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Abstract. This study investigates the penetration forces during tufting of stacked dry carbon 

non-crimp fabrics (NCF). The stacked material with a thickness between 20 to 60 mm is made 

of several quadriaxial [0°/+45°/90°/-45°] NCF layers that are tufted at frequencies up to 2.3 Hz. 

Furthermore, the effects of the preforming process, the frequency of tufting and the thickness of 

specimen on the needle penetration force are investigated. Lastly, digital image correlation (DIC) 

is applied to study the displacement of the fabric during the unthreaded tufting of material. Future 

work will involve the integration of the experimental results into the simulation of the tufting 

process. 

1.  Introduction 

With the dawn of the New Space era, a ten- to twenty-fold increase in the number of active spacecraft 

is anticipated within the next decade alone [1]. The ongoing privatization and commercialization of the 

spaceflight through companies such as Virgin Galactic and Blue Origin will further increase the demand 

on cost efficiency and reliability of spacecraft. In order to address these demands, the application of 

ceramic matrix composites in the rocket combustion chambers have become prominent [2]. The 

composite material contains a two-dimensional fibre layer construction interconnected with an 

additional carbon-fibre sewing thread. By means of textile technologies such as tufting, a carbon-fibre 

sewing thread ensures the interconnection of the stacked carbon-fibre construction. The sewing thread 

creates a three-dimensional shape by the alignment in the third space direction [3]. The use of thicker 

stacks of material and a carbon sewing thread limit the reliability of the tufting process due to failures 

such as needle and thread breakage. 

Tufting is a one-sided sewing process without a bobbin thread that commonly applies a sinusoidal 

needle motion [4]. The required one-sided access to the textile favours this technology for large 

penetration depths. Unlike conventional sewing needles, the eye of the tufting needle is highly inclined. 

The bulge behind the eye of the needle pushes the thread against the surrounding textile and increases 

the frictional force between them. This ensures the formation and retention of the thread loops in the 

preform [5]. Hence, with an increasing penetration depth the friction-related penetration resistance rises. 

This on the other hand destabilizes the process as the needle penetration force increases. The majority 

of research on the measurement of forces during the sewing process is related to the garment and textile 

industry using common materials.  The previous work on the measurement of needle penetration forces 

mainly focuses on the following two aspects: the development of instruments to measure the penetration 

forces during the sewing process [6–8] and the research on the effect of material, needle and machine 

properties on penetration forces, needle heating and material damage [9–11]. With regard to tufting, 

Sun et al. [12] simulated the penetration forces during the tufting of a 0.42 mm thick layer of non-woven 

fabric with a finite element analysis (FEA) model . There was an approximate agreement of the 
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penetration force calculated with the FEA calculation and the experimental results by other researchers 

[13]. 

There is hardly any research on the measurement of the penetration forces during tufting or sewing 

of carbon-fibre fabrics. The study by Verma et al. [5] is one of the few studies that determined the 

optimum tufting parameters for samples made of unidirectional (UD) carbon preform. Multiple layers 

of compacted preform layers are used for the tufting experiments. The thickness of the samples range 

from 2.04 mm to 20.06 mm. The penetration forces were measured at various linear tufting velocities 

with three different types of needle and tufting thread. 

Previous research does not provide any findings to increase the reliability of the tufting process for 

particularly thick stacks of carbon-fibre textiles in space applications. In order to address this 

shortcoming, the needle penetration forces during tufting of thick stacked layers of carbon-fibre textiles 

must be further investigated. The present work focuses on the measurement of the penetration forces 

during tufting of multiple layers of non-crimp fabric (NCF) with a large total thickness (up to 60 mm). 

The non-threaded needle penetration experiments are performed at various sinusoidal velocities. The 

penetration forces are investigated for samples of various thickness at different tufting velocities. 

Furthermore, for a better understanding of the process, digital image correlation (DIC) is applied to 

measure the fabric displacement during the tufting process. 

2.  Experimental section 

The experiments within this study are performed at two stages: 1) at loose fabric level 2) at pre-

compacted preform level. The specimens made of loosely stacked layers of fabric have a fibre volume 

content between 35.03 % and 35.44 %, whereas the fibre volume content of the preformed specimens is 

35.44 %. The force during needle insertion and retraction is evaluated for different material thicknesses 

at various tufting frequencies.  

2.1.  Materials 

Carbon-fibre fabric: The material is C-PLY™ SP Q220/P23 CT3,4 12K HS from Chomarat that is a 

quadriaxial NCF with the total weight of 220 gsm, i.e. 55 gsm/ply. The NCF is made of 12 K-strength 

carbon fibres and the UD fibres are oriented at 0°/+45°/90°/-45°. The material contains a binder that is 

powdered on one side between the layers of UD fibres.  

