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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 

Electrospinning is a well know technology for the production of nano and micro fibers. Graphene has been used in different fields due to its 
unique stability. Reduced graphene oxide (rGO) is prepared from the reduction of graphene oxide. In this work, we electrospun of Polyvinyl 
Alcohol (PVA) solutions with rGO to combine the different physical properties of the materials, on a rotating collector to verify the influence 
of the solutions and rotation on the morphology of the fibers. The optimization of the process highlighted the influence of the flow rate and tip-
collector distance in relation to the rotation speed used.  
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1. Introduction 

The electrospinning technique is a widespread used 
technology for the production of nano and micro fibers for 
several applications including wearable smart tissues, sensors 
and tissue engineering. The electrospinning technique is 
largely employed in the biomedical field because almost all 
the tissues and organs (i.e. skin, collagen, cartilage and bone) 
show a structure very similar to nanosized fibrous structures. 
Hence, researches are focused on the generation of fibrous 
scaffolds for tissue engineering, drug delivery mechanisms 
and wound dressing. 

Biocompatible and biodegradable fibrous scaffolds are 
preferred over conventional scaffolds in the regeneration of 
tissues, because of the ability in mimicking the extracellular 
matrix [1,2,3]. Therefore, electrospun nanofibers show a great 
cell growing capability. In particular, nanofibrous networks 
of aligned fibers can promote and guide the orientation of the 
cells supporting their differentiation and maturation. In 

addition to that, bio/natural polymers are characterized by an 
excellent biocompatibility and biodegradability, a primary 
feature for tissue engineering [4,5]. 

Different techniques have been combined with the 
electrospinning traditional set-up to modify and control the 
deposition and the morphology of the fibers [6]. Among the 
usage of parallel electrodes to collect crisscrossing nanofibers, 
rotating collectors are preferable to fabricate aligned fibrous 
mats with tailorable thickness and width. The rotation speed 
of the drum is found to be the most important parameter to 
influence the alignment of the fibers due to the mechanical 
stretching forces that affect the ejected solution [7,8]. 
Graphene has been largely used in different technological 
fields due to its unique properties [9,10]. In particular, 
graphene has fundamental thermal, mechanical, electrical and 
thermoelectric properties so it is often mixed within a 
polymer matrix to obtain a homogeneous dispersion. 
Polyvinyl Alcohol (PVA) is a water-soluble, biodegradable, 
non-toxic polymer characterized by good stability and 
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physical properties. Reduced graphene oxide (rGO) is 
prepared from the reduction of graphene oxide (GO) by 
thermal, chemical or electrical treatments; in particular rGO 
can be produced by removing all the oxygen functional 
groups from GO. In order to improve the performances of 
graphene-based nanocomposites, a full exfoliation and 
complete dispersion of the graphene nanofiller in the matrix 
is crucial. However, due to the dimension and shape of the 
graphene sheets, irreversible agglomerates tend to be 
developed. In addition to that, graphene is a hydrophobic 
material, so its applications in aqueous-based preparations are 
limited. PVA has some disadvantages such has weak 
mechanical properties and thermal stability but can be 
combined with graphene to enhance these properties [11]. 
The possibility of incorporating graphene and its derivatives 
in nanofibers leads to better thermal and electrical 
conductivities of the networks. In the preparation of the 
electrospinning solution, the interactions between the 
polymer and graphene, such as hydrogen bonds, affect the 
solution viscosity, conductivity and rheology [12].  

In this work, we focused on the electrospinning tests of a 
PVA-rGO solution on a rotating collector to verify the 
influence of the collector rotation speed on the morphology 
and distribution of the resulting fibers compared to the 
electrospinning tests carried out on a square flat collector.  

  
2. Electrospinning tests 

PVA (Mw 89.000-98.000, 99+% hydrolyzed) and reduced 
Graphene Oxide (rGO) (1%, stabilized with poly(sodium 4-
styrenesulfonate, 10mg/ml, dispersion), were purchased from 
Sigma-Aldrich Chemistry. The electrospinning parameters 
used in the following tests were set in relation to the literature 
on electrospinning tests performed on synthetic polymers 
[6,14], polymer-graphene solutions [10,11] and rotating 
drums usage for the fibers collection [7,8].  

