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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. 

Keywords: Assembly; Design method; Family identification

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 

Bone is a complex structural composite that features a remarkable combination of mechanical properties, in spite of its rather 
meager building blocks (i.e., mineral and proteins). The reasons behind these optimal mechanical performances lay in bone hier-
archical organization. A crucial role is played by the microscale structure (Haversian), which is formed by a repetition of cylindrical 
building blocks (osteons) surrounded by a matrix of interstitial tissue. Following a biomimetic approach, mimicking this natural 
architecture in the design of innovative fiber-reinforced composites appears to be a very promising way to improve the performance 
of engineering composites. However, it is still an open challenge due to manufacturing-induced limitations. Here we aim to over-
come such limitations and implement a bone-like design into novel fiber-reinforced materials. We first focus on the design and 
manufacturing of osteon-like features by pull-winding technology, to get a continuous and rapid production. We fabricate osteon-
inspired multilayer concentric rods by coupling multiple layers of fibers, characterized by different materials and orientations. To 
study the effect of each layer on the overall mechanical properties and provide guidelines for optimal design, we perform finite 
element simulations. The simplicity and versality of the production line allow us to manufacture great quantities of these rods at a 
high production rate. The combination of finite elements analysis and experimental design allow us to find a trade-off between the 
best and the most feasible configuration.  Future works will focus on the manufacturing of a multiscale composite laminate made 
of these small pull-winded rods, inspired by the osteons. 
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Introduction 

Fiber reinforced composites (FRC) are becoming more and 
more used nowadays thanks to their high strength and stiffness 
that, combined with a low density, allow one to obtain light-
weight parts with excellent mechanical performances [1]. Yet, 
a strong limitation of these material is their poor damage toler-
ance, an essential property especially in structural application, 
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where safety is considered one of the major priorities. There-
fore, in the last few years, a lot of studies have been focused on 
the design and manufacturing of bio-inspired FRCs, whose 
structures mimic those of natural structural materials. Natural 
tissues, indeed, are composites with a hierarchical structure that 
has been developed and improved over billions of years. This 
allows them to have mechanical properties, such as strength 
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and toughness, both greater than those of their individual con-
stituents and combined to achieve damage-tolerance and mul-
tiple functionalities. Bone is a typical example in this sense, 
featuring an optimal combination of remarkable mechanical 
properties. Bone is a biological composite with a hierarchical 
structure mainly composed of collagen, water, and hydroxyap-
atite crystals. Arrangements of these components into different 
functional units contribute to create a light and tough structure 
that is multi-functional and able to adapt to diverse mechanical 
environments [2]. Indeed, bone can activate two different kinds 
of toughening mechanisms at different length scales: intrinsic 
and extrinsic. The former, occurring at the sub-micro scale, 
promote ductility and protect the integrity of the entire structure 
through energy dissipation. The latter act instead as a shield to 
growing cracks [3]. Furthermore, as a living tissue, it has a 
unique capacity of self-repair, through growth and remodeling 
processes, which confers it a dynamic structure. Going from 
the nanoscale to the macroscale, different hierarchical levels 
can be found in bones (Fig. 1). A special focus deserves one of 
the most important structural elements of bone: the osteons. 
These are hollow cylinders with an external diameter of about 
200-300 µm. They are made of concentric lamellae, with a 
thickness of 3-7 µm and whose number can go up to 20. Each 
lamella is composed of collagen fibrils that can assume differ-
ent orientations: the specific pattern is optimized to have a bet-
ter response against external loads [4]. The internal channel, 
called Haversian, has a diameter of 50-90 µm. The intercon-
nection between each osteon is possible thanks to the presence 
of interstitial lamellae. Several works have been carried out in 
recent years with the aim of studying and reproducing bone 
structure and, in particular, bone microstructural organization. 
Among these, Libonati et al. [5]–[7] focused on the manufac-
turing of a laminate and a component that mimics the Haver-
sian structure, while Vellwock at al. [8] focused on the numer-
ical simulation of bone-like composites. The combination of 
simulation and experiments allowed for a design of novel FRCs 
with enhanced fracture toughness and an optimal combination 
of strength and stiffness. More recently, the design and manu-
facturing focused on the osteon features, leading to the design 
of osteon-like features (OLSs) through lamination and 3D-
printing [9], [10]. In particular, the combination of numerical 
simulations, collagen microarchitecture mapping through Ra-
man Spectroscopy, and 3D-printing was essential to evaluate 
the relationship between fibers orientation and mechanical 
properties of OLSs and to expose the role of different bone la-
mellar patterns occurring in different anatomical locations, i.e., 

tension- and compression-dominated regions [10]. Building on 
this work [10], the present research focuses on the manufactur-
ing of OLSs optimized for tension- and compression-domi-
nated loading conditions. The manufacturing technique is sim-
ilar to the one adopted in [9], but aims to overcome size limita-
tions. Indeed, the proposed technique allowed us to produce 
smaller OLSs with a higher production rate. Considering the 
promising results of a previous study by Grezzana et al. [10], 
we decided to manufacture two different OLS configurations: 
one that behaves better under compression and one that be-
haves better under tension, from now on called osteon A and 
osteon B, respectively. The implementation of these two kinds 
of OLSs into a laminate would allow one to obtain a material 
capable of bearing different kinds of loads, as it occurs in bones 
tissue. The whole composite will mimic the Haversian structure 
at a macroscale level, leading to a multiscale FRC. As a future 
perspective, the optimization of manufacturing and design pa-
rameters would yield novel multiscale composites tailored to 
meet specific loading conditions. In the following sections a 
description of the manufacturing process and the numerical 
analysis will be given. It has to be stressed that the final design 
of the OLSs has been constrained by manufacturing limitations. 
That is why, an overall knowledge of the process was necessary 
before performing finite element analyses. 

