced on a CNC knitting machine.
It proposes an intermediatewaybetween the simula-
tion of knitted fabric on mesh and yarn-contacts lev-
els, approximating theyarnwith lines tominimize the
time of calculation. For this reason, it provides a less
realistic model in respect to existing yarn-yarn level
simulations but provides a way of representation of
the fabric textile with respect to its structure for the
macro-scale simulations.

One of the main advantages is that the script
permits the preview of non-uniform knit patterns
within the rhino-grasshopper environment and pro-
vides discretized geometry that can be directly intro-
duced into the other plugins within the same envi-
ronment for further analysis. For example, the output
surface canbe introduced into the Ladybugplugin to
detect the light penetration characteristics, or to the
Pachyderm plugin to analyze the acoustic character-
istics. The reliability of this analysis is still to be per-
formed by comparison of the computational models
and the real-life physical tests.

The proposed methodology has several ways of
further development. The first one is the calibration
of the methodology by the series of physical exper-
iments to detect better the forces acting internally

and externally of the textiles. As well, it is important
to understand the influence of the type of fibres used
for the production. Understanding the influence of
the fibre type is crucial for the further understanding
of the fabric behaviour.

Another important aspect to develop is the
possibility to generate the structure of three-
dimensionally knitted textiles. Themethodologies of
knitting fabricsofparticular shapeswere carefullyde-
scribed by (Popescu et al., 2017) and (Hodgins et al.,
2016) who have proposed converting a 3dmesh into
knitting instructions. Another approach of simplify-
ing the process of programming the 3d textiles was
proposed by (Kaspar et al., 2019), who have designed
an interactive system for simple garment composi-
tion and surface patterning. Within the framework
suggested in this paper, the three-dimensionality
can be obtained on the phase of application of phys-
ical forces by detecting the springs of the long loops
that should contract.

The direction in which this current research will
develop is the design of a complementary tool that
will store the information obtained by physical and
digital simulations of various knit patterns, save them
in a database, and advise the optimal choice of the
knit structure depending on the required character-
istics for bespoke projects.

Digitalization and prediction of the behavior of
knitted textiles have great potential for the fashion,
engineering, and construction industries. However,
there are still many open gaps in the field that do not
reveal the complete potential of CNC knitting.
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