Tufting needle: The needle has a quadratic cross-section and is exclusively designed for the tufting 

process. It is a KL150 GEBEDUR with a length of 90 mm from Groz-Beckert KG. 

2.2.  Sample preparation  

The specimens for penetration tests consist of multiple layers of 100 mm x 100 mm material stacked on 

top of each other, with the −45° side of the material facing upwards. The specimens are of three 

different thicknesses: 20 mm, 40 mm and 60 mm. The preforming process requires binder activation. 

For the pre-compacted specimen, the loosely stacked layers of fabric are heated up to 120 C while being 

compressed to a predefined height. The required height is ensured by placing aluminium spacers on each 

side of the specimen during the compression process. The penetration tests are conducted on specimens 

at room temperature.  

2.3.  Testing equipment and setting 

A ZwickRoell HC25 servo-hydraulic universal testing machine provides the test set-up for the 

penetration experiments. For the purpose of this study, a 2 kN load cell is used. Similar to the real sewing 

process, the motion of the needle during the experiments follows a single cycle of a cosine function 

(sinusoidal velocities instead of linear). The amplitude and frequency of the cosine function are variable 

and are chosen based on the thickness of the stacked material and the required tufting velocity.  

Aluminium profiles ensure the mount on the test jig of the servo-hydraulic machine (see Figure 1). 

A 3 mm gap between the two topmost aluminium profiles is aligned with the needle insertion path. This 

prevents the tufting needle from contacting the aluminium structure upon piercing through the entire 

thickness of the specimen. Four nuts compact the specimen to ensure a level surface for needle insertion 

by an aluminium plate. An aluminium plate with a centred hole (40 mm diameter) compresses the 
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stacked layers of material into a predefined height using aluminium spacers. Four nuts hold and press 

the aluminium plate down and ensure a level surface for needle insertion.  

 

 
Figure 1. Set-up for the needle penetration experiments. 

Due to performance limitation, the maximum frequency of 1 Hz is chosen for the tests on the thickest 

specimens (60 mm). To investigate the effect of different frequencies on the penetration force, the 

60 mm specimens are tested at 0.5 Hz, 0.7 Hz and 1 Hz frequencies. The amplitude of the cosine 

function is chosen to be 5 mm larger than half of the specimen’s thickness. This way the needle’s motion 

starts above the specimen’s surface and needle retraction occurs once the tip of the needle has entirely 

exited the other side of the specimen. 

In order to achieve comparable results for different thicknesses, the properties of the cosine function 

describing the motion of the needle in time need to be adjusted. The following equation is used to 

determine the frequencies for the 20 mm and 40 mm specimens: Fi · Ai = Fj ·Aj. Thus, for different 

specimen thicknesses, the maximum needle insertion velocity remains constant. Table 1 shows the 

properties applied to create the needle time-path function for respective specimen thicknesses.  

 

Table 1. Properties of the time-path cosine function for respective specimen thickness. 

Thickness (mm) Amplitude (mm) Frequency F1 (Hz) Frequency F2 (Hz) Frequency F3 (Hz) 

60 35 1 0.7 0.5 

40 25 1.4 0.98 0.7 

20 15 2.33 1.63 1.17 

 

In order to measure the displacement of the material’s surface during penetration testing, a dual 

camera ARAMIS System is used. The cameras are Teledyne DALSA PT-4104M60 with a resolution 

up to 2352 x 1728 pixels and a maximum frame rate of  60 Hz. The applied lenses have a focal length 

of  100 mm. To measure the displacement, a random black-on-white speckle pattern has to be applied 

to the specimen’s surface. The cameras track the movement of the speckle pattern and the displacement 

of the surface can be calculated based on the DIC measurement technique.  

3.  Results and Discussion 

The needle penetration force is measured during a single needle insertion and retraction into and from 

the specimens. Figure 2 shows the force-path diagram of a single tuft into a 60 mm loosely stacked 

specimen at 0.5 Hz frequency. The diagram maps the force acting upon needle to the position of the 

needle. The penetration of the needle into the specimen causes a counterforce that acts upon the needle. 

This appears as a negative force in the force-path diagram in Figure 2. The needle path starts at the upper 

dead point. For 60 mm thickness, the upper dead point of the cosine motion is at +35 mm, which 

corresponds to a path position at 0 mm. At this point, the force is equal to 0 kN. The lower dead point 

of the cosine function is set to -35 mm that is equal to a path = 70 mm and a force = 0 kN. The retraction 

of the needle from the material causes a tensile force. This tensile force appears as a positive force on 

the needle in the force-path diagram in Figure 2. 

