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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 

A passive support with a pivot mechanism was previously designed for increasing damping of the vibration modes of a flexible structure. Here, 
to investigate the influence of the contact conditions between the pivot support and a flexible plate, the contact area is discretised into line contacts 
using metal rollers. The effect of contact stiffness is also investigated using additional plastic rings. Impact hammering tests are conducted and 
measured dynamic compliances are compared. Machining tests are subsequently performed to confirm vibration suppression. The line contacts 
are found to exhibit good vibration suppression capability in both the vibration and machining tests. 
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1. Introduction 

Aircraft parts have light-weight structures, which 
incorporate thin walls and/or thin webs [1]. However, the 
material removal processes used to fabricate such structures 
suffer from static and dynamic deformations induced by cutting 
forces. To avoid this deformation and ensure finishing accuracy, 
the support systems that provide stiffness and/or damping are 
indispensable [2]. Damping systems can be classified as active, 
semi-active, and passive [3]. Recently, several sophisticated 
semi-active and passive systems have been proposed, which do 
not require continuous energy supply [4-6]. Although these new 
systems can offer robustness or self-tuning capability, the 
design of support system for the flexible workpiece is difficult. 
This comes from the difficulty in managing the contact 
conditions between the support and workpiece.  

The most reliable passive supports may employ a full-
contact surface, which fits the workpiece surface and 
suppresses the various vibration modes arising during 

machining. However, design and preparation of contact 
surfaces that precisely fit the workpiece shapes are time-
consuming. To solve this problem, flexible support systems 
have been investigated, the contact points of which can 
adaptively change to fit the structure to be machined [7][8]. To 
achieve the design simplicity and to reduce vibration, the 
authors’ group previously investigated a passive support with a 
pivot action [9], which can adapt the inclination of the support 
surface as required. Experiments indicated that the pivot-type 
support provides better vibration suppression than a fixed-type 
support. However, this support can only be applied to a flat 
surface through a face contact. To support a curved structure, 
the contact must be discretised.  

In this paper, the influence of the contact conditions between 
the pivot support and a flexible plate are reported, based on 
discretisation of the contact area into line contacts using metal 
rollers. The effect of contact stiffness is also examined using 
plastic rings. 
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2. Experiment design 

2.1. Purpose of experiment 

Point or line contacts are preferable for passive supports as 
they can easily be applied to different workpiece surfaces. 
However, a problem exists in that contact points (or lines) 
become nodes of vibration modes (referred to as ‘sine modes’ 
hereafter). At such nodes, translational motion can be 
minimised, but rotational motion persists, as shown in Fig. 1. 
In this work, the capability of a pivot support (Fig. 2) to 
suppress the sine modes was investigated. In a previous study 
[9], both vibration and machining tests indicated that a pivot 
support could suppress the sine modes of a flexible plate. 
However, the mechanism and influence of the contact and 
cutting conditions on the machining vibration remain unknown. 
If the contact surface can be reduced, support for non-flat (e.g., 
curved or stepped) surfaces can potentially be achieved. To this 
end, the influence of the contact conditions between a pivot 
support and a flexible plate were investigated, with the flat 
contact being discretised into line contacts. 

 
(a) (b) 

 

Fig. 1. Plate vibration modes and effect of support: (a) first and (b) second 
(sine) modes. 

(a) (b) 

 

Fig. 2. Pivot support with (a) flat surface contact and (b) line contacts. 

2.2. Experiment system 

The experimental device shown in Fig. 3, which was used in 
the previous test [9], was employed in this work. The device 
consists of a vice unit, a support unit mounted on a slide table, 
a base plate, and a dynamometer. The plate dimensions were set 
to 100 mm (length) × 150 mm (height) × 5 mm (width) 
(cramped width: 50 mm). A new pivot support was designed, 
as shown in Fig. 4, with two steel rollers being attached to the 
pivot block to form line contacts to the plate. A thin-plate-type 

force sensor was inserted between the support and slide table to 
measure the contact force Fc.  

To change the stiffness of the contact surface, plastic rings 
made of polyamide resin were also attached to steel rollers, as 
shown in Fig. 5(b). Using the plastic rings, the contact surface 
could be configured easily. Rings cut to make surface contacts 
were prepared, and the corresponding performance was 
compared with that for un-cut rings. 
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Fig. 3. Experimental device. 
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Fig. 4. Designed support unit and supported plate: (a) upper and (b) side 
views. 

