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WAVINESS AND FIBER VOLUME CONTENT ANALYSIS IN CONTINUOUS CARBON FIBER REINFORCED PLASTICS MADE BY TAILORED 
FIBER PLACEMENT 

Kai Uhlig*, Lars Bittrich†, Axel Spickenheuer‡, José Humberto S. Almeida Jr.§ 

Leibniz-Institut für Polymerforschung Dresden e.V., Hohe Straße 6, 01309 Dresden, Germany 

________________________________________________________________________________ 

Abstract 

In this paper, the influence of Tailored Fiber Placement (TFP) processing-related parameters on in-

plane waviness and fiber volume content of unidirectional carbon fiber reinforced plastic (UD-

CFRP) composites is experimentally investigated. Twelve UD-CFRP laminates, whose preform is 

produced via TFP, is manufactured by considering different values of stitch width, stitch distance 

and stitch sequence, besides two different stitching yarn types are manufactured by resin transfer 

molding (RTM). The investigated TFP parameters are representative of the producing capability of 

a typical TFP machine. Based on calibrated high-resolution photographic images and manual 

recognition of the roving orientation on the laminate surface, the in-plane waviness is qualitatively 

and quantitatively measured using Fourier analysis. With this approach, the major waviness, in-

plane wavelengths, and amplitudes of different stitching parameters can be evaluated. Both mean 

fiber volume content within the roving (�̅�𝑅) and within the TFP layer (�̅�𝑇𝐹𝑃) are determined 

through optical micrographs of the produced laminates. Experimental results reveal that waviness, 

�̅�𝑅 and �̅�𝑇𝐹𝑃 are strongly dependent on TFP process parameters. In particular, the stitch width 

plays a major role on both �̅�𝑅 and �̅�𝑇𝐹𝑃, whereas the stitch distance is less relevant. Waviness 

analysis showed that the wavelength of dominant waviness corresponds to twice the value of the 

stitch width. 

Keywords: Waviness; Fiber volume content; Tailored Fiber Placement. 

________________________________________________________________________________ 

1. Introduction 

Due to their high specific strength and stiffness, continuous CFRP are increasingly used in 

structural lightweight components. There are several manufacturing techniques to produce 

advanced composite laminates and structures. Usually, CFRP structures are manufactured by 

stacking unidirectional layers with several fiber angles to attain a quasi-isotropic behavior. In 

certain applications with few dominant load cases, such conventional laminates do not fully exploit 

the potential of highly orthotropic CFRP materials and the cut off waste is relatively high. To 

overcome these issues, fiber placement technologies might be a solution [1].  

For the production of load-adapted fiber path, allowing the deposition of curvilinear fibers, TFP 

process is a suitable textile technology [2]. TFP is an embroidery-based preform manufacturing 

technique that allows a flexible orientation of any fiber roving (e.g. carbon, glass, aramid). As 

shown in Figure 1, a continuous roving is placed along programmable curves within the plane (2D) 

and fixated by a stitching yarn onto a flat textile base material using a double locked stitch in a zig-

zag stitch pattern. The roving is deposited following a pre-defined path by rotating the roving pipe 

and moving the base material in two perpendicular directions [3]. The application of TFP 

technology for composite materials has been studied by Mattheij et al. [2], who experimentally 

investigated TFP process for producing curvilinear fiber patterns. The application of TFP to 
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produce open-hole tension plates with curvilinear fiber pattern was also investigated by Crothers et 

al. [4], Gliesche et al. [5], Temmen et al. [6] and Aschenbrenner et al. [7]. Spickenheuer et al. [8] 

developed a design tool to numerically derive fiber paths along principal stress directions [9]. Uhlig 

et al. developed a TFP-based rotor blade to achieve higher rotational frequencies than conventional 

designs [1]. Spickenheuer et al. [10], [11] and Albers et al. [12] combined topology optimization 

with an appropriate fiber design for producing TFP-based structures. 