Needle

Aluminium plate

Spacer

Specimen
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The force–path diagram can be divided into six areas. Area a indicates the 5 mm distance of the 

needle tip from the specimen’s surface. In this area, the needle motion has started, however, the needle 

tip has not made contact with the specimen’s surface. Area b marks the start of the needle tip penetration 

into the material. Within this area, the bulge of the needle begins to compress the surrounding textile 

prior to its penetration into the specimen. The force-path diagram in this area is the result of the reaction 

force of the material as the needle tip pierces through it. In area c, the bulge of the needle begins to 

pierce through the material. The approximately constant increase in the force is the result of the hole 

formation and the growing friction between the needle and carbon fibres as the needle taper further 

penetrates the material. With the growing friction, the sliding between the needle and the carbon fibres 

onsets. This evokes the so-called stick-slip effect that results in a fluctuating penetration force (see the 

jagged curve within area d). In area e, the needle tip pierces the last layers of fabric. There are less 

underlying layers of fabric that resist the compressive force of the needle bulge. Hence, the compressive 

force is able to cause a greater deflection of the underlying layers. The penetration force decreases 

approximately constantly until the needle’s bulge leaves the material. Area f marks the exit of the bulge 

from the bottom side of the specimen. In this area, the frictional force between the carbon fibres and the 

needle is the dominant force. Needle retraction from the specimen onsets once the lower amplitude of 

the cosine function is reached. Needle retraction takes place through the same trajectory as the needle 

insertion. Hence, no hole formation is required. The positive force indicates the tensile force on the 

needle during the retraction from the specimen. This force is mainly the result of the frictional force 

between the carbon fibres and the needle. This depends on the area of the needle that is still inside the 

specimen. The force decreases in a constant manner until the needle completely exits the material. 

 
Figure 2. Force-path diagram of a 60 mm loosely stacked specimen tested at 0.5 Hz 

Influence of the pre-compaction process on the penetration force: Figure 3 shows the force-path 

diagrams related to a loosely stacked and a pre-compacted specimen (40 mm thickness, at 0.7 Hz tufting 

frequency). The dotted line indicates the loosely stacked specimen, whereas the solid line belongs to the 

pre-compacted specimen. For both specimens, needle insertion initially results in an approximately 

constant increase in the force. For the pre-compacted specimen, the force due to the needle insertion 

increases more rapidly as the associated slope of the curve is higher. The course of the jagged area for 

both specimens is somewhat similar. However, for the pre-compacted specimen, the absolute value of 

force within this area is larger than that of the loosely stacked specimen. The pre-compacted fibres 

exhibit a higher resistance towards the penetration of the needle. For the pre-compacted specimen, the 

fluctuating force within this area shows larger peaks. The connection between the fibres becomes stiffer 

due to binder activation. Hence, the bending stiffness of the fabric increases on macroscopic scale. 

During hole formation, the fibres are more prone to getting caught at the needle’s surface and impede 

the motion of the needle. This causes a small peak in the penetration force. As the needle further 

penetrates the material, the stuck fibres bounce back and the peak in the force declines. This 

phenomenon leads to the jagged form of the curve within this area. The stiffer structure within the pre-

compacted specimen leads to more dominant peaks in the force-path diagram. The comparison of the 

needle retraction curves makes evident, that the frictional force between the carbon fibres and the 

needle’s surface is higher for the pre-compacted specimen.  
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Figure 3. Force-path diagram of 40 mm specimens tested at 0.7 Hz tufting frequency. 

Influence of the tufting frequency on the penetration force: In order to investigate the effect of the 

tufting velocity, a loosely stacked specimen tested at three different frequencies is considered (Figure 

4). The specimen with a total thickness of 60 mm is tested at frequencies of 0.5 Hz, 0.7 Hz and 1 Hz. 

As Figure 4 shows, the force-path curves for all three frequencies are very similar. The slight differences 

are related to the scatter of force that even occurs for two identical experiments. Hence, an identical 

penetration experiments do not result in identical force-path diagrams. For identical experiments, the 

local imperfections in the fibre orientation within the layers lead to small deviations in the force. The 

subtle differences between the curves suggest that the tufting velocity does not have a prominent 

influence on the penetration force. Pre-compacted specimens tested at various frequencies show a 

similar behaviour.  

 

Figure 4. Force-path diagram of a 60 mm loosely stacked specimen at various tufting frequencies. 

