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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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1. Introduction

In last few years, polymer matrix composites (PMCs) are

being widely used in various industrial applications due to their

exceptional strength-to-weight properties and excellent fatigue

and corrosion resistance. This trend is especially encouraging in

aerospace industry where Boeing 787 recently used more than

50% by weight of PMCs to construct the mainframe compo-

nents, eliminating 1,500 aluminium sheets and 40,000-50,000

fasteners per section making the aircraft much lighter and there-

fore, fuel efficient [1].

PMCs though are manufactured to a near-net shape, machin-

ing operations are needed to meet strict assembly tolerances

and produce holes for assembly purpose. However, abrasive

fibres and tough polymer matrices pose challenges in achiev-

ing desired cut surface finish. The low thermal conductivity of

thermoset resins means, in high-speed machining applications

the process-heat gets attracted more to metallic cutting tool

∗ Corresponding author. Tel.: +44-793-881-2394.

E-mail address: fmcepero1@sheffield.ac.uk (F. Cepero-Mejias).

contributing to its accelerated thermo-mechanical wear. Con-

sequently, the worn cutting tools, during cutting, bend highly

elastic fibres ahead of the tool tip instead of shearing them away,

resulting in higher degree of surface and sub-surface damage.

In addition, incorrect choice of cutting parameters gives rise to

several damage mechanisms such as delamination, fibre-matrix

debonding and matrix crushing [2, 3]. In such scenario, a large

number of machining trials are generally needed to understand

the effect of critical process variables on the cut surface qual-

ity, and machining-induced damage that could result in part-

rejection.

Owing to the high cost associated with aerospace-grade

composites and modern cutting tools, this exercise could be

quite expensive and laborious. Finite-element (FE) models of

machining of composites could be a cost-effective alternative

when validated using the experimental data. FE models emu-

lating composite machining process have been used to study

various machining responses recently.

Lasri et al. [4], while studying mechanics of chip removal

using FE model of orthogonal machining of CFRP compos-

ite, concluded that the chip removal mechanism is mainly tak-

ing place at fibre-matrix interface. A gradual chip length re-

duction for fibre orientations ranging from 0◦ to 90◦ was evi-

dent to support the conclusion. In another study using FEA, fo-
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Abstract

FE models offer a promising virtual alternative to study machining responses of composites, thereby allowing an informed selection of favorable

cutting parameters. Appropriate mathematical schemes are needed to predict damage initiation in fibrous composites; Hashin and Puck failure

criteria are the most commonly used for this purpose. This work focusses on the assessment of these criteria to predict ply-level damage in

orthogonal cutting of unidirectional composites. A novel algorithm accounting for strain-softening after damage initiation is also proposed.

Efficacy of the developed FE model is shown by simulating effects of the cutter tool on the damage of underlying workpiece.
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cused on modelling of machining the epoxy-based composites

impregnated with carbon – and glass – fibres, Santiuste et al.

[5] determined that upon machining CFRP experience a brit-

tle fracture with low induced damage, while GFRP shows a

more ductile behaviour with higher sub-surface damage. This

helped to drawn an insight in selection of appropriate cutting

parameters in a case where hybrid (CFRP/GFRP) composites

are machined. The effect of fibre orientation, rake angle and

depth-of-cut on internal damage propagation and cutting forces

was investigated by Zenia et al. [6]. The FE study concluded

that the high fibre orientations and high depths-of-cut result in

increased machining induced damage and cutting forces, while

increment in rake angle reduce these responses – highlighting

the importance of suitable cutter geometry.

An extensive review of present machining FE works reveals

that several authors have studied the effect of cutting parameters

on the laminate sub-surface damage. However, in most cases

these studies are not supported with the experimental or analyti-

cal evidences leading to uncertainty on the overall predictability

and robustness of these models. Therefore, development of FE

model of machining of composites, thoroughly validated using

experimental results, is required to enhance the ability of pre-

diction.