1. Methods and materials 

1.1. Pull-Winding Process 
The manufacturing technique used in this project is a modi-

fication of traditional pultrusion and is called pull-winding. 
This technique is a combination of pultrusion and filament 
winding. Pultrusion itself is a continuous process for manufac-
turing of high performance FRC with constant cross-section 
[8],[9]. This process is characterised by a low labour content and 
high raw materials conversion efficiency at an attractive cost 
[13]. Intrinsically, pultrusion has a high unidirectional rein-
forcement in the haul-off direction, since rovings are mostly 
used as fiber material. For additional transverse reinforcement, 
textiles, such as mats, non-crimp fabrics or woven fabrics, can 
be used. However, this is only economically possible for parts 
having a profile dimension greater than 5 mm. Such limitation 
does not exist for pull-winding. The fibers are pulled from a 
roving unit through a resin bath and a die like in the pultrusion 
process. The pultruded profile is then wrapped by additional 
winding layers of fibers [14], [15]. From a manufacturing point 
of view, the foundations of this project are based on a previous 

Fig. 1 - Bone hierarchical structure at different length scales. (a) Bone macrostructural level: here it can be distinguished in cortical (or compact) tissue and 
trabecular tissue (aka spongy or cancellous) (b) Microstructural level of cortical bone, also known as Haversian structure, characterized by the presence of the 
typical cylindrical feature (i.e., osteon) (c) Circumferential lamellae. (d) Collagen fiber bundles. (e) Mineralized collagen fibrils. (f) Single tropocollagen molecule 
surrounded by hydroxyapatite nanocrystals. The image represented in (b) was taken using an optical microscope; the pictures shown in (c)–(e) were taken by means 
of an SEM after an FIB (focus ion beam) cutting; figure (f) is from atomistic simulations of collagen-hydroxyapatite system. Taken with permission from [21] 
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work conducted at Fraunhofer IGCV [16], whose outcome was 
the manufacturing of two layers OLSs. Since the goal of our 
work was the production of OLSs made of three layers and with 
different dimensions, some modifications have been introduced 
to that production line. Fig. 2A shows a schematic of the pul-
trusion line that we used. The main set-up changes mainly re-
garded the heating system. The latter is the most important 
component of a pultrusion line and it typically consists of a 
mold through which the reinforcing impregnated fibers pass. In 
this die, the curing of the resin system takes place under the 
action of heat, producing the desired profile geometry (Fig. 
2B). The profile goes through a short nozzle, which fulfils the 
function of mold and gets the desired shape. After the profile 
passes between two rows of aluminium blocks, used for a better 
transfer of heat from the heating plates, and here it cures. As 
visible from Fig. 2B heating system is divided into three differ-
ent heating zones, where each can be set to a different temper-
ature. The latter depends on several parameters (translational 
velocity, type of fibers, cross-section dimensions) whose opti-
mal combination was defined through a trial and error ap-
proach. Another process parameter, affected by several factors, 
is the travel speed of the profile (Eq.1): 

 

𝑣𝑣 = 𝑛𝑛 ∗ 𝐷𝐷1 ∗ 𝜋𝜋
tan(𝛾𝛾)  (1) 

where v, n, D1 and γ are the caterpillar speed, the winding ma-
chine rotational speed, the inner layer diameter, and the desired 
winding angle, respectively. Once the diameter and the angle 
were fixed the correlation between the two velocities, v and n, 
could be found. Since the maximum rotational speed of the 
winding machine was 170 round/min, the production rate (de-
pendent on the caterpillar speed) was limited. 

1.2. OLS Manufacturing 
Despite the initial idea of accurately mimicking the osteonic 

structure, several simplifications have been introduced in the 
final design due to manufacturing limitations. We fabricated 
OLSs with 3 concentric layers: the inner one is unidirectional 
(UD), while the outer ones have different winding angles ac-
cording to the desired mechanical properties (see section 2.4). 
The OLSs are manufactured without the inner hole: this is not 
a limitation of the pull-winding technique, but it was a decision 
necessary to produce 3 layers-OLS of such small dimensions. 
The first two layers are produced simultaneously. The UD fi-
bers placed on the rack are pulled by the caterpillar through the 

resin bath where they get impregnated. They are, in this way, 
responsible for carrying the resin from the resin bath to the 
mold. Tensioning rods assure in the meantime an accurate fiber 
tension. Near the heating system, the UD-impregnated fibers 
serve as a mandrel around which the fibers of the winding ma-
chine are wound. All fibers pass through a nozzle and cure in-
side the heating system. Since we needed a continuous product, 
the OLS is wrapped around a spool (see Fig. 2A). To produce 
an OLS with three layers, the finished OLS with two layers was 
passed through the impregnation bath again in the same way as 
the UD fibers before and wrapped with a third layer. Referring 
to Fig. 2A, the osteon spool of the first process (vi) is in the 
second process positioned before the resin bath, replacing the 
fibers rack (i). If two winding machines are available, this pro-
cess can be done in one step. 

1.3. Materials Selection 
Different materials have been used for both the UD and the 

winding layers. For the UD layer we opted for two different 
types of carbon fibers (CF): the CF-3K (Tex=200 g/km, den-
sity=1.76 g/cm3) and CF-6K (Tex=400 g/km, density=1.76 
g/cm3), using them according to the dimensions diameter we 
wanted to have (3K and 6K indicated the number of filaments 
per tow). For example, to obtain a UD-layer diameter of 1 mm, 
one CF-3K and two CF-6K have been used, while to obtain a 
UD-layer diameter of 0.8 mm, one CF-3K and one CF-6K have 
been used. The OLSs with lower stiffness were manufactured 
by using GF (Tex=1200 g/km, density =2.62 g/cm3) as the UD-
layer. This made the process easier and smoother and required 
less maintenance. As for the winding layer, the type of CF was 
chosen according to the winding angle desired: for small angles 
(about 15°) CF-6K have been used, while for angles between 
15°- 45° CF-3K have been used. The optimal winding angle 
depends, in fact, on two factors: the diameter of the inner layer 
and the width of the winding fiber. For small angles, larger fi-
bers were required not to have too many gaps, while for high 
angles narrower ones were required not to have too many over-
laps. The effect of a not ideal winding angle is an irregular sur-
face caused by the presence of gaps or overlaps. Overlaps also 
lead to an excessive friction force that can cause problems in 
the process. However, since our goal was to obtain precise an-
gles, different from the ideal ones, the final product presented 
gaps or overlaps depending on the type of fibers used and the 
dimension of the inner diameter. The resin used is an epoxy 
resin characterized by low viscosity and long pot-life (Araldite 

