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Abstract
Focusing on the needle and backing cloth on a tufting machine type DHG801D-200, a finite element model was built using 
ABAQUS/Explicit software. The tufting processes, in which the individual tufting needles and 1/10 needle modules puncture the 
polypropylene woven and nonwoven fabrics (hot-air bonded nonwoven and thermo-calender bonded nonwoven), were simulated, 
respectively. Finally, the needle forces were estimated, and the deformations and stress field distribution of the backing cloth at 
different times were analysed.
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1.  Introduction 

During the carpet tufting process, the 
needle moves up and down under the 
exact cooperation of the knife and hook, 
and then the yarn is woven into the bottom 
of the woven fabric or nonwoven fabric 
[1, 2]. In this dynamic puncture process at 
high speed, the backing cloth undergoes 
elastic deformation, plastic deformation, 
and then it is damaged. Moreover, the 
strength of the needle also is gradually 
weakened under the alternating stress. 
Each damaged needle will affect the 
quality of the tufted carpet, the production 
efficiency of equipment, and the labour 
productivity of workers. Furthermore, the 
force on the needle and the deformation of 
the backing cloth not only affect the yarn 
tension fluctuation but also the important 
parameters of the structural optimisation 
design on tufting equipment. Therefore, 
study of the coupling characteristics of 
the needle and backing cloth is a very 
important part of the tufting process.

Currently, research of the needle 
penetrating force is focused on the sewing 
needle. Karl Gotlih [3] established a 
mathematical model for calculating the 
needle penetration force and provided  
improvement suggestions based on this 
model; Haghighat et al. [4,  5] predicted 
the needle penetration force in denim 

fabric by using an artificial neural 
network and multiple linear regression 
models. To investigate the feasibility of 
measurement of the penetration force in 
real time, Carvalho et. al [6] measured the 
force when the needle pierced into and 
pulled out from the backing cloth, Lomov 
[7] proposed an algorithm to compute 
the maximum needle penetration force 
and simulated the deformation of woven 
material. Mallet et. al [8] simulated the 
needle piercing process to calculate 
the sewing forces as well as fabric 
deformation using the finite element 
model. However, the puncture objects of 
a tufting needle are polypropylene woven 
and nonwoven fabrics, while the puncture 
objects of a sewing needle are knitted 
fabrics, which makes a big difference and 
cannot be completely copied.

There are three methods to analyse the 
coupling characteristics of the needle and 
backing cloth: the theoretical analysis 
method, the experimental test method, 
and the finite element method. The finite 
element method has a great advantage in 
calculating the dynamic puncture force 
with high speed, as well as the stress and 
strain, which change over time [9-13]. 
Therefore, focusing on the needle and 
backing cloth on a tufting machine type 
DHG801D-200, the puncture processes 
of individual tufting needles and 1/10 

needle modules in polypropylene woven 
and nonwoven fabrics were simulated, 
respectively, and the needle forces and 
fabric deformation were analysed.

2.  Models of needle and 
backing cloth

In the finite element analysis of the 
carpet tufting process, the two parts 
mainly related are the tufting needle and 
backing cloth, with the latter containing 
polypropylene woven fabrics and 
nonwoven fabrics.

2.1.  Model of needle

The tufting needle is one of the most 
important parts on a tufting machine, 
whose specification and quality directly 
affect the appearance and weaving 
precision of tufting carpet. Taking the 
1/10 needle modules produced by Groz-
Beckert company as the research object, 
the needle modules have ten needles in 
one inch. The parameters of the tufting 
needle are listed in Table 1. According 
to the actual size of the needle, a model 
of the needle was built in Solidworks 
software. The models of individual 
tufting needles and 1/10 needle modules 
are shown in Figure 1. 
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2.2.  Model of backing cloth

In the tufting process, the yarn is woven 
into the backing cloth. And the backing 
cloth is related to the tearing strength 
of the carpet. Thus, the parameters of 
strength, elongation and density of 
the backing cloth yarns have a great 
influence on the quality of tufting carpet. 
At present, the majority of tufting carpet 
backing cloths is polypropylene woven 
and nonwoven fabric. In addition, the 
nonwoven fabrics commonly used for 
tufting carpet are hot-air bonded or 
thermo-calender bonded nonwovens.

2.2.1.  Model of polypropylene 
woven fabric

Before modelling, several assumptions 
were made: (1) neglecting small differences 
in the mechanical properties of different 
yarn segments; the yarn of the backing 
cloth is regarded as a uniform entity; (2) the 
yarn is an isotropic elastic material, and the 
differences between the yarns are ignored; 

(3) yarns are tightly interwoven. and there 
is no gap between them .

