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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  

Different 3D printed composite isogrid structures in polyamide reinforced with 20% in weight of short carbon fiber were manufactured by means 
of fused deposition modeling process. Six configurations were realized varying the rib width and the rib thickness of the structures. The isogrid 
panels were tested under compressive load in order to investigate the effect of geometric parameters on the buckling behavior, in terms of strength 
and specific strength. Different failure modes were identified, depending on geometric parameters: global and local buckling. Finally, optical 
microscopy was carried out in order to analyze the fractured ribs after buckling. It was demonstrated that the configurations which result in the 
highest strength are not the same of those providing the highest specific strength. 
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1. Introduction 

Automotive industry is facing new challenges arising from 
the necessity of reducing car weight while ensuring high 
components performances. More and more stringent 
regulations on fuel consumption and efficiency are forcing 
engineers in developing new materials and manufacturing 
methods in order to enhance specific strength and specific 
resistance of the structures [1]. In addition, the adoption of eco-
friendly materials and processes represents a key aspect to 
fulfill the requirements of regulatory frameworks [2]. As far as 
the development of new materials is concerned, the industrial 
and academic researches concentrated on composite materials. 
In particular, in the 90′s research focused on discontinuously 
reinforced metal matrix composites since the final component 
can be shaped using conventional metal forming operations 
[3,4]. In the last years, the interest mainly focused on Carbon 
Fiber Reinforced Polymers (CFRPs) due to the development of 
automated fiber placement processes, which allowed to 
overcome the drawbacks typical of manual operations in terms 
of productivity and repeatability of the mechanical properties 

of composite laminates [5–7]. The final assembly can be 
obtained by means of both adhesive bonding [8] and 
mechanical fastening [9,10]. 

In this context, a rapid evolution in the design of some 
components, especially those subjected to compressive loads, 
led to developing of new structures which allowed to strongly 
reduce weights, although maintaining high mechanical 
properties. To this purpose, isogrid structures, realized by 
manufacturing stiffeners in the form of equilateral triangles 
attached to sheets, are used for providing stiffness and 
resistance to compression-loaded components [11]. 

Isogrid structures were developed by the McDonnell-
Douglas Corporation in the 60’s. They were machined from a 
single piece of aluminum alloy and were used in different 
aircrafts [12]. Unfortunately, the manufacturing of isogrid 
structures in aluminum alloy was an expensive process, 
characterized both by long manufacturing time and a large 
amount of material waste. Recently, the diffusion of CFRPs, 
realized using an additive approach in their manufacturing 
processes, led to the development of isogrid structures in 
composite materials, characterized by higher performances and 
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efficiency than those provided by isogrid structures in 
aluminum alloys [13].  

The typical failure mode of compressive-loaded isogrid 
structures is buckling, which can occur in two different modes: 
global and local buckling [13]. The global buckling occurs as 
the whole structure collapses, whilst the local buckling involves 
the local failure of ribs. This different failure mode is related to 
the geometric parameters of isogrid structure, such as cell 
height, rib width, rib height, rib thickness, winding angle (in 
case of cylindrical structures) and skin thickness.  

Many investigations are related to the optimization of such 
parameters in order to maximize the permissible buckling load 
of isogrid structures [14–17]. However, most of them 
concerned the study of cylindrical isogrid structures due to the 
large applications in the aeronautical sector. Only few 
researches refer to flat isogrid panels, demonstrating that an in-
depth study of this topic is necessary. Totaro demonstrated that 
for composite isogrid panels, local and global buckling were the 
predominant failure modes, and he developed analytical model 
to minimize panel weight [18]. Shroff et al. predicted the 
damage of isogrid panels using a proper failure model [19]. 

As far as manufacturing processes are concerned, one of the 
most promising techniques for the production of high quality 
and low-cost composite parts is 3D printing. Indeed, this 
process has experienced an accelerated development in the last 
ten years, allowing the manufacturing of composite 
components with higher mechanical properties than those 
realized in aluminum alloys. The most used 3D printing method 
is Fused Deposition Modeling (FDM) due to its economic 
affordability and reliability. Typically, composites FDM 
process is performed by extruding a thermoplastic filament 
filled with short carbon fibers even tough long reinforcements 
are gaining market share [20].  

FDM 3D printing can represent a valid method for the 
manufacturing of isogrid structures in CFRP, especially when 
the reduction of manufacturing time and costs is predominant 
with respect to product performances. However, this topic is not 
sufficiently investigated in literature, since only a previous 
paper of the authors is available [21]. In that work, it was 
demonstrated that failure of the 3D printed composite isogrid 
structures during compression test is due to the global buckling 
failure mode; furthermore, the rise in cell height results in a 
decrease in both maximum load and specific maximum load 
whilst the rise in rib width leads to an increase in both peak load 
and specific maximum load. Li et al. investigated the 
mechanical behavior of 3D printed lattice isogrid structure 
through compression tests and finite element method analysis 
in order to investigate the different failure modes of the 
structures [22].  