Fig. 2 - Set-up and details of the pultrusion line used for the manufacture of the OLSs. A) Schematization of the overall line: (i) Fiber rack of the unidirectional 
layer (ii) Resin bath: tank where fibers get impregnated (iii) Winding machine: rotating component that allows the fiber wrapping at the desired angle (iv) Heating 
system (v) Caterpillar: pulling component (vi) Spool. B) Heating system of the pultrusion line. The three heating zones are highlighted (1) Steel plate used as 
support for the nozzle, (2) Nut, (3) Brass nozzle used as mold, (4) Aluminium block, (5) Heating plate. 
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and toughness, both greater than those of their individual con-
stituents and combined to achieve damage-tolerance and mul-
tiple functionalities. Bone is a typical example in this sense, 
featuring an optimal combination of remarkable mechanical 
properties. Bone is a biological composite with a hierarchical 
structure mainly composed of collagen, water, and hydroxyap-
atite crystals. Arrangements of these components into different 
functional units contribute to create a light and tough structure 
that is multi-functional and able to adapt to diverse mechanical 
environments [2]. Indeed, bone can activate two different kinds 
of toughening mechanisms at different length scales: intrinsic 
and extrinsic. The former, occurring at the sub-micro scale, 
promote ductility and protect the integrity of the entire structure 
through energy dissipation. The latter act instead as a shield to 
growing cracks [3]. Furthermore, as a living tissue, it has a 
unique capacity of self-repair, through growth and remodeling 
processes, which confers it a dynamic structure. Going from 
the nanoscale to the macroscale, different hierarchical levels 
can be found in bones (Fig. 1). A special focus deserves one of 
the most important structural elements of bone: the osteons. 
These are hollow cylinders with an external diameter of about 
200-300 µm. They are made of concentric lamellae, with a 
thickness of 3-7 µm and whose number can go up to 20. Each 
lamella is composed of collagen fibrils that can assume differ-
ent orientations: the specific pattern is optimized to have a bet-
ter response against external loads [4]. The internal channel, 
called Haversian, has a diameter of 50-90 µm. The intercon-
nection between each osteon is possible thanks to the presence 
of interstitial lamellae. Several works have been carried out in 
recent years with the aim of studying and reproducing bone 
structure and, in particular, bone microstructural organization. 
Among these, Libonati et al. [5]–[7] focused on the manufac-
turing of a laminate and a component that mimics the Haver-
sian structure, while Vellwock at al. [8] focused on the numer-
ical simulation of bone-like composites. The combination of 
simulation and experiments allowed for a design of novel FRCs 
with enhanced fracture toughness and an optimal combination 
of strength and stiffness. More recently, the design and manu-
facturing focused on the osteon features, leading to the design 
of osteon-like features (OLSs) through lamination and 3D-
printing [9], [10]. In particular, the combination of numerical 
simulations, collagen microarchitecture mapping through Ra-
man Spectroscopy, and 3D-printing was essential to evaluate 
the relationship between fibers orientation and mechanical 
properties of OLSs and to expose the role of different bone la-
mellar patterns occurring in different anatomical locations, i.e., 

tension- and compression-dominated regions [10]. Building on 
this work [10], the present research focuses on the manufactur-
ing of OLSs optimized for tension- and compression-domi-
nated loading conditions. The manufacturing technique is sim-
ilar to the one adopted in [9], but aims to overcome size limita-
tions. Indeed, the proposed technique allowed us to produce 
smaller OLSs with a higher production rate. Considering the 
promising results of a previous study by Grezzana et al. [10], 
we decided to manufacture two different OLS configurations: 
one that behaves better under compression and one that be-
haves better under tension, from now on called osteon A and 
osteon B, respectively. The implementation of these two kinds 
of OLSs into a laminate would allow one to obtain a material 
capable of bearing different kinds of loads, as it occurs in bones 
tissue. The whole composite will mimic the Haversian structure 
at a macroscale level, leading to a multiscale FRC. As a future 
perspective, the optimization of manufacturing and design pa-
rameters would yield novel multiscale composites tailored to 
meet specific loading conditions. In the following sections a 
description of the manufacturing process and the numerical 
analysis will be given. It has to be stressed that the final design 
of the OLSs has been constrained by manufacturing limitations. 
That is why, an overall knowledge of the process was necessary 
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This technique is a combination of pultrusion and filament 
winding. Pultrusion itself is a continuous process for manufac-
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[8],[9]. This process is characterised by a low labour content and 
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[13]. Intrinsically, pultrusion has a high unidirectional rein-
forcement in the haul-off direction, since rovings are mostly 
used as fiber material. For additional transverse reinforcement, 
textiles, such as mats, non-crimp fabrics or woven fabrics, can 
be used. However, this is only economically possible for parts 
having a profile dimension greater than 5 mm. Such limitation 
does not exist for pull-winding. The fibers are pulled from a 
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process. The pultruded profile is then wrapped by additional 
winding layers of fibers [14], [15]. From a manufacturing point 
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Fig. 1 - Bone hierarchical structure at different length scales. (a) Bone macrostructural level: here it can be distinguished in cortical (or compact) tissue and 
trabecular tissue (aka spongy or cancellous) (b) Microstructural level of cortical bone, also known as Haversian structure, characterized by the presence of the 
typical cylindrical feature (i.e., osteon) (c) Circumferential lamellae. (d) Collagen fiber bundles. (e) Mineralized collagen fibrils. (f) Single tropocollagen molecule 
surrounded by hydroxyapatite nanocrystals. The image represented in (b) was taken using an optical microscope; the pictures shown in (c)–(e) were taken by means 
of an SEM after an FIB (focus ion beam) cutting; figure (f) is from atomistic simulations of collagen-hydroxyapatite system. Taken with permission from [21] 