The object analysed was a backing cloth 
of 0.24 mm thickness, 24 mm length and 
12  mm width. For the warp the elastic 
modulus was 55 MPa, the linear density - 
57.87 tex, and the Poisson ratio - 0.41; for 
the weft the elastic modulus was 140 MPa, 
the linear density - 98.44  tex, and the 
Poisson ratio was also 0.41. Mechanical 
properties of the polypropylene woven 
fabric are listed in Table 2. Using 
Solidworks software, a 3D model of 
the polypropylene woven fabric was 
constructed, shown in Figure 2. During 
the modelling process, a warp model is 
formed by scanning along a specific route 
based on the section feature, a weft model 
by stretching, and then the warp and weft 
are assembled to form a geometric model 
of the polypropylene woven fabric. 

2.2.2.  Model of nonwoven fabric

Nonwoven fabric is made up of a fiber 
network structure which is oriented or 
randomly arranged using a mechanical, 
thermal or chemical method. Because of the 
discontinuity of the structure, the mechanical 
properties of nonwoven fabric have highly 
nonlinear characteristics. In this paper, the 
nonwoven fabric is regarded as an integrated 
whole (Figure 3). Through experimental 
tests, the mechanical properties of hot-
air bonded and thermo-calender bonded 
nonwovens were measured, respectively, 
listed in Table 3 and Table 4. In Table 4, E11, 
E22 and E33 are the Young’s moduli of the x, 
y z direction respectively, G12. G23 and G31 - 
the shear moduli of the XY plane, YZ plane 
and ZX plane, respectively and v12, v23 and 
v13 are the Poisson’s ratios of the XY plane, 
YZ plane and ZX plane, respectively. When 
using the finite element method, the object 
analysed was nonwoven fabric of 80mm 
length and 80mm width.

3.  Finite element simulation

Commercial finite element software, 
ABAQUS/Explicit [14], was employed 
for simulation of the tufting process. The 
deformation of the backing cloth and the 
penetration force were analysed.

 a) 	 b)

Fig. 1. Models of tufting needles. a) Individual 
tufting needle; b) 1/10 needle module

Material Gauge
[in]

Density
[g.cm-3]

Length 
[mm]

Thickness 
[mm]

Elastic 
modulus 

[MPa]

Poisson 
ratio

Steel 0.10 7.8 36 3 2700 0.28

Table 1. Parameters of tufting needle

a)

b)

c)

Fig. 2. Model of polypropylene woven 
fabric a) model of warp, b) model of weft, 
c) complete model

Yarn Stress [MPa] Strain Fracture work [mJ]

Warp 249.5 0.056 1400.00

Weft 243.0 0.081 1291.31

Table 2. Mechanical properties of polypropylene woven fabric

Backing cloth Fiber fineness 
[dtex]

Density
[g/m2]

Thickness 
[mm]

Length 
[mm]

Width 
[mm]

Hot-air bonded 
nonwoven

1.56 110 0.24 30 26

Thermo-calender 
bonded nonwoven

1.56 65 0.35 30 26

Table 3. Specification parameters of nonwoven fabrics

Fig. 3. Model of the nonwoven fabric
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When using the finite element method, 
setting up the right parameters, such 
as the material properties, contact and 
boundary conditions, are the key to get 
the correct results. The material properties 
of the needle and backing cloth are listed 
in Tables 1-4. The contact between the 
needle and backing cloth was defined as 
“general contact”. The friction coefficient 
between the needle and backing cloth was 
set to 0.5, and that between the warp and 
weft in polypropylene woven fabric  to 0.1 
[15, 16]. Since the stiffness of the needle is 
much larger than that of the backing cloth 
and the deformation of the needle can be 
ignored during the penetration, the needle 
can be regarded as a rigid body. The 
damage of the backing cloth is determined 
both by the plastic criterion and the shear 
criterion in the finite element model. Once 
a damage criterion is reached, the material 
stiffness will be damaged according to the 
damage development rule.

3.1.  Boundary conditions 
and load

For saving computing time, and due to 
the symmetry of the model, only a 1/2 
part of the tufting needle and backing 
cloth was analysed in the finite element 
calculation. In the initial analysis step, a 
fixed constraint was applied to the other 
three boundaries of the bottom cloth. And 
symmetry constraints were applied to the 
reference points of the needle and backing 
cloth . Since the needle can only move 
up and down in one direction, the other 
five degrees of freedom of the needle are 
constrained at its reference point. As seen 
from the reference [17], a speed curve of 
the tufting needle can be obtained using 
ADAMS software, and the velocity 
equation of the needle can be written as:

=-1000cos
30

tV π (1)

3.2.  Meshing 

The quality of the element meshing 
is very significant to the accuracy and 
effectiveness of the finite element model 
calculation results. To improve the quality 
of meshing, topology optimisation of the 
backing cloth was carried out prior to 
dividing the mesh, and the adjacent plane 

was merged, the sharp geometric angle 
was reduced. The needle was meshed 
using C3D10M elements, and the backing 
cloth using C3D8R elements. To improve 
the calculation accuracy, a graded mesh 
was thus created, where the region in 
the contact parts between the needle and 
backing cloth was more finely meshed, as 
shown in Figure 4.

