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Abstract: Spacer fabrics are 3D technical textiles, consisting of two parallel textile layers, which are connected by a series of monofils.
In many industrial applications, such as the deployment as a distance holder, the compression properties of spacer fabrics play a crucial
role. The article experimentally investigates the potential of influencing these compression properties by the incorporation of parallel seams
into the fabric. Moreover, an efficient simulation-based finite-element approach is presented, that allows the a-priori estimation of effective
compression resistance. For this purpose, a dimension reduction approach is employed, that reduces the arising highly complex
multi-contact problems to simulations on the yarn and monofil centerlines. Input for the simulation are known mechanical properties
of the yamns and the general lapping plan of the spacer fabric. The proposed model is applicable to the linear compression regime, i.e.,
before buckling and large bending arises. As a proof-of-concept, the compression experiment for a plane, circular punch on the spacer
fabric with and without added seams is simulated and afterwards validated by experiments. The good agreement of the attained
compression curves demonstrates the applicability of the numerical approach
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1. INTRODUCTION

Spacer fabrics offer a unique combination of properties suita-
ble for various applications. They are typically composed of three
layers (Figure 1a): the front layer and back layer (Fig. 1, b) and
the spacer area (Fig 1, c). The top and bottom layers are warp
knitted (refer to [18-20]). The spacer area comprises a series of
monofilaments, which can be integrated in different ways, allowing
for a shift between the meshes of the top and bottom layers. Due
to their versatility, there is a high interest in experimental research
concerning the mechanical properties of spacer fabrics, see e.g.
(2, [9-{11].

In particular, the compression resistance of spacer fabrics
finds utility in diverse applications such as in shoes, car seats,
furniture, and others [1]. In recent years, researchers have delved
into producing weft knitted spacer fabrics and into investigating
their properties, as discussed in [2], showcasing potential for
shaping in three dimensions.
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Fig. 1. Pr|n0|pal construction of spacer fabrics — a) 3D-structure, b) front
and back side, c) spacer area
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This paper first experimentally and numerically investigates
the compression resistance of spacer fabrics. In a second step,
parallel seams are added perpendicular to the front and back
layer. This leads to local sections in the spacer fabric and the
fabric becomes with the variable thickness. A range of sewing
parameters, such as the seam placement, stitch length, distances
in-between adjacent stitches and the stich-yarn pre-stress are
investigated. A numerical simulation approach is proposed to
investigate the influence of these parameters on the compres-
sional behavior. Related numerical investigations for the com-
pressional behavior of warp knitted fabrics can be found
in [3]-[12].

The numerical computations in this paper are based on the
following input: the spacer fabrics scheme, also used by the pro-
ducing machine (see [1]) and the yarn’s elastic and contact prop-
erties. Due to the employment of an efficient one-dimensional
model based on asymptotic methods (see [13]-[17], [21]-[27]]), the
computations can be performed fast. The resulting meso-scale
model represents an idealized textile structure, neglecting sto-
chastic effects in manufacturing such as variations in the yarn
cross sections along the yarn length. A potential remedy is the
structure generation based on CT-scans, which leads to a high
accuracy in the textile representation as demonstrated in [7], at
the cost of an expensive data acquisition method.

First, the effective compression behavior of a spacer fabric
without seams is modeled on the yarn level and homogenized and
then the influence of seams is modeled. Such multi-scale models
simplify the optimization procedure of the design of seam-placing,
e.g., to reach desired compressional fabric properties. The inves-
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tigations provide a fundamental basis for engineering designs of

such products in the future. This is the novelty of the approach for

the application.

— Another novelty of the paper is the numerical approach for the
evolutional contact search for yarn-made materials, presented
in Section 3 and Appendix, which is a research novelty in the
field of the applied- problem simulation. The simulations allow
to reduce the number of time-expensive experiments for
spacer fabrics with and without seams.

— The next novelty of the paper is a discussion of a possible
multi-linear behavior of the spacer fabric under the compres-
sion and the explanation of bounds and the phenomenology of
its behavior from the structural large rotation, or buckling ef-
fects on the yarn level, as well as due to the changing number
of the contact points between monafils on the large compres-
sion strains.