In fact, TFP is well suited for producing variable-axial (VA) composites (also known as variable-

stiffness and variable angle-tow composites). Fundamental research on optimization methods for 

designing VA composites has been carried out by Montemurro et al. [13], [14], [15]. A review on 

design and manufacturing of VA laminates was performed by Lozano et al. [16]. This review is 

mainly focused on Automated Fiber Placement (AFP) manufacturing process, nevertheless TFP is 

mentioned as a suitable process to produce VA composites. Additionally, VA composites are well 

suited to improve the postbuckling behavior of composite plates [17], [18]. 

 

Figure 1: TFP principle [3]. 

Due to the presence of the stitching yarn and the placement process, the morphology of TFP-

based composites differ themselves from either UD prepreg or woven fabric. Both displacement 

volume of the stitching yarn and zig-zag stitch pattern cause fiber waviness (Figure 2). Furthermore, 

due to the added stitching yarn, the fiber volume content is not homogeneous and typically lower 

when compared to perfectly aligned unidirectional prepregs [3]. Taking into account the material 

behavior of a UD layer, in which both strength and stiffness are highly dependent on the fiber 

orientation, the induced waviness leads to a reduction on both stiffness and strength properties [19]. 

In TFP-based laminates, rovings are placed regularly gapless and with a slight overlap [3]. 

Furthermore, the stitching yarn of one roving regularly penetrates the neighboring roving [3]. Thus, 

a TFP-based layer consists of a resin infiltrated roving, a stitching yarn and resin-rich zones around 

the stitching yarn. The resulting morphology of a TFP-based laminate depends on roving type, 

stitching yarn type, roving path and subsequently the stitching yarn path, which is a function of the 

adjustable machine parameter stitch distance (𝑑𝑆) and stitch width (𝑤𝑆) (see Figure 3). Both roving 

distance 𝑑𝑅 and stitch sequence between two adjacent rovings constitute further variables affecting 

the resulting morphology [3]. 

Experimental methods to estimate waviness in prepreg-based laminates are, for example, 

described in [20]. Due to the placement process, different waviness are induced within the laminate 

and, therefore, the method was modified. Leipprand et al. [21] investigated the influence of of 𝑤𝑆 

and 𝑑𝑆 values on the fiber misalignment in UD laminates produced by TFP. Based on the 

morphology and waviness of the laminates determined in [21], Uhlig et al. [3] developed a 

representative volume element (RVE) for TFP-based laminates to evaluate the geometrical 

influence of the local fiber volume content on the stress and strain distribution under uniaxial tensile 

loading in the elastic regime. Leipprand et al. [21] investigated the influence of 𝑤𝑆 (3, 4 and 5 mm) 
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and 𝑑𝑆 on the waviness of TFP-based laminates. While giving fundamental information about the 

resulting morphology of TFP-based laminates, the investigated parameters did not exploit all 

manufacturing parameters possibilities of typical TFP devices. Furthermore, the effect of the stitch 

sequence of adjacent rovings on the morphology has not yet been investigated. In the present study, 

both issues are addressed to broaden the database regarding TFP process-induced effects on the in-

plane roving waviness and the resulting fiber volume content.  

 

 

Figure 2: Waviness formation of a roving during fiber placement via TFP. 

 

 

Figure 3: Description of the TFP parameter stitch distance 𝑑𝑆, stitch width 𝑤𝑆, roving distance 𝑑𝑅 

and stitch sequence between two adjacent rovings. 

 

In this scenario, UD TFP-based laminates with 12 different TFP parameter sets are manufactured 

in order to representatively illustrate the capabilities of typical TFP machines. This study aims at 

experimentally determining both in-plane waviness (wavelengths and amplitudes) and local fiber 

volume content within the TFP layer and within the roving for each processing parameter. 