(b)(a)

Roller
φ19 

(c)

2
3.

8
 m

m
φ

25
 m

m
Line contact

Flat surface contact
 

Fig. 5. Pivot support (a) with steel rollers, and (b) with steel rollers 
covered by (c) plastic rings (upper view). 

 

3. Impact hammering test 

The influence of the support conditions on the dynamic 
characteristics of the plate was investigated through a vibration 
test. The Fc of the support was set to 1 or 10 N, and impact 
hammering tests were conducted by hitting the plate in the 
normal direction. Accelerometers were attached to the plate to 
detect the acceleration in the Y-direction. The impact force and 
acceleration signals were captured by a digital signal analyser. 
Frequency response functions (FRFs) were estimated using the 
H1 model [10] and transferred to compliance. The sampling 
frequency was set to 0.0416 ms. The FRFs for tool-side, which 
was used for a cutting test, were also measured. The sensors 
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were attached to the edge and shank of an endmill, as shown in 
Fig. 3. FRFs were measured under the following conditions:  

(1) flat surface contact with the block only;  
(2) line contacts with steel rollers;  
(3) line contacts with plastic rings; 
(4) flat surface contacts with plastic rings.  
Fig. 6 shows examples of the measured FRFs for cases (1) 

and (2), and the FRF for an unsupported plate. As shown in Fig. 
6(a), the magnitude plot for the unsupported plate exhibits sharp 
peaks at the first and second natural frequencies, which 
correspond to the mode shapes shown in Figs. 1(a) and (b), 
respectively. In contrast, the resonant peaks in the FRFs for 
cases (1) and (2) are very small (Figs. 6(b) and (c), respectively). 
The FRFs in Figs. 6(b) and (c) appear very similar, even though 
the nominal contact area was drastically reduced from the 
surface contact (case (1)) to the line contacts (case (2)). The 
same results were obtained, where Fc was set at 10 N. These 
results imply that the real contact area was quite limited under 
small Fc conditions.  

Figs. 7 (a) and (b) show examples of the FRFs measured for 
cases (3) and (4), respectively. As apparent from Fig. 7(a), the 
resonance peak at 893 Hz was significant for the line contact 
with Fc = 1 N. However, this peak was suppressed for Fc = 10 
N. For the flat surface contacts (Fig. 7(b)), the resonant peaks 
were smaller for the same Fc values, where the other peak next 
to the highest one also became apparent.  
 

 
Fig. 6. Measured FRFs and coherence (IP1 to A1) for (a) unsupported plate, 
(b) flat surface contact comprised of the block only, and (c) line contacts 
comprised of steel rollers. (Fc: 1 N) 
 

 

Fig. 7. Measured FRFs and coherence for plastic-ring-covered rollers with (a) 
line contacts and (b) flat surface contacts.  

4. Machining test 

4.1. Machining conditions 

To investigate the influence of the contact conditions on the 
machining vibration, end milling tests were conducted. The 
device shown in Fig. 3 was set on the table of a machining 
centre. The cutting conditions are listed in Table 1. The spindle 
speed was chosen from the most critical values, i.e., those at 
which vibrations occurred easily in a preliminary test. As the 
feed per tooth was found to be critical on a small scale, two 
levels were chosen. Thus, the cutting was repeated to decrease 
the plate thickness, with the feed per tooth and Fc being adjusted 
to the second values listed in Table 2. The same acceleration 
sensors were used to monitor the vibrations during machining.   

 
Table 1. Cutting conditions. 