For the experimental investigation, calibration and validation
of the numerical models, compression tests according to the test
standard DIN EN ISO 3386-1 are performed. The compression
forces dependent on the compression distance are measured.
The experimental results are analyzed and investigated in terms
of the influence of the variation of the seam distance.

The simulation of the spacer fabric on the yarn level with
TexMath, [16], requires all structural details about the composition
of the spacer fabric, as well as the force-strain measurements of
each yarn’s properties and the frictional coefficients between the
yarn pairs.

First, a model of the spacer fabric without seams is devel-
oped. The experimental compression test is recreated in the
simulation. With this, the friction coefficients between yarns can
be calibrated. The size of the specimen (height) is the same as in
the experimental part. After the material model is calibrated, the
same material model is used for the following simulation models
of the spacer fabrics with seams. All contacts with the seam yarns
will be found, the seam yarn will be pre-stressed and the whole
fabric relaxed, which leads to its local and particularly global
compression. In the last step, the compression test with a rigid
punch and this fabric is repeated. Dynamical contacts, see Ap-
pendix, will be found.

2. DESCRIPTION OF THE COMPRESSION TEST
WITH A RIGID PUNCH ON THE SPACER FABRIC
AND THEN ON A ROUGH FABRIC LAYER WITH SEAMS

2.1. Material

Four different spacer fabric variation have been produced,
tested and modelled. All spacer fabrics are manufactured by
Essedea GmbH/D. All specimens’ initial state is the spacer fabric
without seams, seen in Fig.2 a — bottom/ Fig. 2, b — top/left.

To the three other specimen seams in various distances have
been inserted. The seams have been inserted with a Diirkopp
Adler sewing machine Delta “M-Type”. The seam distances are
constant for each specimen and have average seam distances of
18 mm, 24 mm and 43 mm. Within the sections between the
seams a cushion area occurs, whose overall shape significantly
differs between the considered seam distances. The measure-
ment of the seam distance and cushion height can be seen
in Fig. 2. A summary of the material data is listed in Tab. 1.

acta mechanica et automatica, vol.19 no.1 (2025)

Fig. 2  Spacer fabric variations for experimental testing: (a) cross view,
(b) top view; h cushion heigt, d seam distance

Tab. 1. Technical data of the spacer fabric specimen

Spacer fabric
variation Parameter Value
Manufacturer Essedea GmbH/D
Densit 2.349 g/mm?
Initial spacer snsty gmm
: Top/Back side: PES-
fabric Material (knitting P fimant
threads) -
Space: PES monofiles
, . Delta Machine “M-Type
Sewing machine (Dirkopp Adler, D)
Stitch Douple lock stitch 301
Stitch length 4 mm
All sewn Tension needle thread 40 %
Specimen Foot strocke 9mm
Sewina foot pressure 1 (intern machine parameter
glootp without unit)
Sewing threads Abmann Rasant Nm75 (PES)
Spacer fabric 18 18 mm
Spacer fabric 24 Seam distance d 24 mm
Spacer fabric 43 43 mm
, 20 mm (overall
Without seams height/thickness)
Spacer fabric 18 | cyshion height h 8 mm
Spacer fabric 24 15 mm
Spacer fabric 43 20 mm

2.2. Experimental test set up to test the compression
behaviour of spacer fabrics

To test the compression behaviour of various spacer fabrics,
each specimen is tested according to DIN standard 3386. The
specimen properties can be seen in Table 1.

The compression tests were performed at a Zwick Z 2,5
(Zwick GmbH, D). A force sensor of 500 N and pressing plates
with an area of 121 cm? (perforated) were used. The speed was
100 mm/min. In Fig. 3 the experimental compression test of the
spacer fabric without seams (a), with seams (b) and of the edge-
force-test (c) can be seen.

Mathematical formulas should be type written in mathematical
style, aligned to left and numbered irrespective of chapter num-
bering.
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Fig. 3. Test setup for various compression tests (a) spacer fabric without

seams, (b) spacer fabric with seams, (c) Edge-force-test to a
spacer fabric without seams

2.3. Experimental test set up to test the compression
behaviour of spacer fabrics

In Fig. 4 experimental results of the compression tests with
sectioned spacer fabrics with seams are presented. Because the
initial heights of all tested specimens are different due to the seam
placement, the curves are visualised as if the compression plates
start at the same plate distance of 20 mm. This means, that for
the specimen with a seam distance of 18 mm and an average
cushion height of 12 mm, the force measurement starts between 8
- 12 mm.