 Cuneo, A. et al. / Procedia CIRP 00 (2022) 000–000  3 

work conducted at Fraunhofer IGCV [16], whose outcome was 
the manufacturing of two layers OLSs. Since the goal of our 
work was the production of OLSs made of three layers and with 
different dimensions, some modifications have been introduced 
to that production line. Fig. 2A shows a schematic of the pul-
trusion line that we used. The main set-up changes mainly re-
garded the heating system. The latter is the most important 
component of a pultrusion line and it typically consists of a 
mold through which the reinforcing impregnated fibers pass. In 
this die, the curing of the resin system takes place under the 
action of heat, producing the desired profile geometry (Fig. 
2B). The profile goes through a short nozzle, which fulfils the 
function of mold and gets the desired shape. After the profile 
passes between two rows of aluminium blocks, used for a better 
transfer of heat from the heating plates, and here it cures. As 
visible from Fig. 2B heating system is divided into three differ-
ent heating zones, where each can be set to a different temper-
ature. The latter depends on several parameters (translational 
velocity, type of fibers, cross-section dimensions) whose opti-
mal combination was defined through a trial and error ap-
proach. Another process parameter, affected by several factors, 
is the travel speed of the profile (Eq.1): 

 

𝑣𝑣 = 𝑛𝑛 ∗ 𝐷𝐷1 ∗ 𝜋𝜋
tan(𝛾𝛾)  (1) 

where v, n, D1 and γ are the caterpillar speed, the winding ma-
chine rotational speed, the inner layer diameter, and the desired 
winding angle, respectively. Once the diameter and the angle 
were fixed the correlation between the two velocities, v and n, 
could be found. Since the maximum rotational speed of the 
winding machine was 170 round/min, the production rate (de-
pendent on the caterpillar speed) was limited. 

1.2. OLS Manufacturing 
Despite the initial idea of accurately mimicking the osteonic 

structure, several simplifications have been introduced in the 
final design due to manufacturing limitations. We fabricated 
OLSs with 3 concentric layers: the inner one is unidirectional 
(UD), while the outer ones have different winding angles ac-
cording to the desired mechanical properties (see section 2.4). 
The OLSs are manufactured without the inner hole: this is not 
a limitation of the pull-winding technique, but it was a decision 
necessary to produce 3 layers-OLS of such small dimensions. 
The first two layers are produced simultaneously. The UD fi-
bers placed on the rack are pulled by the caterpillar through the 

resin bath where they get impregnated. They are, in this way, 
responsible for carrying the resin from the resin bath to the 
mold. Tensioning rods assure in the meantime an accurate fiber 
tension. Near the heating system, the UD-impregnated fibers 
serve as a mandrel around which the fibers of the winding ma-
chine are wound. All fibers pass through a nozzle and cure in-
side the heating system. Since we needed a continuous product, 
the OLS is wrapped around a spool (see Fig. 2A). To produce 
an OLS with three layers, the finished OLS with two layers was 
passed through the impregnation bath again in the same way as 
the UD fibers before and wrapped with a third layer. Referring 
to Fig. 2A, the osteon spool of the first process (vi) is in the 
second process positioned before the resin bath, replacing the 
fibers rack (i). If two winding machines are available, this pro-
cess can be done in one step. 

1.3. Materials Selection 
Different materials have been used for both the UD and the 

winding layers. For the UD layer we opted for two different 
types of carbon fibers (CF): the CF-3K (Tex=200 g/km, den-
sity=1.76 g/cm3) and CF-6K (Tex=400 g/km, density=1.76 
g/cm3), using them according to the dimensions diameter we 
wanted to have (3K and 6K indicated the number of filaments 
per tow). For example, to obtain a UD-layer diameter of 1 mm, 
one CF-3K and two CF-6K have been used, while to obtain a 
UD-layer diameter of 0.8 mm, one CF-3K and one CF-6K have 
been used. The OLSs with lower stiffness were manufactured 
by using GF (Tex=1200 g/km, density =2.62 g/cm3) as the UD-
layer. This made the process easier and smoother and required 
less maintenance. As for the winding layer, the type of CF was 
chosen according to the winding angle desired: for small angles 
(about 15°) CF-6K have been used, while for angles between 
15°- 45° CF-3K have been used. The optimal winding angle 
depends, in fact, on two factors: the diameter of the inner layer 
and the width of the winding fiber. For small angles, larger fi-
bers were required not to have too many gaps, while for high 
angles narrower ones were required not to have too many over-
laps. The effect of a not ideal winding angle is an irregular sur-
face caused by the presence of gaps or overlaps. Overlaps also 
lead to an excessive friction force that can cause problems in 
the process. However, since our goal was to obtain precise an-
gles, different from the ideal ones, the final product presented 
gaps or overlaps depending on the type of fibers used and the 
dimension of the inner diameter. The resin used is an epoxy 
resin characterized by low viscosity and long pot-life (Araldite 

Fig. 2 - Set-up and details of the pultrusion line used for the manufacture of the OLSs. A) Schematization of the overall line: (i) Fiber rack of the unidirectional 
layer (ii) Resin bath: tank where fibers get impregnated (iii) Winding machine: rotating component that allows the fiber wrapping at the desired angle (iv) Heating 
system (v) Caterpillar: pulling component (vi) Spool. B) Heating system of the pultrusion line. The three heating zones are highlighted (1) Steel plate used as 
support for the nozzle, (2) Nut, (3) Brass nozzle used as mold, (4) Aluminium block, (5) Heating plate. 
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LY5385 epoxy and Aradur 917-1 hardener by Huntsman, with 
the addition of releasing agent and accelerators). 

