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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 

Traditional rigid mechanisms exhibit problems such as assembly difficulties, friction and lubrification. Flexure-based compliant mechanisms, 
instead, are monolithic and gain their mobility thanks to proper design and material deflection. Designing and producing a compliant mechanism 
accurately and conveniently is crucial. Thanks to its capabilities, additive manufacturing (AM) approach can provide optimal design and 
production and open the way to new, unexploited performances. 
This study investigates the redesign of a traditional cantilevered pivot. The redesign considers the performance improvements by exploiting the 
advantages of the AM based on laser powder bed fusion (L-PBF). 
The maximum tensile and compressive loads of the redesigned joint were identified. The structure was optimised by considering the most critical 
geometrical parameters in terms of mechanical performance. The geometrical factors comply with the design rules for L-PBF process, to 
maximise the dimensional and surface accuracies. The new approach to the flexural joint design presented in this paper provided higher mobility 
if compared with the traditional approach. Therefore, this study makes a major contribution to research on the production of precision alignment 
mechanisms and scientific instruments. 
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1. Introduction

Flexible joints, also known as flexible pivots, are compliant
mechanisms, i.e. systems that move partially or completely due 
to the deformability of some of their parts, rather than the 
relative motion of rigid parts [1].

The advantages of using flexible pivots when compared to 
traditional rotation joints are numerous [2,3]. The movement of 
a flexible joint is guaranteed by its elastic deformation, without
backlashes. Friction is absent since there are no rotating 
elements or sliding couples, thereby wear is limited to the 
material fatigue. Thanks to the absence of parts that move 
relatively to each other, no lubrication is required, thus flexible 
joints are ideal for applications that require high levels of 
cleanliness. Nevertheless, compared to the traditional, some 
flexible joints have low stiffness in non-deformation directions
[4].

Typically, flexible pivots consist of rigid and flexible parts.
The rigid part, usually known as sleeves, allow the coupling to 
the working system, whereas the flexible parts are responsible 
for the pivot movement itself. From a production standpoint, 
conventional flexible joints can be produced from a monolithic
block or assembling different parts.

The most used production techniques to produce monolithic 
flexural joint are CNC 3-axis milling and Wire Electro-
Discharge Machining (WEDM) [5]. The simplest monolithic 
flexible joint is the flexure hinge which is produced by CNC 
and is used in micro-nano positioning systems [6–12].

Owing to the manufacturing limitation, most of the flexible 
pivots are assembled: the flexible elements are welded/brazed 
on the sleeve, e.g. the cantilevered pivot first introduced in 
[13,14], or connected to it via screws/pins, e.g. the cross axis 
pivot studied in [15]. In this case, the performances of the joint 
are strongly affected by assembly and manufacturing errors.
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Additive Manufacturing (AM) techniques could tackle the 
challenge of reducing the above-mentioned errors while also 
introducing numerous advantages. Components are fabricated 
in a layer-by-layer manner, and therefore, even joints with 
complex shape can be produced as a single part. As a result, 
precision monolithic joints can be produced easily and keeping 
a high-performance degree. In addition, AM is suitable for low 
production volumes, which are typical of flexible joint 
applications. 

A review of the literature revealed that there are both 
polymeric and metallic AM applications to flexible systems. 
Polymeric components with flexible kinematic chains have 
been designed for the medical field for endoscopic instruments 
[16–19], for the soft robotic device [20–22], and for the 
development of joints for smart materials used with 4D printing 
[23]. However, polymeric components suffer from problems 
such as low stiffness, creep deformation, short life cycle, which 
make them unsuited for fields such as aerospace [24]. To date, 
there are only a few studies about metal flexible pivots 
fabricated by AM. Merriam et al. [25,26] presented a titanium 
aiming system composed of a “split tube” flexure and cross-
axis pivots manufactured via electron beam melting (EBM). 
The EBM technique was also used by Merriam and Howell in 
[27], where lattice structures were used to reduce the weight of 
a cross-axis pivot structure. The lattice structures were also 
involved in reducing the joint stiffness, which allowed larger 
strokes. Riede et al. [28] presented a flexible joint designed for 
production via laser metal deposition (LMD). A stroke of ± 30° 
was obtained during testing. However, the joint required 
finishing operations using WEDM. In Wei et al. [24], a simple 
flexible AISI 316L hinge made via laser powder bed fusion (L-
PBF) was presented. Despite Ra values, referred to as the 
arithmetic mean roughness, by machining are much lower [29], 
the results showed that L-PBF guarantees an adequate surface 
finishing (Ra = 3 ÷ 8µm [30,31]) to make the flexure 
mechanism suitable for precise positioning. Because of that, 
this technique appears to be the most suitable among the AM 
to produce high-performance flexural joints with high 
dimensional and geometrical accuracies with respect to other 
AM techniques for metals [32]. 

