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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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Abstract 

The legacy of composite waste from manufacturing processes or end of life products is a growing and urgent challenge to be solved. An 
emerging idea is to incorporate composite recyclate in additive manufacturing. The focus of this work was to develop this capability and 
research the functional performance of additive manufactured parts through incorporating recyclate fibre in fused deposition modeling material. 
The research focused on additive manufacturing with virgin acrylonitrile butadiene styrene (ABS) and recyclate fibre reinforced ABS. The 
effect on tensile strength for different fibres (recycled by pyrolysis and mechanical process) was evaluated. Tensile test result showed an 
improvement by 43%, 49% and 69% when ABS was reinforced with mechanically recycled fibre, Pyrolysis recycled fibre and virgin carbon 
fibre respectively. The work identified the key potential for additive manufacturing to utilize recyclate and functional benefits as well as the 
areas for further scientific research. This is important for new innovations for use of composite recyclate to improve the functionality of 
additively manufactured parts. 
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1. Introduction 

Composite materials especially fibre reinforced polymers 
(FRP) have gained a wider application in automotive, 
aerospace, construction, infrastructure industries and 
renewable sources of energy such as wind energy. This is due 
to their higher strength to weight ratio. Globally, the demand 
of FRP has increased over the past few years. According to 
Composites Market Report 2018 [1], the world demand for 
Carbon Fibre Reinforced Polymers (CFRP)  increased from 
approximately 51 to 114 thousand tonnes from 2010 to 2017. 
For glass fibre reinforced polymers (GFRP), the demand 
increased from approximately 1,015 to 1,118 thousand tonnes 
from 2010 to 2017.The demand is expected to increase further 
in the near future. The increasing demand of FRP may result 
in an increase of waste at the end of life, therefore, there is a 
need to manage the waste, appropriately, to ensure the 

sustainability of materials. Several techniques of recycling 
composite waste materials have been reported in previous 
studies and some are summarized in Table 1. 
 

 
Nomenclature 

𝜎𝜎𝑢𝑢𝑢𝑢       Tensile strength of fibre reinforced polymer 
𝜎𝜎′𝑚𝑚      Tensile strength of matrix 
𝜎𝜎𝑢𝑢𝑢𝑢       Tensile strength of fibre 
𝑉𝑉𝑢𝑢         Fibre volume fraction 
𝑙𝑙𝑢𝑢          Critical fibre length 
d  Diameter of fibre 
𝜏𝜏𝑖𝑖          Interfacial shear strength 
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Table 1. Fibre reinforced polymers recycling methods 

Recycling technique Description Advantages Challenges 

Mechanical [2], [3] Size reduction and separation into powder and 
fibrous fraction 

 Available at industrial scale 

 No use of hazardous materials 

 Rough surface of fibre may provide 
mechanical interlocking when 
interacting with matrix 

 Only short fibres can be 
recovered 

 High residual resin content of 
47 % to 65 % [3] 

 

Pyrolysis [4]  Decomposition of organic part of composite 
materials using oven heating within inert 
atmosphere 

 Industrial scale available 

 High fibre strength retention [5] 

 Bi products recovered have potential 
to be used as energy source 

 Deposition of char on fibre 
surface [6] 

 

Microwave 
Pyrolysis [7], [8] 

Decomposition of matrix using microwave heating  High fibre strength retention 

 Low energy demand 

 

 Scaling up from laboratory 
scale 

 

Chemical [9] Solvents (water, alcohol and acid) used to break 
matrix bond at elevated temperature and pressure 

 Long fibres can be recovered 

 High strength retention 

 Scaling up from laboratory 
scale 

Fludized bed [10] Decomposition of matrix using hot air stream and 
the fibres are collected via rotating sieve separator  

 Cleaning of contaminated materials is 
not required 

 Combusted organic portion has 
potential of energy recovery 

 Maximising strength of 
recovered fibres 

High voltage 
fragmentation 
(HVF) [11], [12] 

Electrical discharge used to fractionate composite 
waste in water 

 High fibre strength retention  Scaling up from laboratory 
scale 

 Reducing residual resin content 

Electrochemical [13] Decomposition of matrix by submerging 
composite (anode) inside electrolyte solution with 
the flow of electrical current.  The cathode used 
was stainless steel.   