Currently, a damage algorithm proposed by Hashin [7, 8]

to determine damage initiation and a subsequent linear en-

ergy based softening available in Abaqus/Explicit commands

is widely used to model underlying fibre/matrix damage in

machining simulations. Nevertheless, Hashins criteria is quite

conservative in prediction of initation of matrix damage un-

der compressive loads [9]. This introduces critical errors in nu-

merical results, as these damage modes are significant in ma-

chining applications [5]. Besides, traditional element-deletion

methods are commonly employed to model material removal

upon damage and thereby avoid numerical instability arising

from excessive distortion of meshed elements. These methods

do not allow damage propagation in a physical manner, predict-

ing much lower damage than that of observed in experimental

trials. Hence, more sophisticated mathematical models account-

ing for composite fracture and damage mechanisms should be

developed to improve the underlying damage predictions [10].

This article focusses on the 2D FE simulation of orthogo-

nal cutting of composites taking into account effect of various

fibre orientations and change of cutter geometry. Two numeri-

cal algorithms - Hashin-Rotem and Puck failure criteria, widely

used in FE modelling community to model onset of damage

in stressed composite structures, are considered to comprehend

their effectiveness and de-merits when applied to composite

machining application. Damage propagation is modelled us-

ing a linear physical energy based softening and imposing a

threshold damage level. This helps to avoid element distortion

problems as highlighted before, and takes into account com-

posite structures residual strength. Spring back phenomenon,

often observed in composite machining is also considered to

enhance thrust force and sub-surface damage predictions. De-

veloped FE models are validated by comparing FE results with

experimental machining force data as well as optical induced

damage measurements published elsewhere [11].

Nomenclature

FE Finite element

PMC Polymer matrix composite

GFRP Glass fibre reinforced polymer

σi j Stress vector values in directions “i” and “j”’

E1, E2 Young modulus in fibre and transverse directions

G12,ν12 Shear laminate modulus and poisson coefficient

XT , XC Fibre tensile and compressive strength

YT , YC Matrix tensile and compressive strength

S Shear laminate strength

p
(+)

⊥‖
Slope of the fracture envelope (normal stress -

longitudinal/transverse shear stress) curve in trac-

tion states when normal stress is 0

R
(+)A
⊥ Fracture resistance of the fracture plane due to

transverse stresses

RA
⊥‖

Fracture resistance of the fracture plane due lon-

gitudinal/transverse shear stresses

RA
⊥⊥ Fracture resistance of the fracture plane due to

transverse/transverse shear stresses

δI,eq Equivalent displacement associated to a damage

mode

δ0
I,eq

Equivalent displacement associated to a damage

mode when it is 0

σ0
I,eq

Equivalent stress associated to a damage mode

when it is 0

δ
f

I,eq
Equivalent displacement associated to a damage

mode when it is 1

GC
I

Critical fracture toughness associated to a damage

mode

2. FE model characteristics

Several 2D FEM plane stress analyses are conducted in the

numerical software package Abaqus/Explicit. Same machining

configuration employed in Bhatnagar et al. [11] trials is imple-

mented to validate the FE model, refer to Table 3. Tool is treated

as a solid rigid to reduce the high computational time required

for these kind of FE models. GFRP mechanical and strength

material properties simulated are listed in Tables 1 and 2, re-

spectively.

Table 1. GFRP composite mechanical properties.

Material E1(GPa) E2(GPa) G12(GPa) υ12

GFRP [5] 48 12 6 0.28

Table 2. GFRP composite strength properties.

Material XT (MPa) XC(MPa) YT (MPa) YC(MPa) S (MPa)

GFRP [5] 1200 800 59 128 25
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Table 3. Cutting parameters simulated.