Backing cloth E11 [MPa] E22 [MPa] E33 [MPa] G12 [MPa] G23 [MPa] G31 [MPa] v12 v23 v13

Hot-air bonded 
nonwoven

357.59 140.04 9.80 121.98 50.01 4.86 0.41 0.41 0.41

Thermo-calender 
bonded nonwoven

126.75 94.56 10.00 87.88 49.66 4.86 0.41 0.41 0.41

Table 4. Mechanical properties of nonwoven fabrics

a) 

b) 

c) 

Fig. 4. Meshing in the finite element model a) single needle and polypropylene woven 
fabric, b) single needle and nonwoven fabric, c) 1/10 needle modules and nonwoven fabric
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4.  Results and discussion

During the tufting process, the coupling 
characteristics of the needle and backing 
cloth are affected by the speed of the 
needle and the material of the backing 
cloth. Hence, according to these different 
conditions, deformations of the backing 
cloth and penetration force were analysed 
in the finite element model.

4.1.  Deformation of 
polypropylene woven fabric 

The deformations of the polypropylene 
woven fabric were obtained at different 
times, as shown in Figure 5(a-e). As 
seen in the simulation results, at time 

t=1.5ms, the force of the backing cloth 
gradually decreases from the contact 
point to the outer parts, as shown in 
Figure 5a. Under the action of the 
needle, stress concentration occurred 
at the contact parts, and the value of 
the maximum stress was 150  MPa. At 
t=3ms, the elements in contact between 
the needle and backing cloth were 
damaged. The elements around the 
damaged parts caused the strain, shown 
in Figure 5b. In Figure 5c, the upper 
boundary of the pinhole was exposed 
to the back of the cloth, and the value 
of maximum stress increased to 78 
MPa. At t=15ms, the needle completely 
penetrated through the backing cloth, as 
shown in Figure 5d. As seen from Figure 
5a-e, the results of the finite element 

simulation are consistent with the actual 
deformation of the backing cloth, which 
shows that the finite element model 
of the tufting penetration process is 
basically correct.

4.2.  Deformation of  
nonwoven fabric and needle 
penetration force

4.2.1.  Deformation of hot-air 
bonded nonwoven

The deformations of the hot-air bonded 
nonwoven assessed at different times 
are shown in Figure 6a-g. As seen in the 
simulation results, at the time of 13ms, 

(a) (b) 

(c) (d) 

(e) 
 

Fig. 5. Deformation of the polypropylene woven fabric at time t: a) t=1.5ms, b) t=3ms, c) t=11.25ms, d) t=15ms, e) hole in fabric in 
the finite element model and in the actual backing cloth (t=15ms)
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the needle completely penetrated through 
the backing cloth. From Figure 8g, the 
deformation of the hole in the fabric in 
the finite element model agrees with the 
actual hole shape of the backing cloth.

4.2.2.  Deformation of  thermo-
calender bonded nonwoven

Deformations of the thermo-calender 
bonded nonwoven obtained at different 
times are shown in Figures 7a-e. As seen 

in the simulation results, at a time of 
15ms, the needle completely penetrated 
through the backing cloth. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 

Fig. 6. Deformation of the hot-air bonded nonwoven at time t: a) t=0.65ms, b) t=1.3ms, c) t=2.6ms, d) t=4.55ms, e) t=9.75ms, f) 
t=13ms, g) hole in fabric in the finite element model and in the actual backing cloth (t=13ms)
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4.2.3.  Forces of needle and 
backing cloth

(1) Force of needle

Curves of the needle forces over time 
are shown in Figure 8. When the needle 
punctures the hot-air bonded nonwoven 
and does not pierce the backing cloth, the 
contact parts of the backing cloth undergo 
elastic deformation, the needle force 
increases slowly, and then the contact 
of the backing cloth experiences plastic 
deformation, and the needle force increases 
rapidly. At a time of 4ms, the backing cloth 
is damaged, and the needle force reaches 
9 N, which mainly comes from the friction 
and resistance of the backing cloth. When 

the needle pierces into the backing cloth 
completely, the needle force decreases to 
6 N, which mainly comes from the friction 
of the needle and backing cloth.

