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Abstract:

Warp knitting creates very challenging dynamics due to its high production speeds. On the one hand, this makes it
method of choice for many products in various fields. On the other hand, not all materials are suitable for such high
productivity. With the current generation of machines being limited to only achieve their maximum speed of around
4,400min−1 with highly elastic yarns, it is desired to gain a deeper insight into yarn behavior in such highly dynamic
environments. Among other influences, resonance effects gain high significance as they may result in high loads on
the used materials; therefore, yarn breakages interrupt the production and decrease the quality of the product. To
extend the material choice, especially high-performance fibers, for high productivity, a deep understanding of the
intrinsic properties of the yarn is required. In particular, the viscoelastic properties are of importance. This study
proposes a method to determine these characteristics using the dynamic mechanical analysis method. For the
purpose of finding the damping in the transversal direction to the yarn axis, the variant of free oscillation is chosen.
For the trials, a high-speed camera is suspended above a testing rig. On this rig, a yarn sample is clamped and then
displaced from its rest position. The resulting oscillation is recorded and later extracted from the video. From the
decrement of the maxima of the amplitude and corresponding time intervals, the damping factor is determined. It
decreases with higher initial deflection. Summarised the developed trial setup proved suitable for the determination
of the viscoelastic properties in transversal direction.
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1. Introduction

Warp knitting is a highly productive textile manufacturing pro-
cess that simultaneously shapes all threads. It is favored for its
versatility in creating a wide range of textile constructions [1].
The applications of warp knitting extend to various markets,
including automotive manufacturing, shoe production, tradi-
tional garment production, and occasionally medical products.
The most significant developments in this technology aim to
enhance production efficiency, increase structural variability,
and improve the quality of textiles.

The initial advancement focuses on enhancing textile machines
by increasing their speeds and expanding their working widths
[2–4]. However, during the processes involving continuous yarn
supply and fabric withdrawal, there exists an unsteady behavior
in the intermediate yarn withdrawal and traversing stages. It
manifests as a highly dynamic and discontinuous loading sce-
nario, which is further complicated by edge effects that create
inhomogeneity across the processing width. The six intricate
movements at the working position of the warp knitting process
imposed on the yarn lead to simultaneous vibrations in both
longitudinal and transverse directions. They lead to instances
of extremely high yarn tension peaks that occur within millise-
conds due to rapid yarn accelerations. Conversely, there are
also phases in the process where yarn tension becomes low.

Either case can result in yarn breakages or incorrect positioning
and knit faults.

The local and temporal variability in yarn demand results in
highly fluctuating yarn loads that can be amplified by resonance
effects from the yarn guiding elements [5–8]. The vibration
characteristics heavily depend on the material properties, such
as fineness, yarn tension, stiffness, bending stiffness, and damping
properties, as well as factors such as free path length and the
forces exerted on the knitting and yarn guiding elements.

The natural vibrations of the moving elements of the machine
are directly influenced by the machine speed (main shaft
speed) and can lead to significant resonance amplifications
and phase shifts between the knitting process and the yarn
delivery. The first natural vibrations of the system occur at a
machine speed of 1,800 rpm, making it challenging to process
yarns with low elastic elongation. When the machine speed
exceeds 3,000 rpm, the natural vibrations of the system become
so prominent that only elastane yarns can be effectively pro-
cessed [9,10].

Consequently, the use of high-performance fibers is limited.
These yarns have limited elastic deformation capacity, with a
breaking elongation below 15%. This can lead to yarn breakage
or damage to the working elements of textile machines,
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particularly when the maximum tensile strength of high-perfor-
mance yarns is too high.

Currently, processing these yarn materials on warp knitting
machines is only feasible at very slow speeds. Achieving the
desired processability often relies on a trial-and-error approach
in practice [11]. Consequently, when issues arise with yarn
guidance, the simplest and most effective solution is often to
reduce speed, albeit at the expense of productivity, to attain the
desired product quality.