 Long fibres can be recovered  Scaling up from laboratory 
scale 

 Ramping up recycling rate 

Biotechnology [14] Microorganism was used to degrade matrix  Environmental friendly and less 
energy intensive 

 Scaling up from laboratory 
scale 

 Ramping up recycling rate 

 
Oliveux et al [8] concluded that temperature was the most 

critical part in chemical recycling process. The temperature 
used should avoid degradation of the mechanical properties of 
the fibre. Rouholamin et al [10] reported that the reduction of 
strength of fibre recovered through HVF was 11% as 
compared to virgin fibre. Fibre recovered through mechanical 
process resulted in reduction in strength by 19% [10]. 
Mativenga et al [11] compared fibre surface from HVF to 
mechanical recycling via micrographs analysis, and resin burn 
off to determine residual resin content. It was concluded that 
mechanical recycling contains more residual content as 
compared to HVF. However, application of HVF is limited to 
laboratory scale while mechanical recycling can be done on 
industrial scale. One of the companies which focused on 
mechanical recycling is ECO-wolf, United States. ELG, in the 
United Kingdom focus on processing waste composite 
through pyrolysis. ELG has reported that high strength 
retention can be obtained through this process [15]. Recycling 
of fibre via pyrolysis is also performed by CFK Valley stade, 
Germany [5]. 

 
 
 

 

 
1.1. Research motivation 

 
The aim of this research was to contribute towards the 

potential use of carbon fibre recyclate in additive 
manufacturing. Additive manufacture is a growing area and 
the use of short fibres can be an avenue to improve the 
material performance. The proposed method of manufacture 
is to use Fused Deposition Modelling (FDM) and to optimize.  
 

1.2. Manufacture of FRP through additive manufacturing 
from the literature 

Additive manufacturing is subdivided into many different 
techniques based on its mechanisms, material form and its 
principles. Additive manufacturing with composites is mostly 
discussed with; Selective laser sintering (SLS), Fused 
deposition modelling (FDM), Stereolithography (SLA) and 
Laminated Object manufacturing (LOM) [16–20]. However, 
the focus in this current work was on Fused deposition 
modelling (FDM) because of its higher demand [19].  
Summary of previous work on FDM manufacture with FRP is 
shown in Table 2.  
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Table 2. Previous literature on FRP use in Fused Deposition Modelling 
(FDM). 

Material Fibre length Fibre 
content 

by 
weight  

Improvement in tensile 
strength compared to 100% 
original FDM material 

ABS/ short 
CF 

3.2 mm 40 % 69.2%  

(39 to 66 MPa) [21] 

ABS/ short 
CF 

150 µm 5% 23.5%  

(34 to 42 MPa) [22] 

PP/ short 
GF 

Not reported 30% 42.9%  

(28 to 40 MPa) [23] 

PLA 
/continuous 

CF 

Continuous 6.6% 335%  

(42.6 to 185.2 MPa) [24] 

PLA/contin
uous CF 

Continuous 34% 186%  

(28 to 80 MPa) [25] 

ABS/contin
uous GF 

Continuous 0.6% 17.3%  

(40.5 to 47.5 MPa) [26] 

Nylon/ 
continuous 

CF 

Continuous 41% 739% 

(71.5 to 600 MPa) [27] 

 
It can be noted from Table 2 that the highest improvement 

in reinforcement for short fibre was reported by Tekinalp et 
al. As for continuous fibre, Goh et al 2018 have reported 
outstanding improvement by 739%. The reason for this may 
be due to stronger bond between Nylon and carbon fibre. The 
carbon fibre reinforced nylon filament used was prepared and 
supplied by Markforged. It is important to note that, all the 
previous research was conducted using either virgin glass 
fibre or virgin carbon fibre. The current research will be 
different as it focused on recycled carbon fibre. This 
experiment is a first step towards the functional use of 
recycled fibre especially in additive manufacturing.  

1.3. Mathematical modelling of FRP reinforcement 

Tensile strength of FRP varies with the change of fibre 
volume fraction, the properties of the polymer and the fibre. 
Theoretically, tensile strength of FRP (𝜎𝜎𝑢𝑢𝑢𝑢) can be calculated 
using equation 1 [28]: 

 
𝜎𝜎𝑢𝑢𝑢𝑢 = 𝜎𝜎′𝑚𝑚(1 − 𝑉𝑉𝑓𝑓) + 𝜎𝜎𝑢𝑢𝑓𝑓𝑉𝑉𝑓𝑓 (1) 

 
where 𝜎𝜎′𝑚𝑚  is tensile strength of matrix, 𝜎𝜎𝑢𝑢𝑓𝑓  is tensile 

strength of fibre and 𝑉𝑉𝑓𝑓 is fibre volume fraction. 
 

This equation is based on the following assumptions: 
a. The fibre is continuous, and 
b. Fibre alignment is in the same direction as the load 

direction. 
 
Critical fibre length (𝑙𝑙𝑢𝑢) can be defined as the minimum 

length of fibre to provide effective transfer of load from 
matrix and the fibre. The critical fibre length varies depending 

on the interfacial shear strength or bonding strength between 
matrix and the fibre. The critical fibre length is modelled by 
equation 2 [28]:  

 

𝑙𝑙𝑢𝑢 =
𝜎𝜎𝑢𝑢𝑓𝑓𝑑𝑑
2𝜏𝜏𝑖𝑖

 (2) 

where 𝑑𝑑  is diameter of fibre and 𝜏𝜏𝑖𝑖  is interfacial shear 
strength. 

