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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction 

Short fibre reinforced polymer composites are being used 

more extensively in the automotive industry in load-bearing 

components. This is in part due to the relatively low cost of the 

material, the ease of manufacture and the ability of tailoring the 

material properties. It is also due to the current EU legislation 

that sets mandatory targets of CO2 emissions for car 

manufacturers [1].  

Field failure of this type of composite materials is mostly 

due to the cyclic loading conditions seen during duty cycle. In 

general terms, failure is a product of a statistical distribution of 

defects [2]. This is caused by a combination of different 

damage mechanisms [3], that lead to a steady degradation of 

the mechanical properties. Therefore, a deeper understanding 

of the fatigue response of this type of materials is needed if they 

are to be used safely and in a more efficient manner.  

The complex microstructure of this type of composites is 

one of the main challenges as far as the prediction of their 

fatigue life is concerned. A continuous variation of the fibre 

orientation distribution through the thickness of the part is 

indeed usually observed after the injection moulding process. 

This is clearly identified by a skin-shell-core structure; where 

fibres are, respectively, more randomly, longitudinally and 

transversally aligned with respect to the injection direction [4]. 

Furthermore, the fibre orientation distribution through the 

thickness also varies within the component as the flow, and 

therefore the alignment of fibres, is affected by the proximity 

to the mould�s side walls. In the end, this variation of fibre 

orientation translates into a highly anisotropic material 

response [5]. 
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Abstract 

This work presents an analysis of the effect of the fibre orientation distribution on the fatigue life of a 50wt% short glass-fibre reinforced nylon 

6,6 composite produced through injection moulding. A multi-stage modelling approach is proposed to predict the fatigue life of specimens cut at 

various locations in an injection-moulded plaque. Models for injection moulding, material properties prediction, stress distributions in cyclically 

loaded specimens and fatigue life calculations have been developed and validated by state-of-the-art experimental techniques. Computed 

tomography was used to characterise the variation of the fibre orientation at a reference location in the plaque, away from the mould�s side walls. 

3-D Digital Image Correlation was used to quantify full-field strain distributions during mechanical loading. Fatigue testing was performed to 

generate stress-life (S-N) curves of the material with different fibre orientation distributions. Results showed a highly anisotropic behaviour. 

Better material performance, in terms of strength, stiffness and fatigue resistance, was observed for specimens aligned with the injection direction. 

An effect of the proximity of the mould�s side walls on fibre alignment was observed with a tensile strength value 20% higher in comparison to 

that for specimens cut at the reference location. Predicted fatigue lives also improved with higher fibre alignment. Results of the fatigue model 

validation, at the reference location, showed good agreement between predictions and experimentation, in particular at intermediate lives where 

a difference of less than 10% was found. 
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The present work studies the effect of the injection moulding 

process on the fatigue behaviour of a short glass-fibre 

reinforced nylon 6,6 composite. This is done through a 

multistage modelling procedure aimed at predicting the fatigue 

life of the material under constant stress amplitude, while 

minimizing the amount of experimental data needed to 

calibrate and validate the model. Three different locations were 

analysed in an injection moulded plaque: a reference area away 

from the side walls of the mould, a location close to the mould�s 

side edges, and a region near the injection gate. The proposed 

modelling methodology covers the simulation of the injection 

moulding process, the prediction of the material mechanical 

properties, the calculation of stress distributions and the final 

fatigue life prediction. Finally, the modelling results are 

validated using state-of-the-art experimental techniques.      

2. Experimental work 

2.1. Material description 

The investigated composite is a nylon 6,6 matrix reinforced 

with 50wt% short glass-fibres, or PA66GF50. The material was 

supplied in the form of injection-moulded plaques 150 mm 

long x150 mm wide x 4 mm thick.  

A controlled region close to the centre of the plaque, called 

Reference, was used to fully characterise the anisotropic 

material properties (see Fig. 1). Dog bone shaped coupons were 

cut at 0° (longitudinally), 90° (transversally) and 45° with 

respect to the flow direction. Only one specimen was machined 

from each plaque and always at the same location to maintain, 

as much as possible, consistency in fibre distributions though 

the thickness of all specimens. Two other additional locations 

close to the injection gate and to the mould�s side edges were 

used to study the effect of the injection moulding process on 

the fatigue life of the composite. 0° Edge and 90° Edge oriented 

specimens were used for this purpose. Figure 1 shows the 

corresponding locations and orientations of the Reference and 

Edge specimens with respect to the injection flow direction. 