1.4. OLS design 
Two different types of OLSs have been produced: compres-

sive- and tensile-resistant, called osteon A and B, respectively. 
In order to determine the best design for both types and to eval-
uate how the mechanical response changes in the different con-
figurations, numerical simulations have been performed using 
the software Abaqus/CAE. The studied configurations are 
shown in Table 1. In every configuration the fibers in the inner 
layer are longitudinally aligned. This choice is due to a manu-
facturing limitation known from the beginning. 

Table 1 – Configurations implemented in numerical simulations. 0° refers to 
the axial direction. 

 I configuration II configuration III configuration 

Osteon A  0°/45°/-45° 0°/30°/45° 0°/30°/60° 

Osteon B 0°/15°/30° 0°/15°/-15° 0°/0°/0° 

Axial compressive and buckling simulations have been car-
ried out in linear elastic regime on the three configurations of 
osteon A, while tensile simulations have been made on osteons 
B. All the configurations analysed present a GF/Epoxy UD 
layer and CF/Epoxy winding layers. The properties of these 
materials have been evaluated using [17] and listed in in Table 
2. A fiber volume fraction of 60% has been considered for both 
materials. 
Table 2 – Materials properties. E [MPa] = Young’s Modulus; 𝜈𝜈 [-] = Poisson’s 
ratio; G [MPa] = Shear Modulus. The subscript 1 indicates the direction parallel 
to the fiber orientation, while 2, 3 are the directions orthogonal to 1.  

 E1 E2,E3 𝜈𝜈12 𝜈𝜈13 𝜈𝜈23 G12, G13, G23 

CF/Epoxy 167200 9787 0.26 0.015 3421 
GF/Epoxy 46000 9250 0.26 0.052 3453 

 
The model used for compressive and tensile simulations is 

represented by a quarter of cylinder: indeed, the use of the sym-
metry allowed us to have a smaller number of elements in the 
numerical simulations. The cross-section dimensions replicate 
the experimental ones, while the length was arbitrary chosen 
following an assumption of elastic response. The type of ele-
ments used in these analyses is a C3D20R (general purpose 
quadratic brick element, with reduced integration). The type of 
mesh is structured: since the geometry of the model is quite 
simple, it can be discretized with elements of regular shape and 
size that are easy to control. The number of elements through 
each layer thickness was set to be at least equal to three. This 
choice, followed by a mesh sensitivity analysis, led to a final 
mesh composed by: 176325 nodes for the compressive model, 
207984 nodes for the tensile model and 66211 nodes for the 
buckling model. The geometrical dimensions of the models are: 

• Osteon A: r1=0.465; r2=0.65; r3=0.85; L=200 
• Osteon B: r1=0.465; r2=0.70; r3=0.90; L=200 

where r1, r2 and r3 (in millimetres) are the radius associated to 
the first, second, and third layer, respectively. 
Loads and boundary conditions in the compressive and tensile 
simulations have been chosen to replicate the real experimental 
set-up: one surface is clamped, while on the other a force of 

500 N is applied in tension and compression, respectively. The 
buckling model is instead a full cylinder: this choice allowed 
us to also evaluate the deformation modes outside the plane of 
symmetry. The cross-section is the same one used for the com-
pressive model, while the length is chosen to have the same 
slenderness ratio (SR) of osteons in the original bone, calcu-
lated with the following equation 

 
𝑆𝑆𝑆𝑆 = 𝐿𝐿

𝐾𝐾 = 2

√𝐼𝐼
𝐴𝐴

= 2

√𝐷𝐷𝑒𝑒
2 + 𝐷𝐷𝑖𝑖

2

16

~37 (2) 

where L is the osteon length, which is approximately 2 mm 
[18], K is the radius of gyration and De and Di are the external 
and internal osteon diameter whose values are 0.2 mm and 0.08 
mm, respectively. After imposing the same slenderness ratio to 
our model, whose external diameter is 1.7 mm, we obtained a 
length of 16 mm. Loads and boundary conditions applied to the 
model are chosen to replicate those of one of the Euler’s critical 
load cases: the pin-encastre. The type of analysis performed is 
a Linearized Pre-Buckling (LPB) simulation, which calculates 
the critical buckling loads on the basic hypothesis of linear re-
sponse of the model. The results are then based upon macro-
scopic elastic effects and do not take into consideration micro-
scopic problems, such as fiber buckling. 

2. Results and Discussion 

2.1. Manufacturing results 
The manufactured OLSs are shown in the Table 3. The use 

of the pull-winding process allowed us to realize an FRC with 
a higher control on the fiber orientation and on the final layup, 
also maintaining our dimensional constraints (i.e., small osteon 
diameter). As a consequence, the mechanical properties in 
other directions than the pulling one (for example, circumfer-
ential and radial directions) are improved. As it can be seen, the 
tensile and compressive resistant OLS configurations realized 
are the [0°/15°/30°] and the [0°/30°/45°]. Regarding Osteon A, 
in fact, the [0°/30°/60°] configuration would have required ex-
cessively long times for the realization of the 60° layer. This is 
clearly visible from Eq.1: the higher γ, the lower v, considering 
that n is limited. For what concerns the configurations with a 
negative angle (i.e., [0°/45°/-45°] and [0°/15°/-15°]) these were 
not doable at the time due to the impossibility of inverting the 
rotational speed of the winding machine. All these manufactur-
ing limitations led in the end to the realization of the previously 
mentioned configurations which can be seen as a compromise 
between what we desired to produce and what we were able to 
produce. 
After the final set-up was designed, the production has been 
focused on Osteon A1, B1 and A2. The presence of the UD layer 
made of CF makes Osteon A1 and B1 the best OLSs realized in 

Table 3 – Lists of the manufactured OLS configurations. Amount of fibers 
mentioned within the brackets. 