It can be observed that all curves can be sectioned into three
main areas. A first section, where the force increases slightly over
the compression distance. A second section, where except for the
spacer fabric without seams, a higher, nearly constant increase of
the force over the distance can be seen. And a third section,
where the material is stiffened up even more compared to section
two.

In the first section it can be seen that the more seams are in-
serted, the longer the section of the low force/compression magni-
tude exists. The result is to be expected, since the more seams
are inserted, the more the spacer threads are bent, reducing their
capability to absorb forces. Another reason is that the heights of
the sectioned areas of the spacer fabric differ more. This can be
seen in Fig.4. The deviation from the average height of the speci-
men with a higher seam number is higher. Thus, not all sections
absorb forces at the same time. The compression plate is getting
in contact with one cushion after another and not with all cushions
at the same time. This leads to a lower compression force in-
crease. This assumption is supported by investigating the com-
pression force — compression distance — curve of the spacer
fabric without seams (Fig.4., red curve), which has a nearly con-
stant height and thus the contact with the compression plate is at
the same time at every point of the spacer fabrics surface. This
results in a direct increase in force.

In the next graph section, the fabrics are stiffened up by the re-
duced thickness and the increased fibre density.

" Spacer fabric withoutseams

— Seam distance: 18 mm

— Seam distance: 24 mm
Seam distance: 43mm
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Fig. 4 Experimental results of compression tests of spacer fabrics with
a various seam distances
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In conclusion a spacer fabric with more seams can absorb
less compression forces due it previously inserted compression
force through the seams. But the more seams are inserted, the
stiffer the spacer fabric gets due to its structural change and
locking of movements of the pile threads.

3. DESCRIPTION OF THE COMPRESSION TEST WITH
A RIGID PUNCH ON THE SPACER FABRIC AND THEN
ON A ROUGH FABRIC LAYER WITH SEAMS

This section is devoted to the simulation of the described
above experiment with the chosen spacer fabric on the yarn level.
First, the effective behavior in the elastic deformation range (be-
fore the monofil buckling) is computed. Afterwards, seams are
virtually placed and the evolutional contact of a punch with the
spacer fabric with and without seams is simulated.

In the first simulation setup, the spacer fabric is resolved on
the yarn level in the software package TexMath [16]. The virtual
yarn structures are created based on the available pattern data
and in visual comparison to the physical samples. The analyzed
virtual structures are assumed to be deterministic and of periodic
nature which minimizes computational effort. These assumptions
are not too restrictive, since deviations from the deterministic
structure are small in the machine produced fabrics.

For the simulations, an elastic frame-description of the struc-
ture is chosen: In our model, each yarn is individually parametriz-
able by its cross-sectional shape as well as its linear material
properties, i.e., its Young's modulus as well as its Poisson’s ratio.
In accordance with the physical sample, we differentiate between
three different sets of yarns for the spacer fabric itself, see Fig. 5,
as well as an additional yarn type for the seam. Their respective
material parameters are determined experimentally by standard
tensile tests, see Fig. 6, but one might alternatively consider
literature values if the material itself is known a priori.

Connector yam

Fig. 5. (a) Individual yam types highlighted in purple, (b) + (c) the virtual
spacer fabric sample on the right, compared to the physical
sample in the middle

For simulations of elasticity problems such as the compres-
sion of the spacer fabric as well as the seaming process, a beam
FE formulation with additional contact conditions in-between yarns
as well as in-between textile structure and pressing plates is
considered, see e.g. [14] for further details. The presented models
were already successfully employed for the simulative prediction
of the effective mechanical properties of spacer fabrics as well as
their air- permeability in [15].