2.1. Electrospinning on flat collector 

A solution of 15% PVA and the solution of 1% of rGO 
were mixed at room temperature. A solution of 3:2 ratio of 
PVA: rGO was prepared, stirred for 2 hours and poured into a 
10 ml syringe equipped with G21 mm needle. The 
electrospinning equipment is reported in Fig. 1. The flow rate 
was set to 1 ml/h and the voltage was set at 20 kV. The fibers 
were collected on the square flat collector by varying the 
distance from the tip to the collector between 20mm and 
80mm. 

2.2. Electrospinning on rotating drum 

The solution electrospun on a flat collector was tested on a 
rotating drum collector to verify whether the rotation of the 
collector could affect the diameter and the alignment of the 
fibers (Fig. 2).  

The designed collector was properly integrated in the 
electrospinning equipment as reported in Fig. 3. 
 

 
 

Fig. 1. Electrospinning set-up integrated with the flat square collector.1) 
syringe pump, 2) needle tip, 3) collector. 

 

 
Fig. 2. Scheme of the electrospinning process on the rotating drum. 

 

 
Fig. 3. Electrospinning set-up integrated with the rotating drum collector. 
1)syringe pump, 2) needle tip, 3) collector, 4) zoom on the tip-collector 

distance. 
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In this case, three replicas for each electrospinning test were 
carried out by varying the tip-collector distance, the flow rate 
and the rotation speed of the collector as summarized in 
Table 1. 
Table 1. Designed electrospinning tests. 

Parameter Range Set value 
Tip-collector distance [mm] 

Voltage [kV] 
20-120  

0-20  
20, 80 

20 
Flow Rate [ml/h] 

Rotation speed [rpm] 
0.1-1  
0-300 

0.5, 1 
100, 200 

3. Fibers characterization 

The electrospun samples surface was observed using the 
Zeiss LEO 1525 scanning electron microscope (SEM). The 
measurements of the diameters and alignment of the fibers 
were calculated while processing the images with the ImageJ 
imaging software [13].  

3.1.  rGO-PVA fibers 

The morphology of the samples is reported in Fig. 4. At 
low distance the solvent is not able to completely evaporate 
and this is testified by the presence of watery fibers and beads. 
This leads to the formation of irregular fibers due to the 
presence of the beads and so the technique can be compared 
to electrospray. The proximity between the tip and the 
collector is characterized by an electric field that leads to the 
surface tension charge distortion which causes a difficulty in 
the evaporation of the solvent.  

When the distance is increased, the quality of the fibers 
gets better: they are more defined and the fibrous mat is 
thicker (Fig.4). 

 
Fig. 4. SEM images of PVA-rGO fibers electrospun at a tip-collector 

distance of (a) 20 mm and (b) 80 mm on the flat square collector. 

The results of the fibers measurements are reported in the 
histograms of Fig. 5 and in Table 2. The variability of the 
data is higher as the tip-collector distance is reduced due to a 
less control on the electric field at lower distances. 
Considering the dimensions of the fibers, the distances of 
electrospinning are slightly influencing the diameter of the 
collected fibers. In particular, the diameter of the fibers is 
lowered when the tip-collector distance is increased as 
expected from these type of tests [14], but the difference is 
not significant confirming the influence of the polymer 
concentration on the morphology of the fibers that leads to a 
reduced variation of the fibers due to the presence of the 
graphene. 

 
Fig. 5. Histograms of the frequency of the diameter of PVA-rGO fibers 

electrospun at a tip-collector distance of (blue) 20 mm and (red) 80 mm on 
the flat square collector. 

 
Table 2. Results of the measurements of the PVA-rGO fibers on the flat 
square collector. 

Flow rate 
(ml/h) 

Tip-collector 
distance 

(mm) 

Fibers diameter (μm)  

1 20 0.38±0.1 
1 80 0.3±0.1 

3.2. rGO-PVA fibers on rotating drum 

The images of the samples electrospun on the rotating 
drum at a speed of 100 rpm are reported in Figure 6.  