Tool 
TiAlN-coated WC square 

endmill, four teeth, diameter: 14 
mm, projection length: 47 mm 

Workpiece material S50C 
Workpice size, W×H×t (mm) 100 × 150 × 5 (before cut) 

Milling direction Downcut 
Radial depth of cut, Rd (mm) 0.2 
Axial depth of cut, Ad  (mm) 16 

Spindle speed, S  (min-1) 4000 
Feed rate, F (mm/min)  

(Feed per tooth: ft [mm/tooth]) 
800, 1600 

(0.05, 0.10) 
Tooth passing frequency (Hz) 266.7 

Contact force of support, Fc (N) 1, 10 
Plate thickness, t (mm)  5.0‐2.2 

Table 2. Test order. 
No. ft

(mm) 
Fc

(N) 
t
(mm) 

No. ft   
(mm)

Fc

(N)
t
(mm)

1 0.1 10 5.0 7 0.1 1 3.6 

2 0.05 10 4.8 8 0..05 1 3.4 

3 0.05 1 4.6 9 0.1 1 3.0 

4 0.1 1 4.4 10 0..05 1 2.8 

5 0.1 10 4.0 11 0.1 10 2.6 

6 0.05 10 3.8 12 0.05 10 2.4 
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Fig. 2. Pivot support with (a) flat surface contact and (b) line contacts. 
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Fig. 5. Pivot support (a) with steel rollers, and (b) with steel rollers 
covered by (c) plastic rings (upper view). 

 

3. Impact hammering test 

The influence of the support conditions on the dynamic 
characteristics of the plate was investigated through a vibration 
test. The Fc of the support was set to 1 or 10 N, and impact 
hammering tests were conducted by hitting the plate in the 
normal direction. Accelerometers were attached to the plate to 
detect the acceleration in the Y-direction. The impact force and 
acceleration signals were captured by a digital signal analyser. 
Frequency response functions (FRFs) were estimated using the 
H1 model [10] and transferred to compliance. The sampling 
frequency was set to 0.0416 ms. The FRFs for tool-side, which 
was used for a cutting test, were also measured. The sensors 
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4.2. Test results 

Figs. 8 and 9 show the measured accelerations and their 
power spectra for the pivot support for both flat surface contact 
with the block (case (1)) and steel-roller line contacts (cases 
(2)), respectively. In the earlier machining steps (Nos. 13, 
Table 2), vibrations with frequencies of approximately 4 kHz 
occurred (Figs. 8(a) and 9(a)), but decreased as the plate 
thickness was reduced (Figs. 8(b) and 9 (b)). After No. 3, the 
machining process was very stable regarding vibration. In 
contrast, severe vibrations occurred when plastic-ring-covered 

rollers were employed, as shown in Fig. 10 (for flat surface 
contact, i.e., case (4)). For this reason, that test could not 
proceed beyond condition No. 2. Under these critical 
conditions, the vibrations with frequencies distributed around 
1 kHz were large. Further, although the second mode appeared 
to be suppressed in the FRFs (Fig. 7 (b)), it appeared 
prominently in the machining test. This reason may be that the 
natural frequency was close to a multiple of the tool passing 
frequency and the resonance was not perfectly suppressed.  

To confirm the source of the vibrations at approximately 4 
kHz, FRFs measured for spindle impact hammering are shown 
in Fig. 11. A dominant resonant peak near 3.6 kHz is apparent, 
while the resonant peaks over 4 kHz were less apparent. Note 
that the resonant peaks over 4 kHz were not apparent either in 
the FRFs measured for the unsupported plate either (Fig. 6(a)). 
The reason why the machining vibration over 4 kHz became 
dominant is unclear.   

5. Conclusion 

A simple pivot support was redesigned to avoid vibrations 
during plate milling. To extend the application of the support 
to a curved structure, line contacts were introduced with metal 
rollers. The results of impact hammering and milling tests 
indicate comparable vibration suppression performance to that 
of a conventional flat surface pivot. In the case of a plastic 
contact, the vibrations were reduced in the impact hammering 
tests, but not in the machining tests.  
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Fig. 8. Measured accelerations (upper) and power spectra (lower) for 
flat surface contacts: (a) exp. No. 1, t = 5.0 mm; (b) exp. No. 9, t = 3.0 

mm 

Fig. 9. Measured accelerations (upper) and power spectra (lower) for 
steel-roller line contacts: (a) exp. No. 1, t = 5.0 mm; (b) exp. No. 9, t = 

3.0 mm. 

 

Fig. 10. Measured accelerations (upper) and power spectra (lower) for 
plastic-ring-covered rollers with flat surface contacts: exp. No. 1, t = 5.0 

mm. 

Fig. 11. Measured FRFs for spindle: (a) magnitude plot; (b) phase plot. 