After creation of the virtual spacer fabric sample, an optional
additional simulative step is performed in which the seams are
added. A schematic illustration of the employed double lock stitch
is shown in Fig. 6. The double lock stitches are included in the
structure as highlighted in purple for a cross section in Fig. 7
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based on the chosen seam distance as well as the stitch distance.
As can be seen, the stitch yarn is initially perpendicular to the
knitted layers of the fabric but modelled with an effective pre-
stress resulting from the machine’s needle tension, which causes
local compression as depicted in Fig. 8. In order to achieve the
experimentally attained compression profile along the fabric, it is
vital to resolve all contact points between the yarns in the spacer
fabric and the stitch yarn.

1
Strain [%]

Fig. 6. (a) Schematic representation of the double lock stitch,
(b) measured force-strain curve for the yarn material

Fig. 7. Axial stresses in the pre-stressed seams and yarns of the spacer
fabric simulated with (a) + (b) TexMath- tool and (c) Abaqus -
Colours indicate local stresses.

The simulatively attained compression profile for the sewing
distance of 43 mm is presented in Fig. 8 on the left. In order to
ensure efficient computations, periodicity in the viewing direction
was exploited with corresponding boundary conditions. The cush-
ion height of the physical sample is closely met with 20.3 mm. For
the other sewing distances, the model predicts the values 10.23
mm and 14.33 mm. Their profiles are shown on the right of Figure
8. For better visualization of the contracted lock stitch, we only
visualize pillar and inlay yarns.

(b) . b

Fig. 8. Visual comparison of the spacer fabric with 43 mm seam
distance (a) simulated and (b) experimental manufactured and

simulated spacer fabrics with (c) 24 mm seam distance and (d)
18 mm seam distance

An intuitive model parameter that can be analyzed and opti-
mized is the stitch yarn’s pre-stress. Fig. 9 shows the simulation
result for the seam distance of 43 mm but with only a 15 % rela-
tive strain. As can be seen, this value is not large enough to over-
come the rigidity of connector yarns, leading to a drastically differ-
ing compression profile.

Finally, the compression experiments described in the previ-
ous section are performed on the virtual samples. For the simula-
tions, dynamic contact conditions are prescribed in-between the
compression plates and the fabric. The applied load is assumed to
be uniformly distributed across the top plate, while the bottom
plate is assumed to be stationary. The simulation predicts the
state in which the compressive stiffness of the analyzed sample

acta mechanica et automatica, vol.19 no.1 (2025)

and the applied compressive stresses are balanced. A qualitative
demonstration of the predicted compression profiles for the un-
stitched spacer fabric sample are demonstrated in Fig. 10 for an
increasing value of applied compressive force. The details of the
algorithm can be found in Appendix. For better visualization, only
the pillar and inlay yarns are shown.

Fig. 9. Spacer fabric with seam distance of 43 mm before and after
applying the pre-stress to the stich yarn

Compression of 7.44 % Copession of 70.47 %

Compression of 36.01 %

Fig. 10. Qualitative comparison of compression profiles at increasing
compression levels for unstitched spacer fabric sample

The simulatively attained compression values for the un-
stitched sample as well as for the sample with stitch distance of
24 mm are presented in Fig. 11. By comparison with the experi-
mental values, a good agreement of the model prediction till 30%
compression can be observed. For larger compression values, it
should be accounted for further changing parameters. First, the
large deformations should be accounted for, i.e., the inextensible
monofils preserve their length, whose curve would be arcs, parts
of circles under compression, if they were not in a contact with
each other. Furthermore, large bending leads to the increment of
the contact point number between monofils, which changes the
linear compression behavior of the fabric. It is possible to account
for this, but it is out of the scope in this work.

40

20 —

Compressive stress [kPa]
°
\
\
\
\
L)

0 20 40 60
Compression [%]
e WithoUt stitches/seams -experiment @ without stitches/seams -simulation

Seam distance -experiment @Seam distance 24 mm - simulation

Fig. 11. Simulative and experimentally attained compression values for
unstitched spacer fabric and sample with seam distance of 24
mm. Visualization of compressed samples below
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Fig. 11 demonstrates that in case of the seams, the non-
linearity occurs due to the evolutionary contact, involving different
and increasing sets of contact points with the plane punch in each
evolutionary step.