When the needle starts to puncture the 
nonwoven, at the stage of elastic and 
plastic deformation, the force is basically 
the same for both thermo-calender 
bonded nonwoven and hot-air bonded 
nonwoven. However, when the backing 
cloth is already damaged, the needle force 
is bigger for thermo-calender bonded 
nonwoven than for hot-air bonded 
nonwoven. The force reaches 17 N, and 
the reason for the difference in the needle 
force is that the friction coefficients of the 
backing cloths are different.

To understand the influence of the needle 
speed on the needle force, the amplitude 
of the initial needle velocity was set to 
-2000 mm/s. Curves of the needle force 
at different speeds are shown in Figure 
9. Comparing the two curves, as the 
speed becomes larger, the needle force 
decreases, and the impact force subjected 
to the needle is also smaller.

(2) Forces on backing cloth

The maximum stress of nodes in the 
backing cloth is shown in Figure 10. When 
the elastic and plastic deformation occur, 
the maximum stress increases rapidly. 
And the maximum stress remains stable 
when the backing cloth is damaged. As 

(a) (b) 

(c) (d) 

(e) 

Fig. 7. Deformation of thermo-calender bonded nonwoven at time t: a) t=1.5ms, b) t=4.5ms, c) t=9ms, d) t=15ms, e) hole in fabric 
in the finite element model and the actual backing cloth (t=15ms)
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seen from Figures 10, the maximum stress 
of nodes in hot-air bonded nonwoven is 
bigger than that of nodes in thermo-
calender bonded nonwoven. The peak 
value of the maximum stress in hot-air 
bonded nonwoven is 155 MPa, remaining 
at 120 MPa in the end. And finally the 
maximum stress in thermo-calender 
bonded nonwoven remains at 110 MPa.

4.2.4.  Deformation of hot-
air bonded nonwoven when 
punctured by 1/10 needle 
modules

The deformations of hot-air bonded 
nonwoven punctured by 1/10 needle 
modules are shown in Figures 11a-e, and 
Figure 11g illustrates the actual shape of 
the hot-air bonded nonwoven. As seen 
from the Von Mises stress cloud, under 
the condition of the ends of the four sides 
of the backing cloth being fixed, the two 
outermost needles in the modules pierce 
into the backing cloth first; consequently, 
the maximum stress occurs on the both 
sides of the backing cloth, which reached 
10 MPa. At t=3.75ms, as shown in Figure 
13c, all ten needles penetrated the backing 
cloth, the backing cloth showed plastic 
deformation, and the maximum stress 
of the node was larger than 154  MPa. 
At t=4.5ms (Figure 13d) the stress was 
larger than the fracture stress threshold, 
and the backing cloth was damaged. And 
at t=10ms the penetration process was 
completely finished.

5.  Conclusion

A finite element model of the needle and 
backing cloth was built using ABAQUS/
Explicit, the tufting penetration process 
simulated, and then the needle force and 
the deformation of the backing cloth were 
analysed. The simulation results show the 
following :

(1) During the penetration process, the 
backing cloth undergoes elastic and 
plastic deformation before it is damaged, 
and the maximum stress increases rapidly. 
After the backing cloth is damaged, the 
maximum stress remains stable.

Fig. 8. Needle forces for different backing materials

Fig. 9. Needle forces at different needle speeds

Fig. 10. Maximum stress of the node in the backing cloth
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(a) (b) 

(c) (d) 

(e) (f) 

(g) 

Fig. 11. Deformation of hot-air bonded nonwoven punctured by 1/10 needle modules at time t: a) t=0.75  ms, b) t=3  ms, c) 
t=3.75 ms, d) t=4.5 ms, e) t=5.25 ms, f) t=10 ms, g) actual backing cloth
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(2) When the needle punctures thermo-
calender bonded nonwoven, at the stage 
of elastic and plastic deformation, the 
force is basically the same as when 
puncturing hot-air bonded nonwoven. 
However, when the backing cloth is 
damaged, the needle force is bigger than 
that when puncturing hot-air bonded 
nonwoven.

(3) The maximum stress of nodes in 
hot-air bonded nonwoven is bigger 
than that of nodes in thermo-calender 
bonded nonwoven when the nonwoven is 
damaged.

The results of the finite element 
simulation are in good agreement with 
the actual deformation of the backing 
cloth, which shows that the finite element 
model of the needle puncture bottom 
cloth is basically correct. Therefore, 
it is reliable for getting data of the 
puncture force at different stages, which 
can provide a powerful reference for 
mechanical structure optimisation of a 
tufted carpet loom.
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