Additionally, the humidity content is known to significantly 

affect the mechanical response of nylon-based plastics [6]. To 

this effect, and to ensure replicability of the results, the material 

was brought up to an equivalent humidity level of 23°C and 

50%R.H prior to mechanical testing [7]. This translated into a 

1 to 1.4% weight of water. The process was done by first drying 

out the specimens, and then submerging them into a warm-

water bath at 55°C. Weight measurements were taken every 24 

hrs. Testing was carried out soon after conditioning to reduce 

the interaction with the atmosphere which could result in loss 

of water.    

2.2. Experimental program 

The experimental work started with the characterisation of 

the material response under quasi-static tensile conditions for 

all specimens� orientations. Tensile testing was done using a 

25kN rated electromechanical Universal Testing Machine, 

under displacement-controlled conditions at a rate of 2 

mm/min. Optical-based digital image correlation (DIC) was 

used during tensile testing to measure the strain-field evolution 

at the surface of the specimens. A Correlated Solutions 3D DIC 

system [8] was used , consisting of two 5 megapixel cameras 

set at an acquisition rate of one image every 100 milliseconds. 

The measured strain resolution was 0.01%, with a minimum 

subset size of 164 m x 164 m and a distance between subset 

centres (step size) of 19 m.    

Fatigue testing was carried out using a 12.5kN rated servo-

hydraulic machine with a MOOG SmartTest ONE controller. 

Testing frequency was set to 5Hz under force-controlled 

conditions. Three different stress levels and a stress ratio of 

zero (R=0) were used for these tests. A cut-off limit of 106 

cycles was set as a fatigue limit. A MTS alignment system was 

used to minimize the effect of misalignment on the material 

response. Finally, all testing was conducted at room 

temperature.  

 

Figure 1 Positions and orientations for Reference and Edge testing specimens.  

3. Modelling procedure 

3.1. Injection moulding and fibre orientation 

The modelling procedure started with the simulation of the 

injection-moulding process using Autodesk Moldflow [9]. The 

material�s fibre orientation distribution throughout the plaque 

was predicted in terms of a second order orientation tensor 

using the Folgar-Tucker fibre orientation model [10]. This 

tensor is derived from a probability distribution function [11], 

and represents the probability of fibre alignment along a 

specific direction. The properties of this tensor are such that the 

diagonal terms have to be positive and their summation must 

be equal to 1. Figure 2 shows the results of the injection 

moulding simulation in terms of the fibre orientation tensor 

component along the injection direction, or a11. High values (in 

red) represent fibres more locally aligned with the flow 

direction. It can be seen from these results that the Reference 

location corresponds to a uniform region of fibre orientation 

mostly aligned with the injection flow direction on the top 

surface of the plaque, and this region was therefore selected to 

locate the gauge area of the specimens. Significant variations 

in orientations are observed both in the vicinity of the injection 

gate, with mid-range fibre orientation values and near the 

mould�s side edges, where alignment with the flow direction is 

the highest. These two locations were therefore selected to 

study the effect of proximity with the mould�s side walls on the 

materials� mechanical response.  
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3.2. Stress analysis 

First, a 3D structural finite element mesh of the coupons� 

geometry was created in Abaqus [12], using reduced 

integration brick elements with only one Gauss point. The 

orientation tensor results, from the injection moulding 

simulation, were then mapped onto the structural mesh via a 

Node-to-Integration point procedure using Digimat [13]. This 

was first done by superposing the coupon�s mesh to the 

plaque�s mesh. The orientation data from the nodes of the 

plaque�s mesh were then mapped onto the structural mesh�s 

integration points via an interpolation procedure. A 

convergence study was carried out to select the optimal number 

of finite elements needed to correctly capture the variation of 

the fibre orientation tensor through the thickness, with no 

significant loss of information during the mapping process, 

while ensuring reasonable computing times. A mesh with 50 

elements through the thickness was therefore applied. 

 

Figure 2  a11 fibre orientation tensor component results at the surface of the 

plaque. 

 The material properties were calculated using the Mori-

Tanaka (M-T) mean-field-homogenization theory using 

Digimat [13]. This was done through a multi-step 

homogenization method. The implementation was based on 

dividing each element in the mesh into several �grains� with 

similar fibre orientations. Afterwards, the M-T model was 

applied to calculate homogeneous material properties for each 

�grain�. This allowed to obtain local properties for each 

element. The material model was first calibrated using PA66 

properties for the matrix, obtained from the CAMPUS data 

base [14]. Textbook elastic properties for type-E glass fibres 

were used for the reinforcement [15]. This initial material 

model showed lower levels of strain than the ones measured 

under tensile testing. Therefore, further refinement was 

obtained via reverse engineering using experimental data for 

0°, 45° and 90° Reference specimens. After calibration of the 

model (see Figure 7 in results section), elasto-plastic properties 

were obtained and used as material input for Abaqus to conduct 

the stress analysis.   