Understanding the interactions and dependencies between dif-
ferent yarn materials, process parameters, and yarn guiding
elements is crucial for achieving significant improvement and
uniformity in yarn operation. However, the numerous influen-
cing factors and intricate interplay of machine-specific and tech-
nological parameters make this task challenging. Therefore,
having a solid understanding of the nonlinear material character-
istics of the yarns being processed is essential.

Spun yarns exhibit distinct elastic–plastic behavior, while thermo-
plastic yarns display viscoelastic material properties [8,12–14].
Furthermore, when dealing with such yarns, the highly anisotropic
nature adds complexity. Cyclically variable and vibration-loaded
stresses occurring on textile machines result in hysteresis effects
that affect both the process stability and the quality of the resulting
textile surface. Additionally, there is limited knowledge about the
short-term dynamics of yarns at high speeds. Current experi-
mental investigations are conducted either online at few specific
locations within the process or offline in the laboratory, such as
high-speed tensile testing of filament yarns with relatively large
break elongations (around 20%) [15–17].

However, there is a strong desire to comprehensively under-
stand yarn characteristics [9,18,19]. With several hundred to a
few thousand threads being processed simultaneously in warp
knitting, the material properties alone impose high dynamic
loads on mechanical parts and yarn guiding elements. There-
fore, it is indispensable to use modeling and simulation techni-
ques to capture the complexities of the process sequence.

Simplistic approaches are commonly observed when studying
circular knitting and warp knitting processes. For instance, Koo
[20] provided a description of yarn tension in the circular knitting
process, considering variations in needle unit and shape. Duru
et al. [7] conducted measurement-based investigations on the
resistance of knitting needles in a circular knitting machine. de
Vasconcelos et al. [21] examined the impact of yarn tension on
stitch length in circular knitting machines using the mathema-
tical analysis of the yarn path from the package to the feeder.

Liu and Miao [8] examined the analysis of yarn tension fluctua-
tions in the chain warp knitting process. In their study, they
performed a mathematical calculation of yarn requirements
by considering the motion of laying bars and needles, assuming
simple linear motion patterns. The yarn is described as linearly
elastic and massless, similar to the approach taken by de Wel-
dige [22].

None of the aforementioned research studies consider the
damping properties of the yarn. Due to the anisotropic nature
of most yarns, they will differ in longitudinal and transversal
directions. A common method for their determination is the
dynamic mechanical analysis (DMA) [23,24]. It provides valu-
able information about the moduli, damping, and other viscoe-
lastic characteristics of polymers. In this method, an oscillatory
force or strain is applied to the material, and the resulting vibra-
tion profile of the sample is measured. This process is typically
repeated with various excitation frequencies and temperatures.
The force applied during DMA can be either axial or torsional,
depending on the specific experimental setup [25].

Two commonly used methods for DMA are the forced reso-
nance and free resonance approaches. In the forced reso-
nance method, the sample is securely clamped and stimulated
with a constant sinusoidal force or strain function, while a
sensor measures the corresponding response of the material.
By analyzing the response of the material, the phase shift (δ)
between the applied strain (ε) and the resulting stress (σ) can
be determined using the following equations:

σ σ t ω δ= × sin × + ,0 ( )  (1)

and

ε ε t ω= × sin × ,0 ( ) (2)

where t represents the time and ω represents the oscillation
frequency. This enables the calculation of storage and loss
moduli as the real and imaginary parts of Young’s modulus,
respectively. The dissipation factor, which serves as a crucial
measure of a material’s damping behavior, is defined as:

d δ= tan . (3)

In the case of free resonance analysis, the samples are allowed
to freely oscillate after an initial deflection and subsequent release
[26]. The ensuing oscillation reflects the continuous exchange of
energy between kinetic energy and potential energy. As there are
additional internal forces and tensions within the material, the
vibration gradually dissipates over time, leading to a decrease
in amplitude. This evolution of the oscillation is recorded and
forms the basis for calculating damping coefficients, which are
dependent on the viscoelastic properties of the material.
The theory for the free resonance analysis is based on a
damped oscillating system, consisting of a mass, a spring,
and a damper. In the mathematical description of this model,
it is assumed that the damper behaves proportionally to velo-
city. This approach can be easily described mathematically and
accurately represents reality [27]. The force equilibrium of a
one mass oscillator can be described as follows:

m
x

t
b

x

t
c x×

d

d
+ ×

d

d
+ × = 0,2( )