 
There are two different equations for tensile strength of 

short FRP depending on the fibre length ( 𝑙𝑙 ) used. If 𝑙𝑙  is 
greater than  𝑙𝑙𝑢𝑢, then equation 3 is used [28]: 

 

𝜎𝜎𝑢𝑢𝑢𝑢 = 𝜎𝜎′
𝑚𝑚(1 − 𝑉𝑉𝑓𝑓) + 𝜎𝜎𝑢𝑢𝑓𝑓𝑉𝑉𝑓𝑓(1 −

𝑙𝑙𝑢𝑢
2𝑙𝑙) (3) 

 
If 𝑙𝑙 is less than 𝑙𝑙𝑢𝑢 , equation 4 is used [28]: 
 

𝜎𝜎𝑢𝑢𝑢𝑢 = 𝜎𝜎′
𝑚𝑚(1 − 𝑉𝑉𝑓𝑓) + 𝑉𝑉𝑓𝑓

𝑙𝑙𝜏𝜏𝑖𝑖
𝑑𝑑  (4) 

 
Equations 1 to 4 suggest that fibre volume fraction, critical 

fibre length and interfacial shear strength are critical factors 
that affect the overall strength of FRP. This may not be fully 
applied to continuous fibre, as it only affected by fibre volume 
fraction as can be seen in Equation 1. Interfacial shear 
strength is influenced by the bonding between matrix and 
fibre. The fibre may need to be treated to introduce functional 
groups on the surface to form bonds such as hydrogen 
bonding with the matrix [29]. When equation 2 is used to 
predict the minimum short fibre length for carbon fibre in 
ABS, the critical fibre length is estimated to be between 0.3 
mm to 0.6 mm depended on bonding strength. It is also 
important to note that the fibre length before and after 
production may vary depending on the production. Karsli and 
Aytac [30] has reported reduction of fibre length distribution 
due to breakage as a result of compounding by extrusion and 
injection molding.  

2. Experimental Methodology 

2.1. Materials and Processing 

The reinforcing fibre used was recycled chopped carbon 
fibres processed using mechanical recycling and pyrolysis 
supplied by ECO-WOLF, Inc., Florida, USA and ELG 
Carbon fibre, Coseley, West Midlands, United Kingdom 
respectively. The virgin fibre (Grafil 34-700) was also used in 
the experiment and this was supplied by Easy Composites, 
United Kingdom. The polymer matrix was Acrylonitrile 
Butadine Styerene (ABS) MFI-22 supplied by Silvergate 
Plastics, Wrexham, United Kingdom. The materials are 
shown in Fig. 1. The FDM filament was produced using an 
extruder manufactured by Noztek, Shoreham, United 
Kingdom. See Fig. 2. 
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Fig. 5.  SEM micrographs (image at 12,000x magnification) for (a) virgin 
carbon fibres, (b) recycled carbon fibre via pyrolysis and (c) recycled carbon 

fibre via mechanical recycling. 

3.2. Residual Resin Analysis 

The residual resin analysis was carried out by evaluating 
weight loss on fibres after burning them on a furnace. Each 
fibre was weighed before placement in the furnace. Once the 
weight was recorded, each fibre was heated inside the furnace 
at a temperature of 400 ºC for 2 hours, followed by 600 ºC for 
30 minutes [3]. The procedure helped to burn-off the organic 
portion (matrix) of the recycled fibre attached. The weight 
after burn-off was recorded. The difference of weight before 
and after the heat treatment process was calculated and used 
as an estimate of residual resin content. This process was 
attempted 3 times for both pyrolysis recycled fibre and 
mechanical recycled fibre to obtain the averaged result as 
shown in Fig. 6. It can be noted from Fig. 6 that the process of 
pyrolysis was better in terms of resin removal as compared to 
mechanical recycling.   

 

 

Fig. 6. Residual resin content of carbon fibre recycled through mechanical 
and pyrolysis. 

3.3. Tensile strength results 

The tensile test for different sample was done by repeating 
the experiment at least 3 times to produce the result shown in 
Fig. 7. It is evident from Fig. 7 that there was reinforcement 
improvement when recycled carbon fibre and virgin carbon 
fibre was added to ABS. Fig. 7 shows that when 100% ABS is 
compared to carbon fibre reinforced ABS, the reinforced 
filament has higher tensile strength. The improvement in 
tensile strength is 43%, 49% and 69% for mechanical, 
pyrolysis and virgin fibres respectively. Reinforcement with 
fibres from pyrolysis gave the most consistent filament in 
terms of tensile strength. Residual resin content maybe one of 
the factors influencing strength. 