2. Methodology 

Twelve different TFP-based laminates were produced by using an 800 tex Toho Tenax® HTS 

carbon fiber rovings; 10 tex Amann® Serafil polyester stitching yarn; 8 tex Polyester (PES) sewing 

yarn; paper (base material); and epoxy resin EPR L20 with curing agent EPH 161. After preform 

manufacturing via TFP, the laminates were produced using RTM [22] in a cavity with a constant 

thickness of 1 mm. The manufacturing conditions were identical to the laminates produced by 

Leipprand et al. [21]. Compared to the laminates investigated in [21], the laminates in this study 

vary regarding their stitch width 𝑤𝑆 (1, 2, 4 and 10 mm) and stitch sequence (same, alternating and 

random). Additionally, to determine the effect of a thinner stitching yarn, an 8 tex Polyester (PES) 

sewing yarn was used in one laminate configuration (setup 2). All manufactured laminate 
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configurations and their specifications are shown in Table 1. Setup 1 (see Table 1) is herein 

considered as the baseline configuration and all further setups vary in relation to Setup 1, in which 

the variation is highlighted in bold letters in Table 1. 

 

Table 1: TFP parameter of the investigated laminates 

Setup 
Sewing yarn 

[g/km] 

Stitch distance 𝒅𝑺 

[mm] 

Stitch width 𝒘𝑺 

[mm] 

Stitch 

position 

1 
 

10  3.2 4 uniform 

2 
 

8  3.2 4 uniform 

3 
 

10  3.2 1 uniform 

4 
 

10  3.2 2 uniform 

5 
 

10  3.2 10 uniform 

6 
 

10  2.8 4 uniform 

7 
 

10  4.6 4 uniform 

8 
 

10  3.2 1 alternating 

9 
 

10  3.2 4 alternating 

10 
 

10  2.8 4 alternating 

11 
 

10  4.6 4 alternating 

12 
 

10  3.2 variable random 

 

Images of each setup is shown in Table 1, whose illustrates the differences in the stitching yarn 

path. The objective is to determine �̅�𝑅 and �̅�𝑇𝐹𝑃, as well as the in-plane waviness. Each laminate 

consists of two TFP preforms placed one on top each other to ensure symmetry with relation to the 

thickness mid-plane. Besides, the symmetric laminates consist of two layers, besides base material 

and stitching yarn, which fixates rovings placed onto base material (see cross-section micrograph in 

Figure 4). Once all plates were produced in a cavity with constant thickness and using a constant 

roving distance (𝑑𝑅 = 2.3 mm), different TFP parameters lead to a different amount of stitching 

yarn in the laminate. The higher the amount of stitching yarn, the lower the residual volume of 

filaments in the roving, which leads to higher fiber volume contents. Due to the specific 

morphology of TFP-based composites, �̅�𝑅 is usually higher than �̅�𝑇𝐹𝑃. Both fiber volume contents 

have been determined in micro-sections of the produced laminates. Therefore, from each 

configuration, 15 mm-wide strips were cut in parallel to the roving direction. Subsequently, a 15 
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mm-wide sample was cut from these strips to prepare the micro-sections of each configuration. For 

each configuration, one cross-section at the position marked in Figure 4 was prepared.  

 

Figure 4: Position of the micrograph section. 

For preparing the cross-section micrographs, the samples were embedded in epoxy resin. After 

curing, the polished micrographs were prepared using a semi-automatic grinding and polishing 

process (two step grinding, grain size of P320 and P2500, three step polishing with 9 µm, 3 µm, 

0.05 µm diamond suspension). For each micrograph, an overview image was taken using a Keyence 

VHX digital microscope in 200× magnification. Because of the size of the samples, the images of 

all samples were created using several sub-images. 

For the determination of the fiber volume contents, two different methods based on the 

microscopic images were used. First, the average fiber volume content within the complete roving 

was determined based on digital image processing. Second, the average fiber volume within the 

TFP layer was determined based on the local layer thickness. Each method is described in detail in 

the following Sub-sections. 

2.1. Mean fiber volume content within the roving (�̅�𝑹) 

To determine �̅�𝑅, the cross-sectional area of the roving was selected. Due to the fact that the 

filaments in the micrograph are brighter than the surrounding matrix, the brightness filter function 

can be used to automatically detect roving areas and distinguish them from the surrounding matrix 

(see Figure 5).  

 

Figure 5: Cross section micrograph of a TFP CFRP UD laminate with red marked area of a single roving for 

the determination of the average fiber volume content within the roving. 