To assess the accuracy of the analysis, computed strain 

results were compared against the DIC strain-field 

measurements for both the coupon�s main and thickness 

surfaces. Figure 3 shows examples of this comparison for the 

tensile strain and the maximum principal strain components of 

a 0° Reference and a 90° Edge specimens, respectively. Strain 

distributions for both FEA predictions and DIC measurements 

show a clear strain heterogeneity with localization of 

deformation at the corners of the gauge length area (through-

thickness view), and at the centre of the main surface (main 

surface view). In Figure 3a comparable strain levels are 

observed in the central region (in green), where DIC 

measurements show strain values about 5% higher than in the 

FEA prediction. However, the DIC measurements show 

hotspots with strain values 27% higher than those in the FEA 

results at the same location. In the FE model shown in Figure 

3b, strain values are approximately 14% higher in the region at 

the centre of the gauge area in comparison to the DIC results. 

Despite these differences, these comparisons show that, for 

both surfaces, the structural model is capturing the non-

homogenous strain distributions expected for this type of 

composites. This heterogeneous behaviour was also observed 

for all other specimens� orientations.  

3.3. Fatigue analysis 

The fatigue modelling was carried out using nCode Design 

life [16]. The fibre orientation tensor results obtained with 

Moldflow and stress distributions computed with Abaqus, 

together with experimental Stress-Life data for the 0° and 90° 

Reference specimens, were used to calibrate the fatigue model. 

This was done by using an iterative procedure to reverse 

engineer S-N curves for fully-aligned longitudinal (along the 

flow direction), and fully-aligned transversal fibre oriented 

composites. The Maximum Absolute Principal Stress was used 

as stress combination method for the fatigue calculation. This 

model was validated using experimental S-N data for 45° 

Reference specimens. The validated model at the Reference 

location was then used to assess the effect of the injection 

moulding process, especially the effect caused by the proximity 

of the side walls, by calculating the fatigue life for both Edge 

specimens at different stress levels.   

 

 

Figure 3 Strain fields comparison for: a) 0° specimen�s Tensile Strain through 

the thickness at 1.6kN; and b) 90°Edge specimen�s Max. Principal Strain at 

3.5kN on the top main surface. FEA (left) and DIC (right). 
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4. Results and discussion 

4.1. Experimental results 

The recorded stress-strain curves corresponding to the 

Reference and Edge specimens are shown in Figure 4. It can be 

seen that the tensile behaviour of PA66GF50 shows a clear 

anisotropic response. At the Reference location, the 0° 

specimen shows a significant higher stiffness and tensile 

strength, but also a reduced strain-at-break. The results also 

show that the curves for 45° and 90° Reference specimens lay 

very close to each other, with no apparent difference in terms 

of material stiffness. However, the 45° specimen shows a 

significant larger strain-at-break in comparison to all other 

orientations, with a strain value approximately 33% higher than 

that for the 90° Reference specimen. Similar behaviour has 

been reported for other polyamide composites in the past [17].  

A clear effect of the proximity to the mould�s side walls in 

the injection moulding process is also seen for the 0° Edge 

specimen, showing a higher stress-at-break, despite similar 

strain levels to those seen at the Reference location for the 0o 

specimen. This result could be explained by the higher 

proportion of fibres aligned with the injection flow direction 

near the mould�s side edges as seen in Figure 2. In contrast, the 

90° Edge specimen shows no significant difference with 

respect to the 90° and 45° Reference specimens, in terms of 

material stiffness. A slightly larger strain-at-break was 

observed for this coupon in comparison to the 90° Reference 

specimen..  

Experimental fatigue results in the form of Stress-Life (S-

N) curves are shown in Figure 5 for the three different 

Reference specimen orientations. The effect of the anisotropic 

fibre distribution in the overall composite�s fatigue 

performance can be seen. Coupons aligned with the injection 

flow direction (0° Reference) show a significantly higher 

fatigue life in comparison to the other two orientations. Low 

scatter between repeats was also observed on these specimens. 

Additionally, 45° Reference specimens show a relatively 

higher fatigue life compared to those for the 90° Reference 

samples. This was in line with the higher toughness response 

observed for these coupons under quasi-static tensile 

conditions. Similar behaviour for PA66GF50 has been 

observed in the past [18]. 