Cutting variables Simulated machining configuration

Rake angle (α) 5◦

Relief angle (β) 6◦

Tool edge radius (µm) 50

Depth of cut (mm) 0.2

Cutting speed (mm/s) 8.33

Fibre orientations 0◦, 15◦, 30◦, 45◦, 60◦, 75◦ and 90◦

2.1. Mesh and geometry considerations

Laminate dimensions are 5 mm long and 3 mm height to ac-

complish a good compromise between accuracy and computa-

tional cost of the numerical predictions. Cutter tool edge is allo-

cated at the middle of long laminate side to faithfully reproduce

the usual cutting conditions along the laminate. Boundary con-

ditions are carefully chosen to resemble the real cutting condi-

tions; bottom laminate displacements are fixed, while in lateral

laminate sides the horizontal movement is restricted. Quadri-

lateral CPS4R meshed elements are employed with a minimum

size of 10 µm in the zone around the cutter tool tip and a maxi-

mum size of 100 µm at the lateral and bottom laminate sites, as

illustrated in Fig. 1.

Fig. 1. Mesh zoom of the closed area next to the cutter tool edge.

2.2. Tool-workpiece contact

The contact is simulated using the surface-node surface con-

tact property available in Abaqus/Explicit in-built commands.

To model the friction a low constant friction Coulomb coeffi-

cient of 0.2 is chosen for every simulated fibre orientation. This

consideration is taken to use similar frictional coefficients ex-

tracted from Koplev et al. [12] experiments.

3. Damage algorithms

The development of two novel damage algorithms in the

modelling of composite machining is performed using an user

fortran subroutine VUMAT. Four different damage modes are

considered inside stiffness matrix: (1) fibre traction (d f t), (2)

fibre compression (d f c), (3) matrix traction (dmt) and (4) ma-

trix compression (dmc). Their implementation in the constitutive

equations of the material is carried out using the same formula-

tion developed by Lapczyk and Hurtado [13].

One of the damage algorithms employ the Hashin-Rotem

failure criteria to predict the damage initiation in composite ply.

The criteria typically result in over-prediction of damage mag-

nitude, thus leading to a conservative design envelope. In addi-

tion, its mathematical formulation does not contain numerical

terms which typically aggregate to serious round-off errors (e.g.

square roots or denominators approaching zero). This makes

criteria attractive for implementation in FE codes. This is in-

serted in the FE model using damage activation functions for

every damage mode (FI ; with I = { f t, f c,mt,mc}); fibre or ma-

trix damage onset is predicted when one of the damage activa-

tion functions achieve a value equal or superior to 1. Hashin-

Rotem stress formulation is illustrated below.

• Fibre traction (σ11 ≥ 0)

F f t =

(

σ11

XT

)

≥ 1 (1)

• Fibre compression (σ11 < 0)

F f c =|
σ11

XC

|≥ 1 (2)

• Matrix traction (σ22 ≥ 0)

Fmt =

(

σ22

YT

)2

+

(

σ12

S

)2

≥ 1 (3)

• Matrix compression (σ22 < 0)

Fmc =

(

σ22

YC

)2

+

(

σ12

S

)2

≥ 1 (4)

In the another damage algorithm proposed, damage activa-

tion functions illustrated in Eqs. 1 and 2 are used to predict fibre

damage initiation, while matrix damage initiation is calculated

using Puck’s failure criteria. This is decided owing sub-surface

damage extension is mainly governed by matrix damage modes

[4, 5] and Puck’s failure criteria offers high capabilities to pre-

dict this kind of composite failures [14].

Three matrix damage modes are considered Mode A, Mode

B and Mode C in Puck failure criteria. Mode A is associated to

the matrix traction damage mode, while Mode B and Mode C

are assigned to compression states with high and low shear con-

tribution, respectively. In this work, for simplicity purpose, Fmt

is calculated using Mode A equation (Fmt = Fmma), while Fmc

is obtained as the maximum value between Mode B and Mode

C (Fmc = max{Fmmb, Fmmc}). Matrix Puck’s failure criteria is

formulated as reads.