 I Layer II Layer III Layer 

Osteon A1 0° CF-3K (1) + CF-6K (2) 30° CF-3K (1) 45° CF-3K (1) 
Osteon B1 0°CF-3K (1) + CF-6K (1) 15° CF-6K (1) 30° CF-3K (1) 
Osteon A2 0° GF (1) 30° CF-3K (1) 45° CF-3K (1) 
Osteon B2 0° GF (1) 15° CF-6K (1) 30° CF-3K (1) 
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terms of mechanical properties, while Osteon A2 represents the 
best configuration in terms of flexibility. In view of embedding 
these osteons into a bone-inspired multiscale composite lami-
nate, each OLS needed to be more than 100 m long: the modi-
fications made on the previous pultrusion line have been the 
key to produce such a big number of meters using a continuous 
process. In particular, the use of a short nozzle allowed us to 
reduce the friction area between the fibers and the nozzle itself, 
thus allowing a higher speed to be reached. A maximum veloc-
ity of 0.9 m/min was achieved. It has to be highlighted that, on 
the other hand, the open-air curing, consequence of the nozzle 
short length, led to the manufacturing of a product with a rough 
surface (i.e., the external diameter was variable along all the 
product) and greater cross-section dimensions than the theoret-
ical ones. For this reason, the real fiber volume fractions of the 
individual layers are probably lower than the theoretical values 
for the UD and winding layers (65% and 60%, respectively). 
Thus, lower mechanical properties are also then expected. 

2.2. Numerical results 
The most important results considered for Osteon A are the 

compressive stiffness, calculated as stress/strain (MPa), and the 
critical buckling load, calculated as the eigenvalue that comes 
as the result of a buckling analysis with a unitary force. Results 
for the compressive simulations are shown in Fig. 3. 

Fig. 3A shows that the best configuration appears to be the 
[0°/30°/60°]: it has, in fact, the highest compressive stiffness. 
In order to determine the best configuration for Osteon A an 
evaluation of the stress distribution in the thickness of the 
model has been also made. The results are visible in Fig. 4, 
where a cylindrical coordinate system has been used. An inter-
esting result is that the radial stress in the [0°/30°/60°] config-
uration is negative: this can be seen as a natural constraint 
against the radial expansion that characterizes the buckling 
phenomenon and a hypothetical crack growth. This behavior 
could be compared to a natural toughening mechanism of bones 
(i.e., constrained microcracking). Fig. 4 also shows that the 
[0°/45°/-45°] configuration has the most heterogeneous stress 
distribution. This behavior, that can be linked to the high angu-
lar difference between the second and third layer (90°), helps 
in terms of structural instability and reduces delamination is-
sues [19]. 

Regarding Osteon B the most important result is instead the 
tensile stiffness: this is shown in Fig. 3B. As expected the stiff-
est configuration is the [0°/0°/0°], which was not manufactured 
due to pull-winding manufacturing constraints. Indeed, staying 

on the same angle for large thickness radius without periodi-

cally varying it may create some kind of instability and larger 
maximum stresses through the overall thickness [19]. 
Fig. 3 – Uniaxial compressive (A) and tensile (B) results of OLSs. Simulation 
results are normalised with respect to the maximum value to allow a direct 
comparison in terms of compressive stiffness. 

The best tensile configuration, which also matches the manu-
facturing constraints, is then the [0°/15°/30°] one. Finally, the 
critical loads from the buckling analysis are reported. They are 
then compared with the critical loads, 𝑃𝑃𝑐𝑐𝑐𝑐 , estimated using Eu-
ler’s critical load formula for the pin-encaster case:  

 𝑃𝑃𝑐𝑐𝑐𝑐 = 𝜋𝜋
2 ∗ 𝐸𝐸 ∗ 𝐽𝐽
(𝛼𝛼 ∗ 𝑙𝑙)2  (3) 

where  is the Young’s modulus, is the minimum area mo-
ment of inertia, 𝛼𝛼 is the column effective length factor (𝛼𝛼 =
0.7for our boundary conditions), and 𝑙𝑙is the model length. 
This estimation was only used in order to validate our models. 
In fact, Euler’s formula is referred to a homogeneous and iso-
tropic material with a constant cross-section geometry, while 
OLSs are anisotropic composites. These results are shown in 
Fig. 5, where 𝜀𝜀𝑐𝑐 is the relative error between the numerical and 
the analytical critical load values. The relative error is relatively 
high for every configuration. This is due to the several approx-
imations of the Euler’s formula, previously mentioned. How-
ever, the relative error is basically the same in each configura-
tion, allowing the FE-models to replicate the analytical trend. 
Another important outcome of this graph is that the critical load 
of the [0°/30°/60°] configuration is the highest. Considering 
both the results from the compressive and the buckling simula-
tions, this configuration is then the one with the best response 
under a compression load. As it was expected, the more the fi-
bers are aligned along the cylinder axis, the higher the tensile 
stiffness. On the contrary, placing the fibers along the circum-
ferential direction improves the compressive behaviour. In fact, 
these configurations limit the radial deformation and this de-
lays the buckling failure [10]. Moreover, having fibers oriented 
perpendicular to the main loading direction can be used to en-
hance strength and energy absorption [20]. 

Fig. 4 – Stress distribution of Osteon A evaluated along a node path located in the mid-length of the model, in radial direction. (a) Axial stress in absolute 
value, (b) radial stress (c) hoop stress. 

B A 
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LY5385 epoxy and Aradur 917-1 hardener by Huntsman, with 
the addition of releasing agent and accelerators). 

1.4. OLS design 
Two different types of OLSs have been produced: compres-

sive- and tensile-resistant, called osteon A and B, respectively. 
In order to determine the best design for both types and to eval-
uate how the mechanical response changes in the different con-
figurations, numerical simulations have been performed using 
the software Abaqus/CAE. The studied configurations are 
shown in Table 1. In every configuration the fibers in the inner 
layer are longitudinally aligned. This choice is due to a manu-
facturing limitation known from the beginning. 

Table 1 – Configurations implemented in numerical simulations. 0° refers to 
the axial direction. 