(4)

where m is the mass, b is the damping constant, c is the spring
stiffness, and x is the displacement.
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The system can furthermore be described as:

x δ x ω x+ 2 × + × = 0,d 0
2

̈ ̇ (5)

where ω0 is the natural angular frequency of the undamped
system and δd is the damping factor.The combination of equa-
tions (4) and (5) leads to:

ω
c

m
= ,0

2 (6)

δ
b

m
2 = .d (7)

Therefore, a damped system can be described using the nat-
ural frequency and damping coefficient.

The natural frequency of vibration and the rate of decay of the
vibration amplitude depend on the material. To generate a
vibration in a system, an excitation is required. The equation
of motion is extended to include a sinusoidal excitation, known
as harmonic excitation, resulting in the following equation:

m x b x c x F ωt× + × + × = × sin .( )̈ ̇ (8)

The decaying transient response is described by the term
a λt βe +δt−˄ ( ). This component only becomes relevant when
there is a change in the excitation of the system. The steady-
state response of the system is described by the second term
C × sin(ωt − Φ). Figure 1 illustrates the decay curve of an ideal
one mass oscillator after a deformation of the spring displace-
ment. The velocity-proportional damping leads to the blue
envelope curve shown there with the given form e δ t− d .
Based on the ratio of two consecutive maxima of the recorded
oscillation, it is possible to calculate the logarithmic decrement
Λ. The evaluation takes place over all showing maxima from i to
i + n. The resulting decrement is the overall average.

x

x
Λ = ln ,

i

i+1

⎜ ⎟
⎛

⎝

⎞

⎠
(9)

The logarithmic decrement is determinable from the product of
the damping factor δ and the time t:

δ tΛ = .d (10)

To determine the yarn damping, the amplitude needs to be
measured as a function of time. From this, the logarithmic
decrement (equation (9)) can be calculated, and ultimately,
the damping factor (equation (10)) can be determined.
To summarize, the comprehensive understanding of the warp
knitting process is challenging due to the large number of para-
meters involved and the complex behavior of yarn [28]. Cur-
rently, there is a lack of model-based descriptions for warp
knitting processes that consider the dynamic parameters of
yarn movement and the interaction with moving machine ele-
ments in contact with the nonlinear and elastic yarn [29]. An
improved knowledge of the dynamic behavior of the yarn is an
essential requirement for developing an effective simulation
model. Due to the often anisotropic nature of yarns, the proper-
ties need to be determined in longitudinal and transversal direc-
tions. Longitudinal oscillations primarily arise from the tractive
forces generated during stitch formation and take-up pro-
cesses. Transverse oscillations result from yarn displacement
during the laying phase and vibrations of the yarn guiding ele-
ments. A common method for this research is DMA, which
needs to be adapted for the use with yarns. This study therefore
focuses on applying it for the transversal damping characteris-
tics of yarns.

2. Experimental

2.1. Materials

This study focuses on four different yarns selected to represent
various use cases and material categories commonly pro-
cessed on warp knitting machines. However, these yarns
have limitations in terms of their achievable production speed
due to their strength and limited strain capacity. One of the
chosen materials is polyester, which plays a crucial role in
numerous consumer products. For this study, two variants of
polyester yarn are considered: a texturized variant (PES-tex)
commonly used in fashion products and a high tenacity variant
(HT-PES) more suitable for technical textiles. Additionally, the
research also examines an aramid fiber as a representative of
high-performance fiber materials known for their minimal strain
capabilities and a cotton yarn, representing a staple fiber yarn

Figure 1. Exemplary course over time of a free oscillation.
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material, as an additional yarn often used in the fashion industry
that is very limited in the achievable production speeds (Table 1).
The presented values are based on the product data sheets.