In this context, the effect of geometric parameters on the 
mechanical behavior of 3D printed composite isogrid structures 
requires a more detailed investigation in order to define a failure 
mode map as a function of geometric parameters which can be 
used for the optimal design of the isogrid structures. To this 
purpose, in this paper, different isogrid panels were 
manufactured by FDM 3D printing by exploiting carbon fiber 
reinforced polyamide. The structures, realized with different rib 
widths and rib thicknesses, were tested under compression load. 
The effect of geometric parameters on maximum load, specific 

maximum load and buckling failure modes were investigated. 
Optical microscopy analysis was also carried out in order to 
observe the fractured ribs after buckling. 

2. Fabrication and testing 

2.1. 3D printing process 

An FDM 3D printer, produced by Roboze spa, was used to 
manufacture composite isogrid panels (Fig. 1). It is 
characterized by a nozzle of 0.6 mm and an average printing 
speed of 50 mm/s. The composite material used is a polyamide 
reinforced with short carbon fibers at 20% in weight 
(commercial name: CarbonPA). According to the material 
technical datasheet, the elastic modulus (E) and the ultimate 
tensile strength (UTS) of the CarbonPA are 15.5 GPa and 138 
MPa, respectively. 

 
 

 

Fig. 1. 3D printing process of composite isogrid panels. 

 
 
Since polyamide is subjected to moisture adsorption which 

causes a strong decrease in the mechanical performances, 
before printing, the spool containing the composite filament 
was dried for 4 hours at 120°C. Moreover, during the printing 
phase it was maintained at 70°C to avoid humidity adsorption. 
Filament extrusion was executed at a temperature higher than 
the glass transition temperature (Tg) of polyamide. Linear 
internal infill pattern was chosen for the manufacturing of 
isogrid panels due to its elevated resistance (Fig. 2). 
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Fig. 2. Slicing of an isogrid panel during pre-processing. 

2.2. Design parameters of isogrid structures 

A CAD software, able to export .STL files, was used to 
design isogrid structures. The mesh file was imported in a 
slicing software able to create a .GCODE file for translating the 
3D model into instructions for the 3D printer. 

A total of 18 isogrid structures, realized in six different 
configurations, were manufactured. Fig. 3 shows a typical 
isogrid structure, characterized by three geometric parameters: 
rib width (x), rib thickness (z) and cell height (t). However, in 
the present study, the cell height value was kept constant. Table 
1 reports the values of geometric parameters investigated in the 
present work. 

In order to maintain the unsupported length of the structure 
(as defined in the Euler’s critical load formula) unchanged, the 
size of the sides parallel and perpendicular to the longitudinal 
ribs was kept constant, with values of 106 and 80 mm, 
respectively. 

 

Fig. 3. Geometric parameters of the isogrid structures.  

Table 1. Geometric parameters and weight of the isogrid structures. 

Rib width, x 
[mm] 

Rib thickness, z 
[mm] 

Cell height, t 
[mm] 

Weight, w 
[g] 

3 8 18 43.3 

3 10 18 54.9 

3 15 18 81.9 

5 8 18 68.2 

5 10 18 98.6 

5 15 18 127.3 

 
 
 
In order to avoid moisture adsorption, after printing process, 

isogrid structures were subjected to a cooling phase at room 
temperature in a controlled environment for 2 hours. Then, they 
were weighted by means of an analytical balance. Table 1 also 
shows the weights of each isogrid structure. 

 

2.3. Compression tests 

A universal testing machine was used to perform 
compression test. Slow platen speed was chosen (0.5 mm/min) 
in order to avoid undesired inflection of the structures. During 
buckling test, load (P) and displacement (Δh) were acquired. 
Moreover, in order to investigate the specific resistance, the 
ratio between the peak load (Pmax) and the weight (w) was 
considered. Video recording was also performed to identify the 
onset of the buckling phenomena. 

 
 

3. Results and discussion 

Results of buckling tests performed on 3D printed composite 
isogrid structures demonstrated the occurrence of both global 
and local buckling failure modes. 

Fig. 4a shows an isogrid structure failed because of the 
occurrence of the global buckling; this failure mode occurs in 
isogrid panel characterized by relatively small rib thickness and 
involves the whole structure. Fig. 4b shows an isogrid panel 
collapsed due to the local buckling, occurred as the structures 
presents small values of rib width, involving only the ribs. In 
particular, under the geometric parameters investigated in the 
present work, local buckling failure mode occurs as the rib 
thickness is equal to 15 mm. 