In order to select not only the individual filaments, it is necessary to adjust the filter settings 

accordingly. Since the cross-sectional area of all filaments in the roving is known (AR= 0.452 mm²), 

by dividing the cross-sectional area of all filaments with the detected roving area (including resin), 

the average φ̅R can then be determined. In each laminate configuration φ̅R was determined in 5 

rovings. 
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2.2. Mean fiber volume content within the TFP layer (�̅�𝑻𝑭𝑷) 

The TFP layer contains the resin, upper thread and resin-rich zones around the upper thread. 

Thus, the mean 𝜑 of the complete layer is lower than within the roving. For the determination of 

�̅�𝑇𝐹𝑃, the thickness 𝑡𝑇𝐹𝑃 was measured in the cross-sectional micrograph at five measuring points 

(see Figure 6) and the mean value was calculated.  

 

Figure 6: Cross-section of a particular sample with 𝑡𝑇𝐹𝑃 (no. 1-5, no 6-10 reflects the measured thickness of 

the base material including the lower thread). 

In all laminates, the roving distance 𝑑𝑅 was constant (𝑑𝑅= 2.3 mm). With the known value of the 

bulk cross-sectional area of one roving (𝐴𝑅= 0.452 mm²), �̅�𝑇𝐹𝑃 can be calculated via 

�̅�𝑇𝐹𝑃 =  
𝐴𝑅

 𝑑𝑅
∙

1

𝑡𝑇𝐹𝑃
 .     (1) 

2.3. Fiber waviness determination 

After the fiber volume content determination, the waviness in the placement plane ("in-plane") is 

determined. Based on calibrated high resolution photographic images (see an example in Figure 7), 

the roving path can be extracted by successive orientation evaluation in areas where the full 

orientation information is available.  

 
Figure 7: High resolution image of a TFP specimen placed on a grid for picture rectification. 

Before determining the roving path, it is necessary to align the captured image to a known 

reference scale. Although the camera is positioned perpendicular to the surface of the sample using 

a spirit level, this does not guarantee perfect alignment within pixel accuracy. Furthermore, each 

lens has a certain distortion. The images were taken with a 36 megapixel 35 mm camera (Nikon 

D800) with a 100 mm macro lens (Tokina AF 100 mm f/2.8 AT-X Pro D macro (FX)). A Python 

script was developed for the automatic image correction. For this purpose, each sample was 

positioned on a rectangular pattern (pattern size 48 mm × 72 mm) consisting of squares with a 

defined line length of 4 mm. The crossing points were recognized by the image processing script. 

The grid of crossing points forms a reference scale to calculate the perspective, orientation and lens 

distortions. Using this information, the image can be resampled with constant pixel-scale and 

corrected perspective, orientation and distortions removed. After image correction, the roving path 

was tracked along the roving edge and polylines were created (see Figure 8). In zones where the 

stitching yarn is on top of the roving, the roving path was partially extrapolated. As a last step, a 

reference direction must be defined in order to specify the roving path in a respective coordinate 

system. As a reference direction, the top edge of the TFP sample was chosen. This choice provides 

a good compromise for all measured polylines. Errors in this orientation will reflect in the later 
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Fourier analysis as additional saw-tooth components. All polylines are rotated by this direction and 

the positions perpendicular to the new 𝑥-axis is used for further analysis. The resulting polylines of 

one sample are shown in the upper diagram in Figure 8. In each specimen, at least 3 polylines are 

created to reduce the random errors caused by manual tracking. 

 

Figure 8: Representation of a polygon and its waviness for the determination of amplitude and frequency. 

Based on this data, a Fourier analysis is performed. To apply a discrete Fourier transform, a 

uniform resampling of the polyline data in the interval of  (𝑥0, 𝑥0 + 𝐿) is needed. This is carried out 

by a cubic interpolation of the polyline data evaluated at equidistant intervals. The uniformly 

sampled data 𝑦(𝑥0 + 𝑛 𝑁⁄ ∙ 𝐿) is transformed by a discrete Fourier transform: 

𝑌(𝑘) = ∑ 𝑦 (𝑥0 +
𝑛

𝑁
𝐿) ∙ 𝑒−𝑖2𝜋

𝑛𝑘

𝑁

𝑁−1

𝑛=0
 .   (2) 

With this approach, the waviness, in-plane wavelengths (𝜔𝑅 (𝑘) =  𝐿 𝑘)⁄  and amplitudes (𝑎𝑅(𝑘) =

|𝑌(𝑘)| 𝑁⁄ ) for different stitching parameters can be determined. From the resulting wavelength 

spectrum (see bottom diagram in Figure 8), certain wavelength values can be chosen by their 

amplitude 𝑎𝑅, and the corresponding curve is displayed in the middle diagram (red line). 

