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Abstract:

Investigations (calculations) based on a warp yarn tension analysis on a warp knitting machine with multiaxial
weft yarn insertion allow prospective reduced yarn tension differences in technical warp knits. From this a future
opportunity is provided to substitute the subjective warp let-off adjustment by a model of tension control. The
outcome of this is a higher reproducibility with associated increasing process reliability and rising product
quality.
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Initial situation

Increasing political pressure is demanding that industry now
always produces environmentally sound products. The
automobile sector is developing more powerful, lighter electric
vehicles (e.g. Megacity Vehicle, MCV). The MCV of BMW in
cooperation with SGL Automotive Carbon Fibers is based upon
a composite construction of steel, aluminium, and CFRP
(carbon fibre reinforced plastic) of 40% [1]. The aviation and
aerospace industry is working on lighter aircraft which enable
lower operating costs and result in reduced fuel and CO

2

emissions. The new Airbus A350 will consist of approximately
55% CFRP. Materials such as CFRP or GFRP (glass fibre
reinforced plastics) provide light weight with low density (20-
30% lighter than aluminium), and high stiffness while providing
strength and durability [2]. High-tech fabrics can significantly
contribute to weight reduction. These benefits involve high
costs: expensive raw materials (especially carbon fibre) and
the high cost of manual production. Automated systems for
cost-effective mass production would ensure a consistent
product quality. This goal and a more homogeneous NCF-
processing (non-crimp fabric, warp knitted multiaxial layers)
are dealt with in this present work. It describes the approach,
compensating the fluctuating warp tension on a warp knitting
machine with multiaxial weft insertion. This is important
because different tensions have different effects on the NCF
quality, among others, poorer resin permeability, and lower
maximum tensile strength initiated, for instance, by stronger
undulations.

In the future, a control system may provide for almost constant
warp yarn tension, resulting in a reproducibility of the products
to ensure consistent quality.

State of technology for the production of NCFs

Textile products are technically versatile. For example, in the
A350 the fuselage structure and the engine fixtures are made
of CFRP. The fuselage is exposed to lateral or vertical gusts
and the undercarriage manoeuvres with a constantly varying
load. Therefore, multiaxial fabric is used, which allows variable
reinforcement effects [3].

The manufacturing and processing of NCF currently requires
a high level of manual operational action. Generally NCFs are

warp knitted glass or carbon fibre layers. These are made on
warp knitting machines with multiaxial weft insertion. These
enable the production of NCFs for different applications by
adjusting several parameters.

A detailed study regarding various adjustable parameters on
such a machine has not occurred in previous works. A basis
for this is provided by warp tension studies on conventional
warp knitting machines. Research projects at the ITM of the
TU Dresden showed maximum tensile forces with peak
amplitudes of more than 50 cN per warp yarn. The maxima
occurred at the point in time when the guide needle does the
overlap in the knitting process [4] [5]. J. Hausding conducted
research with the Malimo 14022 P2-2S bonding machine with
parallel weft insertion (Karl Mayer Malimo
Textilmaschinenfabrik GmbH, Chemnitz) to produce a biaxial
stitch-bonded fibre layer regarding an extended warp knitting
process. He studied, amongst others, the warp yarn tension,
but only with respect to their maxima averaged without regard
to the tension curve during one-stitch formation [6]. The results
show that these values are not comparable with those in this
work. In terms of technical progress, it is necessary to
incorporate here other parameters or variables and the exact
warp yarn tension curve during the one-stitch formation cycle.
Currently, the operator adjusts the already stored positions via
the CNC machine panel. Parameters such as the mass per
unit area of glass layers or the warp yarn tension can be added
subjectively and vary depending on experience. The operator
feels the warp yarn tension whilst the machine is running.
Since this varies within a stitch formation, an accurate
assessment is not possible, mainly because the operator
perceives the stress peaks. Thus, the human intervention in
the repetition of positions leads to non-identical products.

Experimental procedure: measurement of the

yarn tension

In this study, glass fibre rovings (600 tex) were warp-knitted
with polyester fibres (175 dtex) on a Copcentra MAX 3 CNC
(LIBA Maschinenfabrik GmbH, Naila). The two active weft

carriage systems laid the roving into the transport chain at an
angle of ±45°.

To measure the warp yarn tension, in total six piezoelectric
yarn tension sensors (TS 44/A100, BTSR International S.p.A.,
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Olgiate Olona, Italy; Figure 1) were mounted along the machine
width, above and below the yarn tensioning device. The same
yarn ran through two sensors. For the purpose of mapping the
extremely fluctuating tension amplitude, it was necessary to
determine the exact time of its origin during the warp knitting.
Two additional LVDT-displacement sensors (WA / 200 of
Hottinger Baldwin Messtechnik GmbH, Darmstadt) measured
the movement of the guide bar.

2. Main shaft angle 20°: Falling yarn tension – The compound
needles rise gradually and release more yarn. Yarn is delivered
continuously.