In L-PBF, a laser beam is used to melt, according to the 
processed data, selected areas of a metallic powder bed [33] 
and the part is built layer-by-layer. The control and the shape 
of the beam are fine and precise and allow to obtain part with 
small details fabricated with high precision and dimensional 
accuracy (40 ÷ 70 µm) [34–36]. 

In the present work, a conventional flexible assembled pivot 
is redesigned to be fabricated using the L-PBF production 
technique. The study makes evident the need to exploit the full 
potential of L-PBF and overcome the most common design 
problems in designing high-performance flexural joints. 
Initially, a traditional redesign approach for AM is adopted. 
Therefore, the original joint is considered as a single part and 
then adapted to improve its feasibility by the L-PBF process. 
The performances of this redesigned joint are compared with 
the original design. From this comparison, the joint is newly 
designed.  

 

Fig. 1. Section-view of a generic cantilevered pivot by Riverhawk’s Flexural 
Pivot [37]. 

In this case, the original design is completed abandoned toward 
a perfect match between manufacturing feasibility and 
structural performances. 

2. Case Study 

The case study concerns the redesign of a cantilevered pivot. 
The original design consists of two cylindrical sleeves 
connected by two thin flat flexures perpendicular to each other. 
Each sleeve has an annular section that projects into the other 
without touching it [13]. 

The flexible elements are jointed on the sleeves by brazing 
or electro-welding. The selected geometry is commercial 
[37,38]. The rotation angle of the selected joint is ± 3.7 degrees. 
An example of internal cantilevered pivot geometry is shown 
in Fig. 1. 

2.1. Original geometry, simulations and geometry 
optimisation 

As discussed above, the production by AM eliminates the 
assembly phase. Therefore, the first step was to redesign the 
cantilevered pivot as a single piece. The first design 
modification used fillets to reduce thermal stress concentration 
of the sharp edges, and the flat flexures (Fig. 2) [39]. 

Therefore, the monolithic pivot was modelled by finite 
elements, and the load conditions were simulated using 
ANSYS 16.0. The AM aluminum alloy, AlSi10Mg, was set as 
material, whose related properties were extracted from the 
datasheet of the manufacturer of the powder used in this work 
[40]. The load cases were a) a tensile radial load, b) 
compression radial load, and c) rotation. The rotation load case 
means the rotation of the unconstrained sleeve around the axis 
of the pivot. This load condition is accomplished by fixing one 
sleeve in a circular hole while the second sleeve is subjected to 
the load. These constraints are typical for these types of pivots 
[41]. The simulations aimed to identify the tensile and 
compressive load and the rotation of the joint for which the 
joint reach the yield stress (230 MPa). The safety coefficient of 
the structure was therefore set equal to 1. 
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Fig. 2. Redesigned joint. 

 

 

Fig. 3. Equivalent Von Mises stress under tensile load. 

Each load condition and corresponding maximum 
equivalent Von Mises stress obtained from the simulations are 
shown in Table 1. 

Table 1. Simulation results. 