Additionally, the middle diagram shows the original polyline (green dots), the resampled curve of 

the polyline (blue line) as well as the frequency filtered interpolated data (magenta). The filtered 

frequency version contains all wavelengths up to the selected one, representing a low pass filtered 

version of the polyline. The discrete Fourier analysis implicitly contains a periodic continuation of 

the measured data, which leads to boundary effects with particularly large deviations for this 

implied jump function. To minimize this effect, long measurement intervals are selected. 
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3. Results and discussion 

3.1. Influence of different TFP parameter on the fiber volume content  

Table 2 presents �̅�𝑅 (including the deviation of the maximum and minimum values determined 

from �̅�𝑅) and �̅�𝑇𝐹𝑃 for each configuration. Additionally, cross-sectional micrographs of each 

sample are included. In general, �̅�𝑅 varies between 0.62 and 0.72, whereas �̅�𝑇𝐹𝑃 varies between 

0.48 and 0.57. For the determination of  �̅�𝑅, it was measured in the cross-sectional micrographs of 

each configuration (see Figure 6, each individual roving can be clearly distinguished from its 

neighbor). 

Table 2: �̅�𝑅 �̅�𝑇𝐹𝑃 and SP for the 12 configurations herein analyzed. 

Configuration 𝒘𝑺 [mm]; 𝒅𝑺 [mm]; SP �̅�𝑹 �̅�𝑻𝑭𝑷 

1 
 

𝑤𝑆 = 4, 𝑑𝑆 = 3.2 

SP = uniform 
0.67−0.04

+0.04
 0.54 

2 
 

similar to configuration 1, but with thinner 

stitching yarn 
0.62−0.04

+0.04
 0.51 

3 
 

𝑤𝑆 = 1, 𝑑𝑆 = 3.2,  

SP = uniform 
0.72−0.02

+0.03
 0.57 

4 
 

𝑤𝑆 = 2, 𝑑𝑆 = 3.2,  

SP = uniform 
0.68−0.04

+0.04
 0.56 

5 
 

𝑤𝑆 = 10, 𝑑𝑆 = 3.2,  

SP = uniform 
unmeasurable 0.53 

6 
 

𝑤𝑆 = 4, 𝑑𝑆 = 2.8, 

SP = uniform 
0.66−0.01

+0.00
 0.48 

7 
 

𝑤𝑆 = 4, 𝑑𝑆 = 4.6, 

SP = uniform 
0.67−0.01

+0.01
 0.53 

8 
 

𝑤𝑆 = 1, 𝑑𝑆 = 3.2, 

SP = alternating 
0.70−0.02

+0.03
 0.56 

9 
 

𝑤𝑆 = 4, 𝑑𝑆 = 3.2, 

SP = alternating 
0.60−0.02

+0.02
 0.49 

10 
 

𝑤𝑆 = 4, 𝑑𝑆 = 2.8, 

SP = alternating 
0.65−0.01

+0.01
 0.50 

11 
 

𝑤𝑆 = 4, 𝑑𝑆 = 4.6, 

SP = alternating 
unmeasurable 0.53 

12 
 

𝑤𝑆 = variable, 𝑑𝑆 = 3.2  

SP = random 
0.62−0.03

+0.04
 0.51 

 