3. Main shaft angle 160°: Re-falling yarn tension – Overlap of
guide needles takes place and expands slightly more than the
yarn delivered.

4. Main shaft angle 300°: Extreme rise of yarn tension – The
compound needles sink, begin to pull down the yarns and
each yarn is laid down on the sinkers.

5. Main shaft angle 345°: Tension drops abruptly – The still
sinking compound needles pull the yarns. Meanwhile, the
fabric take-up pulls the warp knitted glass layers, which forces
the stretched yarns to fall off the sinkers. This briefly causes
loose yarn tension.

6. Main shaft angle 350°: Immediate re-rise of tension – The
compound needles finish sinking and tighten the yarns, but
will not exceed the previous amplitude due to generated yarn
storage on the sinkers which were released by dropping.

Depending on the machine parameters set, different
characteristic tension curves result. On the one hand, the
amplitudes increase or decrease, on the other hand a number
of intermediate or no amplitudes are visible. The amplitude
level and the different runs depend on the intensity and type of
parameters selected.

Influence of parameters on the warp tension

As mentioned already, the greatest yarn tension is initiated by
the sinking movement of the compound needles (cast-off –
starting underlap). This depends on the set position.

Alternating machine speed has little effect on the yarn tension,
which has a linear relationship to the machine speed
accelerated yarn delivery. By contrast, pattern, stitch length,
mass per unit area and warp let-off have distinctive impacts.
With increasing underlap (pillar to satin), the average yarn
tension increases (Fig. 3). Throughout the underlap, the guide
needle movement takes place at large distances, such as
satin, with higher acceleration than at short distances. This
difference is not considered in the yarn supply, since the warp

beam drive does not respond within a stitch course. The yarn
tension increases with smaller stitch length (2 mm) by trend.

The reason is that the yarn supply is much lower for the entire
warp knitting process as compared to a large stitch length

(6 mm). For the moment of different stitch length formation, for
6 mm stitch length a larger amount of yarn is available than for

2 mm. An increase of the mass per unit area of the in-running
glass layers causes an increase in average yarn tension due

to the increased friction between the warp yarns and the thicker
glass layer.

A separate parameter in the experiments is the warp let-off
value. For each new position, the value was set subjectively by

the operator. Subsequently, the individual parameters are to
be regarded as tendencies (see outliers in Fig. 3). The position
change from tight (min) to loose (max) set shows significant
differences in tension. The tension minima for loose settings
reach almost 0 cN, which may lead to process problems: The

yarns cannot be guided accurately enough around the warp
knitting elements. The same applies to tight settings, which
lead to machine shutdown triggered by the yarn tensioning
device and stress the warp yarn. Various warp let-off values
are clearly perceivable in the textile appearance and lead to

different displacement strengths of the glass layers. The linear
yarn tension curve by trend (according to Fig. 3) assists in the
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Figure 1. Piezoelectric yarn tension sensor with fastener.

The following parameters with a foreseeable major influence
on the tension were realised in the trials: pattern, stitch length
[mm], glass layer mass per unit area [g / m] and warp let-off
[mm / rack1] (amount of delivered yarn per main shaft revolution
or stitch course, see Table 1). The material composition of the
warp yarns and the running-in layers were kept constant
throughout the entire experiment.

Table 1. Experimental parameters

Parameter Level 1 Level 2 Level 3 

Pattern (determines 
underlap length) 

Pillar Tricot Satin 

Stitch length, mm 2 4 6 

Machine speed, U / min 
Crawl 
speed 

135 250 

Mass per unit area, g / m² 600 - 1200 

Warp let-off, mm / rack 
subjectively set 

“Min” 
(tight) 

“Medium” 
“Max” 
(loose) 

Evaluation and processing of the measurement
series

All the sensors’ measured values were recorded using
LabVIEW software (National Instruments Germany GmbH,
Munich). Analogue or digital filters were not used in order not
to distort the useful signal. The series of measurements of all

the sensors were processed using Fourier analysis. This
process enabled the elimination of high-frequency
disturbances such as machine vibrations. Thus the actual
useful signal could be better evaluated.

Figure 2 shows the run of warp tension in dependence on the
main shaft angle at a speed of 250 U / min. One stitch course
is formed during one main shaft revolution (360°,
corresponding to a duration of 0.24 sec per revolution). Striking
points for the different yarn tensions are:

1. Main shaft angle 0°: Maximum yarn tension occurs (in this

case about 11 cN) – The compound needles are in the lowest
position and pull more yarn as delivered.
1Rack equals 480 main shaft revolutions or stitch courses.
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development of a mathematical correlation for the required

loop length for various parameters.

Algorithm for calculating the required loop length
in the NCF and the delivered quantity of yarn,
depending on machine parameters

The tension must be balanced by the warp let-off value. It is
greater, the longer the stitch length, the underlap and the greater
the mass per unit area are. In order to deliver an optimized

yarn amount for the NCF, a model for determining the quantity
of yarn per stitch course has been developed. The previously
set values are based on the yarn feeding unit mm per rack.
The warp let-off values are set subjectively, but do not always

lead to optimum yarn tension. Therefore, knowledge of the
required thread length is necessary so that the extremes of
the yarn tension can be diminished.