 
 

Fig. 6. SEM images of PVA-rGO fibers electrospun at a tip-collector 
distance of 20 mm (a-c) and 80 mm (b-d) on the rotating drum collector at 

100 rpm. Samples a and b are electrospun at 0.5 ml/h while c and d at 1 ml/h. 
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As shown from the pictures, no significant trend is visible 
in relation to the alignment of the fibers due to the presence 
of the rotating drum. As a matter of fact, from Fig. 6a, it is 
possible to recognize a preferential direction of the fibers that 
is not evident for the other electrospinning configurations.  

In this case, the uniformity of the fibers distribution on the 
collector is higher when the electrospinning distance is 
increased independently from the flow rate used (Fig. 7). The 
diameter of the fibers is lowered when a flow rate of 0,5 ml/h 
is used in both cases of tip-collector distances of 20 mm and 
80 mm. Moreover, at a tip-collector distance of 20 mm the 
difference between the diameter of the fibers at different flow 
rates is less evident due to the inadequate evaporation of the 
solvent that causes the presence of beads and flat fibers. 
These structures can act as agglomerates from which the 
electrospun fibers are formed. Compared to the fibers 
collected on the flat collector, an increase of the diameter is 
measured at lower flow rates confirming that the behavior of 
the fibers is more influenced by the collector used than by the 
electrospinning parameters. In particular, the fibers collected 
by the effect of the rotation speed are thicker due to the action 
of stretching that tends to overlap the fibers and spread the 
agglomerates.  

 

 
Fig. 7. Histograms of the frequency of the diameter of PVA-rGO fibers 

electrospun at a tip-collector distance of (blue) 20 mm and (red) 80 mm on 
the rotating drum collector at a speed of 100 rpm. 

The samples electrospun on the rotating drum at a speed of 
200 rpm are shown in Fig 8. Figure 8 shows a clear alignment 
of the fibers in the direction of the rotating drum rotation. The 
fibers electrospun at a tip-collector distance of 20 mm are 
more aligned compared to the fibers collected at a distance of 
80 mm. This result is probably due to the higher effect of the 

rotation when the fiber is produced from the Taylor cone [15] 
by the electric field. Although, the diameter of the fibers is 
increased compared to the flat collector configuration due to 
the melting of the aligned fibers along the rotation direction.  

 

 
Fig. 8. SEM images of PVA-rGO fibers electrospun at a tip-collector 

distance of 20 mm (a-c) and 80 mm (b-d) on the rotating drum collector at 
200 rpm. Samples a and b are electrospun at 0.5 ml/h while c and d at 1 ml/h. 

 
Fig. 9. Histograms of the frequency of the diameter of PVA-rGO fibers 

electrospun at a tip-collector distance of (blue) 20 mm and (red) 80 mm on 
the rotating drum collector at a speed of 200 rpm. 

 
The histograms in Figure 9 report the evaluation of the 
dimension of the fibers electrospun with a speed of the drum 
of 200 rpm. In this case, the diameters of the fibers are higher 
compared to the results of the tests performed at 100 rpm in 
relation to all the parameters configurations. The higher 
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rotation speed leads to stronger dragging forces acting on the 
produced fibers causing an overlapping of the fibers that are 
melting following the rotation direction. The diameter of the 
fibers tends to increase when the tip-collector distance is 
decreased as reported for the tests at 100 rpm. In this case, at 
a flow rate of 1ml/h the distribution of the fibers is more 
uniform in relation to the electrospinning distance considered. 
The summarized dimensions of the fibers depending from the 
electrospinning parameters on the rotating collector are 
reported in Table 3.  
 
Table 3. Results of the measurements of the PVA-rGO fibers on the rotating 
drum. 

Rotation 
speed 
(rpm) 

Flow rate 
(ml/h) 

Tip-collector 
distance 

(mm) 

Fibers diameter (μm)  

100 0.5 20 0.42±0.2  
100 0.5 80 0.35±0.1 
100 1 20 0.48±0.3 
100 1 80 0.44±0.2 
200 0.5 20 0.62±0.3 
200 0.5 80 0.48±0.2 
200 1 20 0.80±0.3 
200 1 80 0.76±0.4 

3.3. Alignment of the rGO-PVA fibers 

To confirm what shown by the images, the fibers 
orientation was measured processing the SEM pictures (Fig. 8) 
with ImageJ and taking 30 measures from each sample. Then, 
the frequency distributions of the fibers orientation (Fig. 10 
and 11) were used to evaluate the influence of the rotation of 
the drum on the mats. 