2.2. Methods

To determine the damping characteristics in the transversal
direction, the free resonance analysis method is chosen. The
necessary loads for this trial are bending loads. The sample
can oscillate freely and has just one degree of freedom. For
the examination in the transversal direction, this means that a
load perpendicular to the yarn axis is applied. The goal of the trial
is to determine the influence of internal momentum and tension
on steady conversion between potential and kinetic energy.

To measure the amplitude, a suitable setup (Figure 2) is devel-
oped. It consists of a metal frame that holds the ends of the yarn
in a horizontal orientation. In the middle between the two
holding points, a pin is located whose displacement from yarn
sample axis is adjustable. When a sample is tested, it is placed
on the frame and its ends are fixed, while the sample is free of
tension. The sample length is 60mm. Then, the middle is
bended by pulling it over the pin. Then, the yarn is released
from the pin and oscillates till it comes to rest. The whole motion
is captured by a high-speed camera that observes the behavior
from above. The camera is a FASTCAM SA-X2 by Photron,
capable of recording with a maximum frame rate of 106 s−1 or
a maximum resolution of 1,024 by 1,024 pixels. For each mate-
rial, different initial displacements are tested corresponding to a
certain pre-strain. The camera uses a frame rate of 10,000 s−1

and is manually triggered.

The materials are tested with different initial strain values.
Based on these values, the initial displacement is calculated
using equation (11):

x
l ε l

=
× 1 +

2
−

2
,0

0
2

0
2

⎛
⎝

( ) ⎞
⎠

⎛
⎝

⎞
⎠

  (11)

where x0 is the initial displacement, l0 is the clamping length,
and ε is the initial strain.

Based on this, the values shown in Table 2 are chosen for the
trials.

Through an optimized lighting setup (Figure 3), the yarn sam-
ples are clearly distinguishable from the background. Using
MatLab, a threshold is applied to separate sample and back-
ground into two defined regions. In the following, the path of the
sample is tracked along one vertical pixel row allowing for a
time-dependent plotting of the amplitude. Next, the maxima
are located, and in the following, Λ (equation (9)) and δd (equa-
tion (10)) can be calculated.

Table 1. Overview over reviewed yarn materials

Material Manufacturer Yarn linear density (dtex) Yarn diameter (µm) Young’s modulus (GPa)

HT-PES PHP-fibers GmbH, Ger 140 232 13

PES-tex TWD fibers, Ger 179 185 1

Cotton Rütex GmbH, Ger 200 183 6

Aramid Teijin Aramid BV, Nld 225 438 74

Figure 2. Setup for free oscillation trials with (1) yarn sample, (2) adjustable yarn fixation, (3) release pin, and (4) high-speed camera field of view.

Table 2. Calculated initial displacement based on the desired strain
and the sample length

Strain (%) 0.5 1 2 3 4 5

Displacement (mm) 30 43 60 74 86 96

Figure 3. Test setup with suitable positioning of lighting elements for
good differentiation between yarn and background.
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3. Results and discussion

The recording of the yarn oscillation showed a rapid damping of
the oscillation evoked by the displacement. Figure 4 shows a
few shots of the course of the free oscillation of an Aramid
sample. The applied picture editing methods lead to black white
captures guaranteeing a high contrast between the background
(black) and the sample (white).

The small spot in the upper-right corner is the pin used for the
release of the yarn and therefore neglected in the evaluation.
The course of the white line representing the yarn sample is
tracked along one vertical pixel row.

Once in oscillating state, the center of oscillation is determined
and defined by setting it as the 0mm mark. The conversion
factor from pixels to mm was determined by taking a picture
of a linear scale on the finalized setup with the high-speed
camera. For the time data, a linear vector was created based
on the capturing rate of 10,000 s−1. The local peaks and the

corresponding time values were determined and used for the
calculation of the decrement and the damping factor in the
following. The damping factor is expressed by the mean value
for each displacement.