4.2. Modelling results 

The results from the injection moulding simulation in the 

form of the a11 tensor component are shown in Figure 6. These 

results are compared to computed tomography (CT) 

measurements taken at the Reference location using a phoenix 

nanotom nanoCT scanner. Good agreement with experimental 

values is obtained at the Reference location, for the skin and 

shell layers with a maximum difference of 5% between the 

predictions and the measurements. A larger difference is seen 

for the core layer, where the CT data show a 46% smaller tensor 

component value compared to that of the simulation result at 

the Reference location. This is a well-known weakness of the 

pure F-T flow model. This dissimilarity has been observed to 

be independent of the material thickness and flow [19]. A very 

close correlation between the Reference location and the 90° 

Edge predictions is also seen, with a slight difference at the 

centre of the plaque and at the surface. In contrast, the 

prediction for 0° Edge shows very little change in terms of fibre 

orientation, with an almost constant value through the 

thickness.  

Good agreement was also obtained between the 

experimental Stress-Strain curves and the predicted material 

response, as shown in Figure 7. No significant difference was 

seen between the 45°, 90° Reference and 90° Edge samples, 

with a close overlapping of the experimental data and the 

predicted results. A divergence was observed between 0° 

Reference and 0° Edge samples around 50 to 60MPa, where the 

material model predicted larger strains than those seen in the 

experimental results. This is close to the calculated 0.2% Yield 

strength values for 0° Reference and 0° Edge samples, 47MPa 

and 55MPa respectively. This suggests that the material model 

under-estimates strain hardening for specimens more aligned 

with the flow direction, where the reinforcement could have 

had a higher effect on the material response than the resin.  

 

Figure 4 Experimental Stress-Strain curves for PA66GF50 at different 

locations and orientations. 

 

Figure 5 Experimental Stress-Life (S-N) curves for PA66GF50 at R=0. 
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Figure 6 Orientation tensor comparison between Moldflow prediction and 

computed tomography (CT) measurements.   

 

Figure 7 Stress-Strain curves comparison between experimentation and 

prediction (FEA). Material model calibrated using Reference 0°, 90° and 45° 

specimens. 

Predicted reverse-engineered fully-aligned fatigue curves 

are shown in Figure 8. The 0° fully-aligned curve shows a 

higher fatigue life than the rest of the data, Edge specimens 

included. In contrast, the 90° reverse-engineered fully-aligned 

curve shows the lowest fatigue life. Predicted fatigue lives for 

90° Edge specimens were close to the experimental results for 

the 90° Reference coupons, with no clear difference between 

the two locations in the plaque. Predicted 0° Edge specimen 

results showed better fatigue performance than 0° Reference 

specimens. This suggests a positive effect with the 

reinforcement more consistently aligned with the flow 

direction, as shown in Figure 6.  

Finally, the validation of the fatigue model at the Reference 

location is shown in Figure 9. Predicted lives for 45° Reference 

specimens shows very good agreement with the Experimental 

data, with less than 10% difference at intermediate lives.  

5. Conclusions  

This work proposed a multi-stage model methodology for 

the fatigue prediction of short fibre reinforced polymers 

capable of producing reliable results, while requiring a 

minimum amount of experimentation. The fatigue life of 

PA66GF50 was found to be highly dependent on the fibre 

orientation distribution generated during the injection 

moulding process.  

 

Figure 8 S-N curve comparison between experimental results and life 

predictions for Reference and Edge specimens. 

 

Figure 9 Fatigue results for 45° Reference specimens.  

Modelling results showed sensible predictions for the 

injection moulding simulation and for the stress analyses, 

capturing the heterogeneous behaviour typical of this type of 

composites. CT measurements taken at the reference location 

showed that the model estimated a more random distribution of 

the fibres in the core region. The comparison of strains fields 

between FEA and DIC results showed a clear heterogeneous 

response. Localization of strain was seen in the DIC results in 

the form of hotspots through the thickness and main surface of 

the samples. Despite some differences between computed and 

experimental strain values which might arise, in part, from 

errors propagated from Moldflow simulations, fatigue 

prediction has been shown to be very close to the experimental 

fatigue lives.  

    Additionally, the injection moulding process seemed to 

have an effect on both: the tensile and fatigue performance of 

this type of composites. The fibre alignment was influenced by 

the closeness to the mould�s side edges with an almost constant 

fibre orientation through the thickness. This effect translated 

into overall higher tensile strengths and higher predicted 

fatigue lives than for the Reference location. In contrast, the 
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material performance of specimens taken from regions close to 

the injection gate showed no significant difference with respect 

to Reference location specimens.  

This work has shown that both the tensile and fatigue 

properties of these composites vary with the location in 

injection-moulded parts. The multi-stage modelling approach 

developed in this work, which takes into account the effect 

local fibre orientations, has shown very promising results. 

Further validation is, however, needed by conducting 

additional tests, especially under more complex loading 

conditions to demonstrate the performance of the model for 

automotive applications. 
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