 
Fig. 10. Histograms of the frequency distributions of the fibers orientation on 

the samples electrospun at a tip-collector distance of 20mm at 200 rpm. 
*Box-Cox transformation: λ = 0,5; **Johnson transformation. 

 
Fig. 11. Histograms of the frequency distributions of the fibers orientation on 

the samples electrospun at a tip-collector distance of 80mm at 200 rpm. 
*Johnson transformation; ** Box-Cox transformation: λ = 0,5. 

 
Results show that a predominant orientation of the fibers is 

recognizable for all the configurations. In particular, 
considering the reference angle of the drum rotation direction 
(0°) the calculated maximum variance of the fibers 
orientation is within 10 degrees in relation to the main 
direction. Moreover, when the single configurations are 
compared, it is possible to observe that: 
• Tip-collector distance of 20 mm: the fibers show an 

orientation along the rotation direction but when a flow 
rate of 1ml/h is used, the variability of the data increases 
due to the deposition of fibers randomly oriented 
through the aligned mats. 

• Tip-collector distance of 80 mm: the fibers do not show 
any significant trend when a flow rate of 0.5 ml/h is 
used while a main direction with a lower standard 
deviation is observed at a flow rate of 1 ml/h.  

A tip-collector distance of 20mm is therefore the most 
effective in controlling the fibers orientation. On the other 
hand, at this distance, the fibers are overlapped and melted 
together due to a poor evaporation of the solvent. If the 
electrospinning distance is increased to 80 mm, the 
orientation of the fibers is more uniform at a flow rate of 
1ml/h where the linear velocity of the rotating cylinder 
surface matches with the evaporating jet deposition. In this 
case, the fibers are almost randomly oriented at a lower flow 
rate. This is probably due to the rotation speed that can cause 
fiber fractures and turbulent air flow around the perimeter of 
the rotating collector. 
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4. Conclusions 

In this paper, the manufacturing process to produce 
aligned fibers from polymer-graphene water-based solutions 
via electrospinning on a rotating drum is proposed. A 
comparison between the fibers deposited on a flat square 
collector and on the rotating drum showed that the fibers 
deposited due to the rotation of the collector are characterized 
by a bigger diameter due to the overlapping of the fibers and 
the spreading of the agglomerates typical of the water-based 
solutions. Moreover, at low tip-collector distances the 
inadequate evaporation of the solvent leads to the formation 
of flat fibers and beads causing a higher variability of the data. 
The rotation speed of the collector is influencing the 
alignment of the fibers according to the direction of the 
rotation. In particular, a speed of 100 rpm is not allowing the 
stretching of the fibers that are randomly deposited. When the 
rotation speed is increased to 200 rpm the fibers are collected 
accordingly to the rotation of the drum showing a uniform 
alignment on the main direction. At lower electrospinning 
distances, the alignment is also causing a partial overlapping 
of the fibers that result flat and with higher diameters 
compared to the fibers collected on the flat collector. 
Furthermore, a flow rate of 0.5 ml/h is probably too low and 
the rotation can break the fibers at higher rpm. Finally, the 
evaporation of the solvent is a crucial factor for the variability 
of the fibers alignment as showed by the uniform distribution 
of the fibers when a distance of 80 mm and a flow rate of 1 
ml/h is adopted. To summarize the outcomes of this work, the 
best parameters for the obtainment of aligned fibers with a 
rotating drum found for this electrospinning configuration 
and the used PVA-rGO solution are reported in Table 4: 

 
Table 4. Parameters for the obtainment of aligned fibers. 

Parameter Value 
Tip-collector distance [mm] 

Voltage [kV] 
20 
20 

Flow Rate [ml/h] 
Rotation speed [rpm] 

0.5 
200 
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