4. CONCLUSION AND DISCUSSION

This paper presents an experimental and numerical analysis
of the compressive behaviour of spacer fabrics and modified
spacer fabrics with seams. Four different specimen have been
tested and modelled. Three specimens have been local sectioned
by seams. One specimen was a spacer fabric without seams and
functioned as a reference. A two-step simulation has been per-
formed. Firstly the spacer fabric structures with seams have been
recreated virtually and then the compression test as in the exper-
imental set up has been performed. The shape deformation and
compression force — compression distance curve of the experi-
mental and modelling results have been analyzed and compared.

The model limitations are large rotations on the yarn level
(starting after 25-30% of the compression for the non- stitched
fabric), leading to the non-linear effective compression behavior
and changing number of the contact points. Increased number of
monofil contacts leads to a “solidification” of the spacer fabric.

We conclude that spacer fabrics with a higher number of
seams become stiffer for the compression because of their in-
creasing density. Additionally, many new contacts lead to a stabi-
lization of the fabric for the compression, what leads to almost
linear stiffened behaviour at the last part of the curve in the me-
chanical experiments.

The attained shape of the sectioned areas in the virtual spacer
fabrics and the height match with the manufactured samples.
Additionally, the virtually performed compression tests show a
satisfactory alliance of numerical and experimental compression
curves.

Numerical simulations are cheap in the sense of the computa-
tion time. Each contact iteration is in the range of seconds. This is
possible thanks to one-dimensional models, obtained in advance
by an asymptotic dimension reduction for contact problems be-
tween continuous fibres or long and thin cylinders. A contact
search approach was suggested in this paper and is presented in
the Annex.

Appendix. Numerical algorithm for the contact search

The used computational tool in this section is TexMath, which
is based on the finite element method for frames of beams, ex-
tended to contact conditions between one dimensional objects,
[21]-[27]. The dimension reduction of the contact conditions be-
tween yarns is based on asymptotic analysis and dimension
reduction [22]-[24], [26]. Detecting contacts in-between individual
yarns requires a delicate contact search. Moreover, during the
compression process hew contacts between textile and compres-
sion plates have to be resolved, depending on the compressive
state. In [28]-[32], comparable contact problems with rough sur-
faces and layers are considered and problems related to topologi-
cal and scaling issues are addressed. The search of the contact
node sets should be automatized here.

We start with shifting down the punch or the plate, which
meets parts of the upper layer of the spacer fabric, see Fig. 12.
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The process is performed iteratively. After each computational
step, we need the total displacement vector u, global contact
stiffness matrix GSM contact and the right-hand side vector given
by contacts RH S contact.

Fig. 12. Critical area of contact search for the compression of stitched
spacer fabric samples

Initially, we set the contact conditions on all the surface nodes.
In the model, a contact induces a right-hand side force on nodes
in the finite element mesh according to the formulas presented on
the bottom. The absolute value of this force is controlled by a
contact parameter y, which penalizes deviations of the current
node distance from the smallest possible distance given by the
sum of involved yarn radii. Due to the linear nature of these forc-
es, a contact between two nodes can either act attracting or re-
pulsing, see Fig. 13. An attracting contact is generally undesired,
as it potentially increases the amount of computed compression.
The repulsing contacts on the other hand are vital, as they stop
the unphysical penetration of the two involved yarns. The two
types can be differentiated by the respective sign or direction of

the contact force.

Contact is unwanted, the yarn elements are attracting each other.

)

Contact is wanted, the yarn elements are being repelled.

Fig. 13. Visualization of attracting (top) and repulsing (bottom) contacts.
The simulation setup is the same, apart from an additional right-
hand side force applied on the crossing centre at the bottom,
indicated by the blue arrow

In more detalil, let RHScontact be the right-hand side vector
whose node entries are zero for non-contact nodes and for each
contact node pair (n1, n2) let

n, —n, 1
_%_ ((Tl +13) —|ng — n2|),
|”1 n2| 14
ny —

RHSconractlnl =

ny 1
RHScontactlnz =+ |;((T:l +1)— |n1 - nz')-

Iny —n,

The total discrete right-hand side force acting on the textile
can be decomposed into an external force fext, containing e.g.,
the discrete compressive forces, and the forces arising due to the
set contacts fcontact with

feontact = GSMeontact * U + RHSvontact.

Here, u is the prediction of the discrete total displacement
field in steady state for the currently set contacts.
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and stitched fabric under different compressive loads
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