Influence of the specimen’s thickness on the penetration force: In order to evaluate the influence of 

the specimen’s thickness on the force, three different thicknesses are compared. Figure 5 demonstrates 

three loosely stacked specimens tested at their minimum frequency. The frequencies are chosen based 

on the thickness of the specimen (see Table 1). Figure 5 shows that a smaller thickness results in a 

smaller path in the force-path diagram. Regardless of the specimen’s thickness, all three needle insertion 

curves show an initial constant increase with a similar slope. At about 20 mm path position, the insertion 

curve related to the 20 mm specimen starts to decline until needle retraction onsets. At this point, the 

compressive force on the needle reaches a maximum of -0.19 kN. The curve related to the 40 mm 

specimen continues to rise with a smaller slope. The compressive force on the needle reaches a 

maximum of -0.29 kN at about 40 mm path position before the curve starts to decline. The 60 mm 

specimen shows a similar behaviour. After an initial constant increase in the force, the curve increases 

with a smaller slope. The maximum compressive force for this specimen is not significantly larger 

compared to the 40 mm specimen. The maximum compressive force occurs at about 42 path position 

and is equal to -0.31 kN. The needle retraction curves of all three specimens have a constantly decreasing 

behaviour with similar slopes.  

 
Figure 5. Loosely stacked specimens of various thickness tested at their minimum frequency. 

Displacement of the material during needle penetration: Displacement at the surface of the specimen 

is measured by the means of ARAMIS system. The rapid motion of the needle and the strong vibration 

of material result in blurred images at the moment of impact and shortly after. Therefore, these images, 
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captured at 60 Hz frame rate, cannot be evaluated. Furthermore, shortly before the arrival of needle at 

the bottom dead point the camera views are obscured by the jaw chuck of the servo-hydraulic machine. 

Therefore, the measurement of the material’s displacement do not result in a continuous curve. Despite 

this limitation, the displacement of the specimen’s surface in z-direction can be measured. Figure 6 and 

Figure 7 show the z-direction displacement of a point nearby the needle insertion for a pre-compacted 

60 mm specimen at 0.5 Hz and 1 Hz tufting frequencies. Negative values of displacement are related to 

needle insertion whereas the positive values are due to needle retraction from the specimen. Both 

diagrams consist of multiple individual curves, interrupted by areas for which no evaluable images are 

captured. Both diagrams suggest that the maximal absolute value of displacement occurs at the 

beginning of needle insertion. This value cannot be measured as the moment of the needle insertion and 

shortly after cannot be evaluated. However, the maximal measured displacement due to needle insertion 

is -1.88 mm at 1 Hz tufting frequency (Figure 6). For 0.5 Hz tufting frequency, the maximum measured 

displacement is equal to -2.99 mm (Figure 7). Moreover, the diagrams demonstrate that needle retraction 

induces an outwards displacement in the surface of the specimen. This does not return to its original 

position even after needle retraction is completed. The remaining displacement for the experiment at 

1 Hz is +0.33 mm, whereas at 0.5 Hz a residual displacement of 0.7 mm is measured. The diagrams 

imply that at a lower frequency a larger displacement in z-direction occurs. As the frequency decreases, 

the relative motion between the needle and the surrounding material decreases. Thus, the static friction 

effects outweigh the sliding friction effects. The frictional effects predominate the inertia of the masses 

of the surrounding material. This leads to a larger displacement of the surrounding material with 

decreasing tufting frequency. This behaviour is reversed for an increasing tufting frequency. 

 
Figure 6. Displacement in z-direction during 

penetration testing of a 60 mm specimen at 

1 Hz. 

 

 
Figure 7. Displacement in z-direction during 

penetration testing of a 60 mm specimen at 

0.5 Hz. 

4.  Conclusions and outlook 

This study investigated the penetration forces on the needle during unthreaded tufting of stacked layers 

of NCF with a total thickness up to 60 mm. The influence of the preforming process, the thickness of 

specimen and the tufting frequency on the penetration force were analyzed. The displacement of material 

in z-direction due to needle insertion and retraction was measured. The following conclusions can be 

drawn from this study: 

• The pre-compaction process leads to an increased needle penetration force within the tufting 

process as the activated binder and the stiffer material structure impede the motion of the needle 

within the specimen. The maximum force is higher for both needle insertion and retraction 

process. 

• The needle penetration force is not dependent on the tufting velocity, i.e. regardless of the 

frequency of tufting similar penetration forces were measured under otherwise same conditions. 

• A higher specimen’s thickness leads to a higher maximum penetration force as the needle travels 

a larger path in order to pierce through the material. This holds true for both needle insertion 

and retraction. However, the initial increase in the insertion force for specimens of all 

thicknesses occurs at the same slope. The slope of the needle retraction curves remains the same 

regardless of the specimen’s thickness. 

• A smaller tufting velocity results in a larger displacement in z-direction in an area nearby the 

needle insertion point. 
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The results of this study indicate the complex nature of the resistance forces that appear during tufting. 

A detailed investigation requires the simulation of the penetration forces. Future work will focus on 

creating a simulation model for a detailed study of penetration forces during tufting of particularly thick 

stacks of carbon fibre fabrics. 
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