- Mode A (σ22 ≥ 0)

Fmma =

√

√

√

√

√

















σ12

RA
⊥‖

















2

+



















1 −
p

(+)

⊥‖

RA
⊥‖

R
(+)A
⊥



















2














σ22

R
(+)A
⊥















2

+

p
(+)

⊥‖

RA
⊥‖

σ22 ≥ 1 (5)

- Mode B (σ22 < 0 and σ22 > −RA
⊥⊥)
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Fmmb =

√

√

√














σ12

RA
⊥‖















2

+

(

p

R

)2

σ2
22
+

(

p

R

)

σ22 ≥ 1 (6)

- Mode C (σ22 ≤ −RA
⊥⊥)

Fmmc =
1

2
[

1 +
(

p

R

)

RA
⊥⊥

]































σ12

RA
⊥‖















2

+

(

σ22

RA
⊥⊥

)2
















RA
⊥⊥

−σ22

≥ 1 (7)

For the brevity purpose, Puck’s variables definitions are de-

scribed in the nomenclature of this document. To achieve a bet-

ter understanding of Puck’s failure criteria interested, readers

are referred to [15]. Once damage initiation is achieved for a

determined damage mode, a linear continuum damage mechan-

ics approach is applied. The damage variables evolution depend

upon equivalent displacements (δI,eq), as shown in Eq. 8.

dI =
δ

f

I,eq

(

δI,eq − δ
0
I,eq

)

δI,eq

(

δ
f

I,eq
− δ0

I,eq

) (8)

In the above equation, the initial equivalent displacement

(δ0
I,eq

) and final equivalent displacement (δ
f

I,eq
) represents the

displacements when damage starts (dI = 0) and the total dam-

age is achieved (dI = 1) in meshed elements. Both expressions

are calculated immediately after damage initiation is reached

using the equivalent stress (σI,eq) and the critical fracture tough-

ness (Gc
I
), as shown in Eqs. 9 and 10. These previous variables

are explained in more detail in [13]. Gc
I

values employed in this

work are showcased in Table 4.

δ
f

I,eq
=

2Gc
I
FI

σI,eq

(9)

δ
0
I,eq =

δI,eq

FI

(10)

Table 4. Critical fracture toughness values employed

N/mm Gc
f t

Gc
f c

Gc
mt Gc

mc

GC
I

10 10 1 1

Finally, a maximum damage of 0.95 is assigned to matrix

damage modes (dmt and dmc), while for fibre modes (d f t and

d f c), the maximum value allowed is 0.999. This assumption is

taken to simulate the residual strength that the matrix of a fail-

ure ply still contribute to the adjacent laminate plies [16] and

also to avoid element distortion problems [4].

4. Results and discussions

As the main purpose of this work is to assess the machining

induced damage, simulations are stopped when chip release is

about to occur without considering element deletion. For model

validation purpose, the chip formation is assumed to take place

when the numerical cutting force achieve the experimental val-

ues measured in Bhatnagar et al. [11] experiments.

Spring back phenomenon, which consider the partial thick-

ness recovery that take place in the laminate after the tool cut

the material, is considered in the FE model with the insertion

of a progressive cutter tool vertical penetration throughout the

thickness; the addition of this factor enhance the numerical

thrust force and sub-surface damage predictions, see Figs. 2 and

6. Maximum cutter tool penetration in both are selected around

the half or one tool edge radius value as it was investigated by

Wang et al. [17], as shown in Fig. 3.

Fig. 2. Experimental and numerical thrust force analysis.

Sub-surface damage is measured as the vertical distance be-

tween the lowest point where damage initiation is reached and

machined surface. As mention before, matrix damage modes

determine the sub-surface damage, owing fibre failure is negli-

gible. Three distinct damage zones are observed: (1) below, (2)

behind and (3) in front of the cutting tool tip. In zone 1, both

traction and compression damage modes are developed because

failure is governed by shear stressed in the boundary region be-

tween Fmt and Fmc. In the case of region 2, matrix traction states

are dominant due to the tool-workpiece frictional forces. Matrix

compression damage is encountered in region 3, because of the

pushing force exerted by the cutting tool. All these arguments

are clearly exposed in Fig. 4, showing the position in the stress

domain of where composite failure take place in Hashin-Rotem

and Puck failure envelopes.