The use of a thin stitching yarn (configuration 2) leads to a lower displacement volume of the 

stitching yarn compared to the laminate made with standard yarn (configuration 1). Due to the 

constant laminate thickness (1 mm) and an identical roving distance in each laminate, a lower 

amount of stitching yarn means more residual volume for the resin, and thus lower fiber volume 

content within both roving and TFP layer. While there is a visible positive effect to lower the 

inhomogeneity within the laminate when using a thinner stitching yarn, during the placement 

process failure of some yarns very often occurs. When the cross-sectional images are compared, it 

becomes apparent that the thickness of the TFP layer of the configuration 3 (𝑤𝑆 = 1 mm, same stitch 

sequence) varies significantly. The base material layer (including the lower thread) is sinusoidal 

wave-shaped. A slight lateral offset of the TFP preforms positioned symmetrically above each other 

leads to the sinusoidal wave-shape. Due to the high stitching yarn density and the stitch sequence 
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used, there is less space available for the roving. In the laminates with higher stitch width values 

(𝑤𝑆 > 2 mm), the displacement volume of the stitching yarn leads to matrix filled sinusoidal shaped 

pockets, oriented in the placement direction. When the stitch width is lower, due to the stiffness of 

the filaments going through resin rich zones at the stitches are formed between adjacent rovings, 

which reduces the stitching yarn induced in-plane waviness but increases the local fiber volume 

content within the roving. Thus, �̅�𝑅 and �̅�𝑇𝐹𝑃 present the highest values for the configuration 3. In 

configuration 8 (same 𝑤𝑆 but alternating stitch sequence), due to the stitch sequence, adjacent 

rovings almost share the same stitch position (the needle penetrates almost the identical hole twice). 

Thus, the number of resin pockets is lower and then both �̅�𝑅 and �̅�𝑇𝐹𝑃 are lower compared to 

configuration 3. Furthermore, the lateral offset of the TFP preforms symmetrically positioned above 

each other in configuration 8 was lower than in configuration 3. This leads to a repeating hourglass 

shaped thickness distribution of the base material. In configuration 4, there is also a slight lateral 

offset of the TFP preforms symmetrically positioned above each other and the base material layer is 

also sinusoidal wave-shaped, but at a lower extend compared to configuration 3 (𝑤𝑆 = 2 mm, same 

stitch sequence). When the stitch width increases, both �̅�𝑅 and �̅�𝑇𝐹𝑃 decrease (see Figure 9). 

 

Figure 9: Influence of the stitch width 𝑤𝑆 on �̅�𝑅 and �̅�𝑇𝐹𝑃 (𝑑𝑆 = 3.2 mm, 𝑑𝑅 = 2.3 mm). 

For a stitch width 𝑤𝑆 of 10 mm, there is no sharp boarder between two adjacent rovings 

detectable. Thus, �̅�𝑅 could not be determined for configuration 5. Compared to configuration 1, a 

reduction (configuration 6) or increase (configuration 7) on the stitch distance leads to a reduction 

(configuration 6) or increase (configuration 7) on the length of the stitching yarn and, hence, on the 

displacement volume by the stitching yarn in the laminate (see Figure 10). 

Compared to the reference laminate (configuration 1, 𝑑𝑆 = 3.2 mm), very similar �̅�𝑅 and smaller 

�̅�𝑇𝐹𝑃 values have been found for smaller 𝑑𝑆 values (e.g. 𝑑𝑆 = 2.8 mm, configuration 6). Despite the 

increased amount of stitching yarn at a 𝑑𝑆 value of 4.6 mm (configuration 7), no change in �̅�𝑅 and 

�̅�𝑇𝐹𝑃 have been identified when compared to the baseline. It is worth mentioning that �̅�𝑇𝐹𝑃 was 

determined based on the measurement of the layer thickness at 5 points, and particularly in the case 

of wavy layers, this leads to uncertainties. When determining �̅�𝑅, it cannot be guaranteed that all 

filaments of a roving are captured. When an alternating stitch sequence is applied (configurations 9 

- 11), smaller values of �̅�𝑇𝐹𝑃 and �̅�𝑅 are achieved if compared to their respective configurations 
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with uniform stitch sequence (configurations 1, 6 and 7). Especially for configurations 8, 9 and 10, 

adjacent rovings almost share the same stitch positions. An increase in the stitch yarn quantity, 

either due to an increase in the stitch width or stitch width, leads to an increase in both �̅�𝑅 and 

�̅�𝑇𝐹𝑃. If the stitch positions of adjacent rovings meet in the case of an alternating stitch sequence, 

the sewing threads share a puncture point and �̅�𝑅 and �̅�𝑇𝐹𝑃 are lower when compared to a 

simultaneous stitch sequence. 