 

 

Fig. 7. Tensile strength at fibre length of 5 mm, fibre content (by weight) of 
50% and extruding temperature of 220 °C. 

4. Conclusions 

Composite materials are making a major contribution to 
industry and national economies. However, the legacy of 
composite waste from manufacturing processes or end of life 
products is a growing and urgent challenge to be solved. The 
use of composite recyclate in additive manufacture is an 
interesting proportion and a relevant solution for the 
composite waste challenge. Virgin composite fibres have been 
used in fused deposition modelling in particular for 
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Fig. 1. (a) ABS pellets, (b) ELG carbon fibre (c) Eco-Wolf Carbon fibre,     
(d) Virgin carbon fibre.  

 

Fig. 2. Noztek Extruder. 

The experiment was conducted by preparing the chopped 
carbon fibre with the fibre length of 5mm. The recycled 
chopped fibres with 5mm fibre length were obtained via 
sieving process. ABS was blended with 50% carbon fibre 
weight fraction. The weight fraction was informed by 
literature (Table 1) and pilot tests. This was followed by an 
extrusion process at a temperature of 220ºC. The filament for 
pure ABS was also extruded to act as a reference. The 
produced filament is shown in Fig. 3. Tensile testing was then 
carried out using Instron 3344. 

 

Fig. 3.  Produced filament from (a) pure ABS, (b) pyrolysis recycled fibre 
reinforced ABS (c) mechanically recycled fibre reinforced ABS and (d) 

virgin fibre reinforced ABS. Note: For (b)-(d), fibre content by weight is 50% 
and fibre length is 5 mm. 

The morphology of carbon fibre was analysed using a FEI 
Quanta 200 scanning electron microscope (SEM). Before 
mixing with ABS, residual resin measurement was carried out 
for both of the recycled fibre processed using pyrolysis and 
mechanical recycling. 

 

3. Results and Discussions 

3.1. Morphological analysis of recycled fibres and virgin fibre 

Scanning Electron Microscopic (SEM) images of the fibre 
at low magnification and high magnification are shown in Fig. 
4 and Fig. 5 respectively. It can be noted that more resin was 
still attached on the surface of mechanically recycled fibre as 
compared to the others which supports the residual resin result 
in Fig. 6.  

 

 

Fig.4. SEM micrographs (image at 100x magnification) for (a) virgin carbon 
fibres, (b) recycled carbon fibre via pyrolysis and (c) recycled carbon fibre 

via mechanical recycling. 
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Fig. 5.  SEM micrographs (image at 12,000x magnification) for (a) virgin 
carbon fibres, (b) recycled carbon fibre via pyrolysis and (c) recycled carbon 

fibre via mechanical recycling. 

3.2. Residual Resin Analysis 

The residual resin analysis was carried out by evaluating 
weight loss on fibres after burning them on a furnace. Each 
fibre was weighed before placement in the furnace. Once the 
weight was recorded, each fibre was heated inside the furnace 
at a temperature of 400 ºC for 2 hours, followed by 600 ºC for 
30 minutes [3]. The procedure helped to burn-off the organic 
portion (matrix) of the recycled fibre attached. The weight 
after burn-off was recorded. The difference of weight before 
and after the heat treatment process was calculated and used 
as an estimate of residual resin content. This process was 
attempted 3 times for both pyrolysis recycled fibre and 
mechanical recycled fibre to obtain the averaged result as 
shown in Fig. 6. It can be noted from Fig. 6 that the process of 
pyrolysis was better in terms of resin removal as compared to 
mechanical recycling.   

 

 

Fig. 6. Residual resin content of carbon fibre recycled through mechanical 
and pyrolysis. 
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commercial PLA based material systems. The focus of this 
research was on recyclate carbon fibre. This research has 
shown that there was an improvement of tensile strength of 
Acrylonitrile Butadiene Styrene (ABS) fused deposition 
modelling filament by 43%, 49% and 69% when reinforced 
with, 5 mm long and 50% weight fraction mechanically 
recycled fibre, pyrolysis recycled fibre and virgin fibre 
respectively compared to 100% ABS material. Additionally, 
FDM materials with recyclate from pyrolysis had more 
consistent tensile strength. Given that there was more residual 
resin in mechanical recyclate compared to pyrolysis, the 
cleanliness and integrity of recyclate fibre should be 
considered. Further research is required to investigate 
recyclate surface integrity, filament porosity and interfacial 
shear strength to improve the tensile strength and other 
mechanical properties of FDM filaments and products. This 
will lead to ways to improve the use of recycled fibre as a 
reinforcement in additive manufacturing.  
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