 I configuration II configuration III configuration 

Osteon A  0°/45°/-45° 0°/30°/45° 0°/30°/60° 

Osteon B 0°/15°/30° 0°/15°/-15° 0°/0°/0° 

Axial compressive and buckling simulations have been car-
ried out in linear elastic regime on the three configurations of 
osteon A, while tensile simulations have been made on osteons 
B. All the configurations analysed present a GF/Epoxy UD 
layer and CF/Epoxy winding layers. The properties of these 
materials have been evaluated using [17] and listed in in Table 
2. A fiber volume fraction of 60% has been considered for both 
materials. 
Table 2 – Materials properties. E [MPa] = Young’s Modulus; 𝜈𝜈 [-] = Poisson’s 
ratio; G [MPa] = Shear Modulus. The subscript 1 indicates the direction parallel 
to the fiber orientation, while 2, 3 are the directions orthogonal to 1.  

 E1 E2,E3 𝜈𝜈12 𝜈𝜈13 𝜈𝜈23 G12, G13, G23 

CF/Epoxy 167200 9787 0.26 0.015 3421 
GF/Epoxy 46000 9250 0.26 0.052 3453 

 
The model used for compressive and tensile simulations is 

represented by a quarter of cylinder: indeed, the use of the sym-
metry allowed us to have a smaller number of elements in the 
numerical simulations. The cross-section dimensions replicate 
the experimental ones, while the length was arbitrary chosen 
following an assumption of elastic response. The type of ele-
ments used in these analyses is a C3D20R (general purpose 
quadratic brick element, with reduced integration). The type of 
mesh is structured: since the geometry of the model is quite 
simple, it can be discretized with elements of regular shape and 
size that are easy to control. The number of elements through 
each layer thickness was set to be at least equal to three. This 
choice, followed by a mesh sensitivity analysis, led to a final 
mesh composed by: 176325 nodes for the compressive model, 
207984 nodes for the tensile model and 66211 nodes for the 
buckling model. The geometrical dimensions of the models are: 

• Osteon A: r1=0.465; r2=0.65; r3=0.85; L=200 
• Osteon B: r1=0.465; r2=0.70; r3=0.90; L=200 

where r1, r2 and r3 (in millimetres) are the radius associated to 
the first, second, and third layer, respectively. 
Loads and boundary conditions in the compressive and tensile 
simulations have been chosen to replicate the real experimental 
set-up: one surface is clamped, while on the other a force of 

500 N is applied in tension and compression, respectively. The 
buckling model is instead a full cylinder: this choice allowed 
us to also evaluate the deformation modes outside the plane of 
symmetry. The cross-section is the same one used for the com-
pressive model, while the length is chosen to have the same 
slenderness ratio (SR) of osteons in the original bone, calcu-
lated with the following equation 

 
𝑆𝑆𝑆𝑆 = 𝐿𝐿
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where L is the osteon length, which is approximately 2 mm 
[18], K is the radius of gyration and De and Di are the external 
and internal osteon diameter whose values are 0.2 mm and 0.08 
mm, respectively. After imposing the same slenderness ratio to 
our model, whose external diameter is 1.7 mm, we obtained a 
length of 16 mm. Loads and boundary conditions applied to the 
model are chosen to replicate those of one of the Euler’s critical 
load cases: the pin-encastre. The type of analysis performed is 
a Linearized Pre-Buckling (LPB) simulation, which calculates 
the critical buckling loads on the basic hypothesis of linear re-
sponse of the model. The results are then based upon macro-
scopic elastic effects and do not take into consideration micro-
scopic problems, such as fiber buckling. 

2. Results and Discussion 

2.1. Manufacturing results 
The manufactured OLSs are shown in the Table 3. The use 

of the pull-winding process allowed us to realize an FRC with 
a higher control on the fiber orientation and on the final layup, 
also maintaining our dimensional constraints (i.e., small osteon 
diameter). As a consequence, the mechanical properties in 
other directions than the pulling one (for example, circumfer-
ential and radial directions) are improved. As it can be seen, the 
tensile and compressive resistant OLS configurations realized 
are the [0°/15°/30°] and the [0°/30°/45°]. Regarding Osteon A, 
in fact, the [0°/30°/60°] configuration would have required ex-
cessively long times for the realization of the 60° layer. This is 
clearly visible from Eq.1: the higher γ, the lower v, considering 
that n is limited. For what concerns the configurations with a 
negative angle (i.e., [0°/45°/-45°] and [0°/15°/-15°]) these were 
not doable at the time due to the impossibility of inverting the 
rotational speed of the winding machine. All these manufactur-
ing limitations led in the end to the realization of the previously 
mentioned configurations which can be seen as a compromise 
between what we desired to produce and what we were able to 
produce. 
After the final set-up was designed, the production has been 
focused on Osteon A1, B1 and A2. The presence of the UD layer 
made of CF makes Osteon A1 and B1 the best OLSs realized in 

Table 3 – Lists of the manufactured OLS configurations. Amount of fibers 
mentioned within the brackets. 

 I Layer II Layer III Layer 

Osteon A1 0° CF-3K (1) + CF-6K (2) 30° CF-3K (1) 45° CF-3K (1) 
Osteon B1 0°CF-3K (1) + CF-6K (1) 15° CF-6K (1) 30° CF-3K (1) 
Osteon A2 0° GF (1) 30° CF-3K (1) 45° CF-3K (1) 
Osteon B2 0° GF (1) 15° CF-6K (1) 30° CF-3K (1) 
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terms of mechanical properties, while Osteon A2 represents the 
best configuration in terms of flexibility. In view of embedding 
these osteons into a bone-inspired multiscale composite lami-
nate, each OLS needed to be more than 100 m long: the modi-
fications made on the previous pultrusion line have been the 
key to produce such a big number of meters using a continuous 
process. In particular, the use of a short nozzle allowed us to 
reduce the friction area between the fibers and the nozzle itself, 
thus allowing a higher speed to be reached. A maximum veloc-
ity of 0.9 m/min was achieved. It has to be highlighted that, on 
the other hand, the open-air curing, consequence of the nozzle 
short length, led to the manufacturing of a product with a rough 
surface (i.e., the external diameter was variable along all the 
product) and greater cross-section dimensions than the theoret-
ical ones. For this reason, the real fiber volume fractions of the 
individual layers are probably lower than the theoretical values 
for the UD and winding layers (65% and 60%, respectively). 
Thus, lower mechanical properties are also then expected. 