 

Figure 10: Influence of stitch distance 𝑑𝑆 on �̅�𝑅 and �̅�𝑇𝐹𝑃 (𝑤𝑆 = 4 mm, 𝑑𝑅 = 2.3 mm). 

 

3.2.Influence of several TFP parameters on the in plane waviness 

With the method herein proposed, many different waves are extracted from the manually 

determined polylines along the roving edge. In Table 3, the most characteristic wave length values, 

respective amplitude values, and the resulting waviness are presented for each configuration. In 

addition, the used TFP parameters are included in Table 3. The dominant waviness in every 

configuration with a defined stitch width has a wavelength equal to twice the stitch width. Thus, 

these observations confirm the results found by Leipprand et al. [21]. This waviness is induced due 

to the applied zig-zag stitch pattern. While the wavelength values are independent from the stitch 

position and stitch distance, the determined amplitudes are not really independent from these 

parameters. 
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Table 3: Experimentally determined waviness data in the placement plane for each TFP parameter. 

Configuration 
Sewing 

yarn 

𝒅𝑺  

[mm] 

𝒘𝑺 
[mm] 

Stitch 

position 

Amplitude 

𝒂𝑹 

[mm] 

Wave length 

𝝎𝑹 

[mm] 

Waviness
𝒂𝑹 

𝝎𝑹
 

1 10 tex 3.2 4 uniform 0.037 8 0.0046 

2 8 tex 3.2 4 uniform 0.019 8 0.0024 

3 10 tex 3.2 1 uniform 0.008 2 0.0040 

4 10 tex 3.2 2 uniform 0.030 4 0.0075 

5 10 tex 3.2 10 uniform 0.034 20 0.0017 

6 10 tex 2.8 4 uniform 0.054 8 0.0068 

7 10 tex 4.6 4 uniform 0.032 8 0.0040 

8 10 tex 3.2 1 alternating 0.023 2 0.0115 

9 10 tex 3.2 4 alternating 0.025 8 0.0031 

10 10 tex 2.8 4 alternating 0.052 8 0.0065 

11 10 tex 4.6 4 alternating 0.026 8 0.0033 

12 10 tex 3.2 variable random 0.035 7.5 0.0044 

Figure 11 shows the influence of varying the stitch width 𝑤𝑆 on the roving amplitude 𝑎𝑅 (left 

diagram) and the roving waviness 
𝑎𝑅 

𝜔𝑅
 (right diagram). 

 

Figure 11: Influence of the stitch width 𝑤𝑆 on the roving amplitude 𝑎𝑅 (left diagram) and roving 

waviness 
𝑎𝑅 

𝜔𝑅
 (right diagram). 

For a stitch width of 1 mm, the amplitude is very low due to the stiffness of the roving and the 

subsequently existing continuous resin-rich zones. It should be noted that the diameter of the 

stitching yarn (10 tex) in the laminate is between 0.09 and 0.11 mm [3]. If the roving is deflected by 

the sewing thread geometrically, the amplitude corresponds to half the sewing thread diameter 

(0.045 – 0.055 mm). Except the configurations with a stitch distance of 2.8 mm, in all other 

configurations the amplitude values are lower than 0.045 mm. Compared to the configuration with a 

stitch width of 1 mm, increasing the stitch width 𝑤𝑆 to 2 mm leads to a considerably higher 

amplitude compared to the other explored configurations. A further increase of the stitch width to  
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4 mm increases the amplitude only slightly, whereas for a stitch width of 10 mm the amplitude 

decreases. Thus, when comparing the influence of the stitch width on the waviness, a stitch width of 

2 mm results in the largest and a stitch width of 10 mm results in the lowest waviness among the 

tested samples. The amplitude for a stitch width of 4 mm almost corresponds to the amplitude 

determined by Leipprand et al. [21] (identical TFP parameter set). For unidirectional roving 

placement an increase of the stitch distance leads to an increase of the waviness (Figure 12). As 

mentioned before, for a stitch distance 𝑑𝑆 of 2.8 mm, which is only 1.2 times higher than the roving 

distance 𝑑𝑅, the determined amplitude values are in the range of the stitching yarn diameter. 