It is observed that both damage models studied predicts sub-

surface damage in good agreement with experimental results

for low fibre orientations 0◦-45◦. However, for high fibre orien-

Fig. 3. Calculated Hashin-Rotem and Puck spring back in simulations.
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(a) (b)

(c) (d)

Fig. 4. Sub-surface damage illustration and laminate damage sites analysis for a fibre orientation of 90◦: (a) Sub-surface damage determination, (b) Puck dmt

representation, (c) Hashin-Rotem dmc representation and (d) Location of damage modes in different laminate sites assessed in Puck and Hashin-Rotem failure

envelopes.

(a) (b)

(c) (d)

(e) (f)

Fig. 5. Representation of sub-surface matrix damage modes propagation through the laminate at the end of simulation time: (a,b) Fmc distribution obtained with a

fibre orientation of 0◦ obtained using Hashin-Rotem and Puck criteria, respectively, (c,d) Fmt distribution with a fibre orientation of 15◦ obtained using Hashin-Rotem

and Puck criteria, respectively and (e,f) Fmc distribution with a fibre orientation of 90◦ obtained using Hashin-Rotem and Puck criteria, respectively.

tations 60◦-90◦ numerical predictions diverge appreciably from

the experimental findings. This fact could be caused because

for these fibre orientations the fibre/matrix debonding failure,

which is neglected in this work, plays a relevant role increment-

ing notably the machining induced damage depth. Nevertheless,

the numerical results obtained are still valid, as both FE models
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predict faithfully the same trend experienced in experimental

trials, as shown in Fig. 6.

Fig. 6. Sub-surface damage predictions obtained with Hashin-Rotem and Puck

and Bhatnagar et al. [11] experimental and numerical results.

It is concluded that the fibre orientation has a remarkable in-

fluence on the damage underlying the machined surface. Low

fibre orientations, i.e. 15◦ and 30◦, experience a brittle chip frac-

ture with a small sub-surface damage propagation, while for

high fibre orientations, i.e. 75◦ and 90◦, chip formation mech-

anism is remarkably more ductile with higher underlying dam-

age. In the particular case of laminates with a fibre orientation

of 0◦, the sub-surface damage is remarkably higher than the ex-

perienced by low fibre orientation laminates; this fact occurs

because of the fibre buckling, which produce along the cutting

process, induce a significant increment of the sub-surface dam-

age. This final statements are visualised in Fig. 5, where dam-

age initiation functions Fmt and Fmc are represented to show the

damaged area of laminates with fibre orientations of 0◦,15◦ and

90◦.

5. Conclusions

This article develops a novel FEM study in the machining

of UD-PMCs with the proposal of two sophisticated compos-

ite damage algorithms. Hashin-Rotem and Puck failure criteria

in combination with the post-damage treatment applied have

demonstrated to be effective predicting the same machining in-

duced damage tendency observe in experimental findings. For

fibre orientations between 0◦- 45◦ , the numerical predictions

are in accordance with experimental findings, while for fibre

orientations in the range of 60◦-90◦ a noticeable discrepancy

between numerical and experimental results, is obtained.

This divergence could be explained owing the fibre/matrix

debonding – not included in this analysis – might increment

notably the prediction of sub-surface damage for high fibre ori-

entations. Additionally, inclusion of spring back phenomenon

have been proved to be essential to enhance the numerical thrust

force predictions. Future works using these damage algorithms

will be developed for predicting the influence of cutting param-

eters such as rake angle, relief angle, tool wear or depth of cut

on the post-machining damage suffered by the workpiece.
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