In order to observe the fractured isogrid structures after 
buckling tests, optical microscopy investigation was performed. 
Fig. 5 shows an isogrid structure fractured at a nodal 
intersection owing to the instability of the whole structure, 
leading to the collapse of the panel. On the contrary, Fig. 5b 
shows a magnification of a fractured rib of an isogrid structure 
failed due to the occurrence of local buckling, during which the 
crack propagation arises along the direction perpendicular to 
that of the compressive load. Such phenomenon happens as the 
structure slenderness is lower than that of the ribs. 
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Fig. 4. (a) Global and (b) local buckling failure modes of 3D printed 
isogrid structures in CarbonPA. 

 
 

Fig. 6 shows the P-Δh curves of the tested isogrid at different 
geometric parameters. It can be observed that the maximum 
load increases with rib thickness. As a matter of fact, for x=3 
mm, the Pmax value increases by 54% as z rises from 8 to 10 
mm, and by 56% as rib thickness further increases from 10 to 
15 mm. A similar behavior can be seen in the isogrid structures 
characterized by a rib width of 5 mm, in which an increase in 
Pmax equal to 80% can be measured as z rises from 8 to 10 mm, 
and a further increase of about 31% as z passes from 10 to 15 
mm. Moreover, Fig. 6 also shows that, for a given value of rib 
thickness, the increase in rib width leads to a remarkable rise in 
the resistance of the isogrid structures. In particular, as the x 
ranges from 3 to 5 mm, the enhance in Pmax is equal to 46% 
for z=8 mm, 71% for z=10 mm and 43% for z=15 mm.  

 

Fig. 5. Fracture surface magnification of: (a) global buckling failed isogrid 
structure (x = 3 mm, z= 8 mm, t=18mm), and (b) local buckling failed 

isogrid structure (x = 5 mm, z= 15 mm, t=18mm).  

 
However, as far as the specific strength is concerned, 

different considerations can be drawn from the analysis of 
buckling tests results. In Fig. 7, the different configurations of 
the investigated isogrid structures are reported in terms of peak 
load and peak load to weight ratio. 

As reported above, the maximum load is highly influenced 
by the geometric parameters of the structure whilst the Pmax/w 
values demonstrate a more uniform behavior. However, it can 
be observed that, irrespective of the z value taken into account, 
the composite isogrid structures with a rib width of 3 mm are 
characterized by a higher Pmax/w value than the structures 
with a x value of 5 mm. Moreover, similarly to the effect of the 
rib thickness on the maximum load, for a given rib width and 
cell height, the increase in z value leads to an increase in the 
specific strength. By analyzing Table 2, which summarizes the 
Pmax and Pmax/w values and reports the failure mode of the 
isogrid structures, it can be seen that the thicker isogrid 
configurations, characterized by the occurrence of the local 
buckling, exhibit a lower growth rate of specific strength. As a 
matter of fact, for x=3 mm, the specific strength increases of 
about 15.5% as z value rises from 8 to 10 mm, whilst an 
increase in Pmax/w of 8% can be obtained as rib thickness 
passes from 10 to 15 mm. As the rib width is equal to 5 mm, 
the Pmax/w increases of 28.5% and of 2.8% as the rib thickness 
increases from 8 to 10 mm and from 10 to 15 mm, respectively. 
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develop structures characterized by different maximum load 
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Fig. 7 and reported in Table 2.  

 
 
 

Table 2: Maximum load, specific maximum load and buckling failure mode 
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Structure 

Maximum Load 
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Specific Maximum 
Load [KN/g] 

Buckling 
Failure Mode 

3x8x18 13.7 0.32 Global 

3x10x18 21.1 0.37 Global 

3x15x18 33.0 0.40 Local 

5x8x18 20.0 0.28 Global 

5x10x18 36.1 0.36 Global 

5x15x18 47.2 0.37 Local 

 

4. Conclusion 

In the present paper, 3D printed composite isogrid structures 
were realized and tested under compressive load. A polyamide 
reinforced with 20% in weight of short carbon fiber were 
exploited in FDM printing process to manufacture the 
structures. A total of six different configurations were tested 
under compressive load in order to investigate the effects of rib 
width and rib thickness on the strength and on the specific 
strength. The main outcomes can be summarized as follows: 

 The increase in rib width leads to an increase in strength and 
to a decrease in specific strength; 

 The rise in rib thickness results in an enhance in both 
strength and specific strength, even though such effect is 
less marked as the specific strength is taken into account; 

 The isogrid structures can fail under local or global 
buckling, depending on geometric parameters; 

 Structures configurations which lead to the highest strength 
are different to those resulting in the highest specific 
strength; 

 Isogrid structures which undergo to local buckling failure 
mode demonstrate lower specific strength than expected. 
 
In the light of these results, composite 3D printing 

demonstrates the capability of producing high performing 
isogrid panels. This can pave the way for a wide diffusion of 
this manufacturing method in sector such as aerospace for the 
production of structural components. 

Future work will be focused in the correlation of cell height 
effect on the mechanical performances of the structures, taking 
into account also moisture adsorption of the polyamide. 
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