However, it must be noted that in a curvilinear roving pattern the placement accuracy decreases 

with increasing the stitch distance. Furthermore the stitching yarn volume in the laminate increases 

and thus increasing the stitch distance is only beneficial when producing UD laminates.  

 

Figure 12: Influence of the stitch distance 𝑑𝑆 on the roving amplitude 𝑎𝑅 (left diagram) and roving waviness 
𝒂𝑹 

𝝎𝑹
 (right diagram). 

When an alternating stitch sequence is applied at a stitch distance 𝑑𝑆 of 3.2 and 4.6 mm, the 

determined roving waviness is lower compared to laminates with uniform stitch sequence (see 

Figure 13). At a stitch distance 𝑑𝑆 of 2.8 mm, there is no pronounced difference in the waviness 

between the two stitch sequences. The measured values have been determined at a stitch width 𝑤𝑆 

of 4 mm. When a stitch width 𝑤𝑆 of 1 mm and an alternating stitch pattern is used (configuration 8), 

the waviness is considerably higher compared to the laminate with a uniform stitch pattern 

(configuration 3). Essentially, configuration 8 has the highest waviness amongst all configurations. 

For a stitch width 𝑤𝑆 of 1 mm, the alternating stitch sequence prevents the development of the 

continuous matrix channels and thus increases the waviness compared to the uniform stitch 

sequence. 
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Figure 13: Influence of the stitch position and the stitch distance on the roving amplitude 𝑎𝑅 (left diagram) 

and roving waviness 
𝑎𝑅 

𝜔𝑅
 (right diagram). 

4. Conclusion 

This study presented an experimental procedure to evaluate quantitatively and qualitatively the in-

plane fiber waviness and the fiber volume content TFP-based unidirectional CFRP laminates. The 

preforms have been manufactured via TFP, followed by resin transfer molding (RTM), with 12 

different TFP parameters, which shows the producing capabilities of a typical TFP device. All 

laminates were produced in a cavity with constant thickness (1 mm) using a constant roving 

distance (𝑑𝑅 = 2.3 mm) and the TFP parameter stitch distance (𝑑𝑆 = 2.8, 3.2, 4.6 mm), stitch width 

(𝑤𝑆  = 1, 2, 4 and 10 mm) and the stitch position, as well as the stitching yarn were varied. The 

mean fiber volume content within the roving and the mean fiber volume content within the TFP 

layer were experimentally determined through non-destructive micrograph of the specimen cross-

section. In addition, this study was able to derive trends with regard to the influence of individual 

TFP parameters. The lower the stitch width and the higher stitch distance, the higher the local fiber 

volume content within both roving and TFP layer. An alternating stitch sequence leads to a lower 

displacement volume due to the stitching yarn when the stitch position of two adjacent roving share 

the same puncture position. Furthermore, a thinner stitching yarn leads to a lower local fiber volume 

content compared to standard stitching yarn materials when using identical TFP parameters.  

In addition, the in-plane waviness was analyzed and determined. Based on calibrated high 

resolution photographic images, the roving path was tracked along the roving edge and polylines 

were created. These polylines were analyzed qualitatively and quantitatively using Fourier analysis 

to determine dominate wave length and amplitude values for the chosen TFP parameters. The 

dominant waviness for each configuration had a wavelength twice the stitch width. Increasing the 

stitch width reduces the waviness, except for very small stitch widths. For a stitch width of 1 mm, 

continuous resin-rich zones were formed between adjacent stitch positions, which reduced the 

resulting in-plane waviness. Increasing the stitch distance reduces the waviness as well, but this 

effect is less pronounced compared to changing the stitch width. When an alternating stitch 

sequence was applied, the influence on the waviness was more dependent on both stitch width and 
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distance. A next step of this research involves numerical investigation using the finite element 

method regarding the fiber waviness. 
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