2.2. Numerical results 
The most important results considered for Osteon A are the 

compressive stiffness, calculated as stress/strain (MPa), and the 
critical buckling load, calculated as the eigenvalue that comes 
as the result of a buckling analysis with a unitary force. Results 
for the compressive simulations are shown in Fig. 3. 

Fig. 3A shows that the best configuration appears to be the 
[0°/30°/60°]: it has, in fact, the highest compressive stiffness. 
In order to determine the best configuration for Osteon A an 
evaluation of the stress distribution in the thickness of the 
model has been also made. The results are visible in Fig. 4, 
where a cylindrical coordinate system has been used. An inter-
esting result is that the radial stress in the [0°/30°/60°] config-
uration is negative: this can be seen as a natural constraint 
against the radial expansion that characterizes the buckling 
phenomenon and a hypothetical crack growth. This behavior 
could be compared to a natural toughening mechanism of bones 
(i.e., constrained microcracking). Fig. 4 also shows that the 
[0°/45°/-45°] configuration has the most heterogeneous stress 
distribution. This behavior, that can be linked to the high angu-
lar difference between the second and third layer (90°), helps 
in terms of structural instability and reduces delamination is-
sues [19]. 

Regarding Osteon B the most important result is instead the 
tensile stiffness: this is shown in Fig. 3B. As expected the stiff-
est configuration is the [0°/0°/0°], which was not manufactured 
due to pull-winding manufacturing constraints. Indeed, staying 

on the same angle for large thickness radius without periodi-

cally varying it may create some kind of instability and larger 
maximum stresses through the overall thickness [19]. 
Fig. 3 – Uniaxial compressive (A) and tensile (B) results of OLSs. Simulation 
results are normalised with respect to the maximum value to allow a direct 
comparison in terms of compressive stiffness. 

The best tensile configuration, which also matches the manu-
facturing constraints, is then the [0°/15°/30°] one. Finally, the 
critical loads from the buckling analysis are reported. They are 
then compared with the critical loads, 𝑃𝑃𝑐𝑐𝑐𝑐 , estimated using Eu-
ler’s critical load formula for the pin-encaster case:  

 𝑃𝑃𝑐𝑐𝑐𝑐 = 𝜋𝜋
2 ∗ 𝐸𝐸 ∗ 𝐽𝐽
(𝛼𝛼 ∗ 𝑙𝑙)2  (3) 

where  is the Young’s modulus, is the minimum area mo-
ment of inertia, 𝛼𝛼 is the column effective length factor (𝛼𝛼 =
0.7for our boundary conditions), and 𝑙𝑙is the model length. 
This estimation was only used in order to validate our models. 
In fact, Euler’s formula is referred to a homogeneous and iso-
tropic material with a constant cross-section geometry, while 
OLSs are anisotropic composites. These results are shown in 
Fig. 5, where 𝜀𝜀𝑐𝑐 is the relative error between the numerical and 
the analytical critical load values. The relative error is relatively 
high for every configuration. This is due to the several approx-
imations of the Euler’s formula, previously mentioned. How-
ever, the relative error is basically the same in each configura-
tion, allowing the FE-models to replicate the analytical trend. 
Another important outcome of this graph is that the critical load 
of the [0°/30°/60°] configuration is the highest. Considering 
both the results from the compressive and the buckling simula-
tions, this configuration is then the one with the best response 
under a compression load. As it was expected, the more the fi-
bers are aligned along the cylinder axis, the higher the tensile 
stiffness. On the contrary, placing the fibers along the circum-
ferential direction improves the compressive behaviour. In fact, 
these configurations limit the radial deformation and this de-
lays the buckling failure [10]. Moreover, having fibers oriented 
perpendicular to the main loading direction can be used to en-
hance strength and energy absorption [20]. 

Fig. 4 – Stress distribution of Osteon A evaluated along a node path located in the mid-length of the model, in radial direction. (a) Axial stress in absolute 
value, (b) radial stress (c) hoop stress. 
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Fig. 5 – Comparison between the numerical and the analytical critical load 

3. Conclusions 

This work focuses on the manufacturing of materials whose 
structure is inspired by the cylindrical microstructural features 
characteristic of bone tissue and, in particular, of the Haversian 
system, the osteons. The use of the pull-winding process allows 
one to obtain products of limited size and composed by several 
stacked layers. Fibers in each layer are oriented along different 
angles that, in this work, range from 0° (i.e. longitudinal direc-
tion) to 45°. Higher angles can be reached with the use of 
smaller fibers. The final configurations realized represent a 
tradeoff between the results of numerical simulations and the 
manufacturing-induced limitations. Two different types of 
OLSs have been realized: one behaves better under tension and 
the other one under compression. A good result has been ob-
tained in terms of production rate and of product-length manu-
factured continuously. This was possible also thanks to the 
modifications applied to the previous set-up of the pultrusion 
line. On the other hand, the same changes led to the manufac-
turing of a profile characterized by a rough external surface, 
which could be more difficult to be embedded into a multiscale 
composite laminate. In future works, the OLSs with GF in the 
UD-layer will be inserted into a textile that will be pultruded 
successively to fabricate a final laminate. Their great flexibility 
was, in fact, an essential requirement for their insertion into a 
textile. Instead, the osteons containing CF in the UD-layer will 
be used to fabricate a laminate by a manual lamination tech-
nique and cured through the VARTM process. Finally, a me-
chanical campaign will be carried out in order to evaluate the 
mechanical properties of the produced OLSs and the mechani-
cal response of the multiscale laminates to different loading 
conditions. 
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