Load Case Maximum load / rotation Maximum equivalent 
stress [MPa] 

Tensile  1375 N 227 

Compression 1375 N 230 

Rotation 3.2 ° 228 

 
As an example, Fig. 3 shows the maximum stress evolution 

corresponding to the maximum tensile radial load supported by 
the structure. Only flexible elements were simulated as the 
sleeves do not affect the pivot performance. The rotation values 
proved to be consistent with the literature [38]. However, the 
areas of concentrated stresses can be detrimental to the 
performance of the flexible elements and, therefore, the 
geometry modifications were necessary. The geometric 
parameters considered to reduce the tension are shown in Fig. 
4. To maintain the maximum flexibility of the element, the 
thickness of the flexible elements (s) was set equal to the 
minimum, which can be manufactured by L-PBF. Therefore, s 

 

 

Fig. 4. Geometric parameters. 

was set equal to 1.5 mm. A sensitivity analysis was performed 
on the parameters a1 and a2. It was found that an increase of 
the width of the flexible element a1 and a corresponding 
reduction of the width a2 involves a significant decrease of the 
equivalent stress. Besides, as the R-value increases so the 
safety coefficient increases. 

These geometry modifications reduced the maximum 
equivalent Von Mises stress (σmax) from 230 MPa to 139 MPa 
under the same applied load (1375 N). The values of geometric 
parameters are shown in Table 2. 

Table 2. Geometric parameters before and after geometry optimisation. 

 r1 
[mm] 

r2 
[mm] 

R 
[mm] 

s 
[mm] 

a1 
[mm] 

a2 
[mm] 

σmax 

[MPa] 

Original 
design 0.5 0.5 5 1.5 17 9 230 

Optimised 
design 0.5 0.5 7 1.5 23 6 139 

The geometry has been further modified by topology 
optimising the material in the central area of the flexure, in 
which the stresses are close to zero (Fig. 3) [42]. The material 
was removed by keeping constant the admissible equivalent 
stress (139 MPa). The final optimised geometry is shown in 
Fig. 5a. 

At his point, the joint was then analysed to determine the 
maximum load that leads to a safety factor equal to 1. The 
obtained results of both tensile and compression were 2250 N 
and 2225 N, respectively. The maximum rotation that can be 
performed before yielding is 3.4°, slightly lower than the 
original design. 

2.2. Design for L-PBF 

Owing to the performance achieved, the geometry of the 
component has been further optimised to improve its feasibility 
by L-PBF. The approach proposed by Galati et al. [43] has been 
adopted. The main design drive is the accuracy of the sleeves 
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Fig. 5. Cross-section of the optimised design (a) and build orientation of the pivot with the support structure (in blue) (b). Cross-section of the component 
optimised for L-PBF production (c), and its build orientation with support structure (in blue) (d).

which must be guaranteed in the coupling area. Therefore, the 
build orientation of the component was fixed to be parallel to 
the sleeve axis. This orientation also involves the use of a low 
number of support structures. However, the presence of 
external sleeves and the small size of the joint hinder the access 
to the inside of the structure, making it impossible to remove 
any support. The joint surfaces have therefore been modified 
into self-supported surfaces. A minimum angle α equals 35° 
was chosen between the overhanging surfaces and the build 
platform [44]. 

The result of the redesign obtained by following the 
described previous adjustments is shown in Fig. 5c. 

Compared to the previous (Fig. 5a), the new design shows 
fewer supports, easily removed. 

The redesigned pivot was numerically verified under the 
three load cases reported in paragraph 2.1. The results showed 
that the maximum rotation value reached before yielding was 
2.4°, which is lower than the previous design. This reduction 
may be attributed to narrow fittings on the top and at centre of 
the flexible elements, which causes a stress concentration 
effect. Furthermore, the widths of the flexible elements exceed 
the widths of the previously obtained geometry, making the 
redesigned pivot stiffer than the previous. 

This result clearly shows that, with a proper design, it is 
possible to produce flexural joint by L-PBF. However, the 
geometry modifications required to make the product feasible 
by this technology constrained the performance of the 
component. 

3. Cantilever pivot for L-PBF 

A novel structure was designed while preserving only the 
functionality and the coupling surfaces of the original pivot. 
The main objective has been to enhance the structural 
performance of the original joint by achieving a minimum 
rotation of at least 5°. Rotation alone was considered as this 

pivot is mainly used in place of bearings due to its non-friction 
properties in precision alignment mechanisms and scientific 
instruments. In these instruments, the degree of rotation is 
mainly considered. Small-angle generators are widely used in 
dimensional metrology to calibrate, for example, high-
resolution electronic autocollimators. Nowadays, these 
requirements can be easily achieved by using microactuators, 
so-called piezo nano-positioner pushers and flexural 
mechanisms. 