Based on a previous model for loop length calculation in the

conventional warp knitting process, the new model has been
developed by using elliptical geometrical shapes.
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Figure 2. Warp yarn tension (Comparison of original vs. 6th Fourier series and moving mean considering guide bar movement).
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The conventional loop length calculation [7] adapted to NCFs
is made up of individual components (l

k
, l

u
, l

s
, d

g
). The length is

calculated from the fractions as they are to be found in the
finished NCF. The formula for calculating the conventional loop
length plus glass layer thickness (1) does not consider the
actual underlapping length [8]:

(1)

where: L - conventional loop length [mm], l
h
 - head length [mm],

l
u
 - underlap length [mm], l

l
 - leg length (regarding stitch length)

[mm], t
l
 - thickness of glass layers [mm], t

n
 - thickness of warp

knitting needle [mm], ρ
l 
- stitch density [cm-1], E - machine

gauge [number of needles / inch].

A more realistic model takes into account the length of the
glass layer thickness (2, elliptical parts) and the guide bars
offset applying the Pythagoras theorem (Fig. 4):

(2)

where:

(3)

(4)

(5)

(6)

where: L
et
 - total elliptical loop length [mm], L

e1
 - elliptical

circumference applied on both leg [mm], L
e2

 - half elliptical
circumference including underlap distance [mm].

The elliptical model provides more accurate delivery values
(average tension for all positions). Slight deviations with regard
to the stitch length of 2 mm (see underlined values in Table 2)
occur, where the calculation result is too low. The source of
this is presumably the large displacement of the guide bar at
small stitch length. Due to the high level of correlation with the
adjusted values, the yarn Let-values serve as a reference point
(Table 2).

Table 2. Comparison of loop length – Set warp let-off vs. calculated

warp let-off per stitch.
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Figure 4. Scheme of the conventional (rectangular) and elliptical

geometry.

Pattern 
Stitch 
length, 

mm 

Layers 
thick- 
ness, 
mm 

Set warp let-off 
per stitch, mm / 

stitch 

Calculated warp 
let-off per stitch 
Let, mm / stitch 

Pillar 2 0.5 7.50 7.29 

Pillar 4 0.5 13.02 13.10 

Pillar 6 0.5 19.27 19.02 

Tricot 2 0.5 10.83 9.84 

Tricot 4 0.5 14.58 14.7 

Tricot 6 0.5 20.63 20.33 

Plain 2 0.5 15.42 13.83 

Plain 4 0.5 18.54 18.39 

Plain 6 0.5 23.44 23.35 

Satin 2 0.5 19.58 17.97 

Satin 4 0.5 22.71 22.32 

Satin 6 0.5 27.08 27.01 

Pillar 2 1 7.92 8.12 

Pillar 4 1 n.a. 13.69 

Pillar 6 1 20.10 19.48 

Tricot 2 1 11.56 10.57 

Tricot 4 1 n.a. 15.42 

Tricot 6 1 21.25 20.78 

Satin 2 1 20.42 18.62 

Satin 4 1 22.92 22.81 

Satin 6 1 27.81 27.41 

 
Represented as a graph, a linear equation system (7) is

obtained for each pattern type, depending on the stitch length
by the table values (see Figure 5).

This can be set up for each pattern type. Other components
such as stitch length, and loose / tight yarn tension can be
incorporated to ensure an optimized tension:

(7)

where: y - loop length [mm], a - gradient, x - stitch length [mm],
b - zero-crossing, b

a
 - additional layers [%], c - warp let-off

(tight / medium / loose) [%].

This approach is also applicable to other pattern types not
examined (e.g. plain), as the curve run is very similar.

Conclusion and outlook

The investigations show different levels of influence of each
parameter set to the warp yarn tension. In particular, pattern

type and stitch length have a great impact on the yarn tension

cbbxay a +++= *
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maxima and their curve runs. The constant subjective
adaptation of the warp let-off values for each position change
by the operator complicates comparison of the other
parameters. Thus only a tendentious comparison is possible.
Nevertheless, the development of an algorithm was successful
for optimized yarn delivery broken down to one stitch course.
This equation now forms the basis for further mathematical
calculations regarding homogenization of the warp yarn
tension. Technically, this can be realized by controlling the warp
let-off value. The required variables for this are described in
this work.

To isolate the influence of the warp let-off on the yarn tension,
an analysis with constant yarn tension is reasonable. This
should allow a more homogeneous yarn tension development.
In addition, a further extension of the yarn tension boundaries
is reasonable in terms of improved processability and an
expansion of the current NCF scope. Similarly, textile testing is
essential to detect improved displacement resistance,
handling optimisation and tensile strength.
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