As seen in Figure 5, the recorded tracks of the yarn oscillations
show obvious differences between the materials. For clarity,
the graph only shows the extremes among the material choice
of this research, presenting PES-tex as the lower-end and
Aramid as the higher-end material. With the Aramid sample,
the amplitude of vibration lowered much faster than the oscilla-
tion in the PES-tex sample. However, the PES-tex shows an
almost sinusoidal course, and the progress of Aramid appears
to have some irregularities. The reflection of the oscillation on
the clamping point is considered as the reason for this.

Despite the faster decrease of the amplitude observed for
Aramid (Figure 5), the damping factor of PES-tex is higher.
This is due to the lower oscillation period of the Aramid. As
PES-tex also possesses higher elasticity than Aramid, the

Figure 4.Oscillation of an Aramid yarn sample with an initial displacement of 30mm shortly after release. Picture(s) cropped and diverted into black
and white using the applied threshold.

Figure 5. Comparison of the oscillation of Aramid and PES-tex with a displacement of 0.5%.
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calculated damping factor appears to be reasonable. An over-
view of the results is given in Figure 6 and Table 3.

As apparent from the results, not all displacements and there-
fore strain values were suitable for all materials. The majority of
the yarn could not be tested at strains higher than 2%. Further
increase lead to too high frictional forces on the release pin.
Therefore, single fibers of the multifilaments stuck on the way to
the pin tip and prevented a simultaneous release of the whole
yarn (Figure 7).

4. Conclusions

This study proposed a method for the evaluation of viscoelastic
properties of the yarn in the transversal direction through a free
oscillation method. The derived setup mainly relies on yarn
oscillation recordings with a high-speed camera. From these
captures, the movement tracks of a single tracking point along
the yarn axis were determined and used to create a time-based
diagram. Within this graph, the maxima were located and used
for the calculation of the decrement and the corresponding
damping factor.

The results showed the expected behavior with the low strength
and more elastic materials having higher damping factors and

Figure 6. Comparison of the damping factor for the tested material and different strains represented by the mean values and the corresponding
95% confidence intervals.

Table 3. Overview over results for the damping factor

Damping factor

Strain (%) Aramid Cotton PES-tex PES-HT

Mean SD Mean SD Mean SD Mean SD

0.5 11.3 6.04 15.6 3.70 14.9 6.17 — —

1 4.2 1.23 14.9 3.86 11.5 5.15 16.5 6.35

2 — — — — — — 15.0 4.31

3 — — –– — — — 10.7 1.68

4 — — — — — — 12.0 3.96

Figure 7. Picture of an unsuccessful yarn release due to too high yarn
tension and friction on the pin (red dot): the filaments of the Aramid yarn
are spread and do not move uniformly.
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the high-performance fibers presenting low damping factors.
Higher elasticity also allowed for a higher range of test para-
meters. Combined with other results that also analyzed yarn
properties in respect of its behavior during the warp knitting
process, these findings allow a further refinement of a yarn-
based process simulation.

Viscoelastic properties are especially relevant for the evalua-
tion of the influence of the warp knitting binding on the yarn
dynamics as the main reason for movements in the transversal
direction is swinging motion of the laying bar, which is pattern
dependent. While the yarn dynamics are considered to be
mainly influenced by yarn demand during the stitch formation
process with the desire to increase to production speeds, the
transversal dynamics are gaining more weight in the considera-
tion of the simulation and design.

While this study already covers two major groups of yarns used
in the industry, the material variety can be further extended in
the future. Another main influence in dynamic mechanic ana-
lysis is the temperature. It was not considered in this research,
as the warp knitting process is usually not exposed to highly
varying temperatures. Nevertheless, this can be further inves-
tigated if the results are considered for different purposes.
Overall, the test setup appeared sufficient for the desired mea-
surements and it was possible to gain reasonable results for
different yarn materials. These materials allow for a further
refinement of yarn simulation models and the process simula-
tion in warp knitting.
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