The maximum envelope was fixed to be equal to the original 
structure envelope, whereas the coupling elements of the 
structure were designed with two parallel rings. As before, the 
build direction was set parallel to the axis of the rings to ensure 
the right dimensional and geometrical accuracy [32,35]. The 
two rings are connected with a series of helix wires with a 
twisted profile (Fig. 6). The use of helix profiles and ring 
structures allowed the maximisation of the component’s 
lightening. From a L-PBF production point of view, the internal 
emptiness of the structure enables greater freedom access 
during the support removal. Additionally, a proper torsion of 
the helicoidal profile ensures that the helixes are self-
supporting. Therefore, supports are required only to anchor the 
bottom ring to the build platform and to support the 
construction of the upper ring. 

A sensitivity analysis has been performed to understand the 
performance of the new joint. The most influential parameters 
are the wire diameter of the helix and its torsion. A larger helix 
wire diameter corresponds to greater stiffness and, therefore, a 
lower rotation capacity of the helix. 

To meet the needs of both manufacturing constraints and 
stiffness of the pivot, a minimum diameter value of 2 mm was 
chosen for the wire. As concerns the profile torsion, it was 
found out that a greater twist of the helixes corresponds to a 
greater rotation of the joint. 

The obtained results are shown in Table 2. The maximum 
rotation and the corresponding maximum equivalent Von  
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Fig. 6. Alternative configurations. Geometric parameters are indicated in Table 3. 

Mises stress values refer to a safety coefficient of 1. The 
simulations were performed under the same conditions as the 
previous design. 

Table 3. Results for different geometry configurations. 

Geometry Helix wire 
diameter 
[mm] 

Profile 
torsion [°] 

Maximum 
rotation [°] 

Maximum 
equivalent 
stress [MPa] 

(a) 2 90 5.3 227 

(b) 2 135 6.4 229 

(c) 2 180 7.4 230 

(d) 3 180 5.4 229 

All the new designs satisfied the minimum required rotation 
of 5°. Higher-profile torsion (Fig. 6c) leads to a maximum 
rotation equal to 7.4° in case (c). The profile torsion over 180° 
has not been investigated because the self-supporting 
requirement is violated. The diameter increase reduces the 
overall rotation value, as shown for the geometry (d) in Fig. 6. 

The increase of torsional performance, by reducing the pivot 
structural material, implied decreasing admissible radial load. 

4. Conclusion 

In literature, the AM design approach for flexible joints 
lacks investigation. This work illustrated how the design of 
compliant assembled mechanisms could benefit from the AM 
capability, in particular for L-PBF based production. Among 
the flexural joints, a cantilever pivot was analysed. 

The pivot was firstly redesigned, adapting the traditional 
geometry to the L-PBF production. The main advantage was 
the removal of the assembly operations that affected the 
performance of the original design. However, the modified 
design showed poor performance compared to the original. In 
light of this result, a novel geometry was developed. The 
component design was fully disrupted by embedding a series 
of helix brackets between the coupling parts of the pivot. The 
results showed enhanced mechanical performances with 

respect to the traditional design. The L-PBF technique made it 
possible to build the cantilever pivot as a monolithic part (from 
four components to one) and remove any assembly operation. 
The proposed innovative structure (18 g AM aluminum alloy) 
is 40% lighter than the original structure (30 g cast aluminum 
alloy). For the geometry with lower profile torsion, the 
obtained rotation is 2.1° and 2.9° higher than the original 
design (3.2°) and the redesigned pivot for L-PBF (2.4°), 
respectively. 

These results prove that the benefits of the AM capabilities 
can be fully exploited only if a paradigm change is adopted: 
simply redesigning or adjusting the geometry for production is 
insufficient. This case study shows the potential of exploiting 
AM in designing new flexural joints and it adds to the rapidly 
expanding field of the precision mechanical components 
production. 
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