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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 the last decades, the use of polymer matrix composites

(PMCs) have experience a steady increase in high-tech applica-

tions due to its high performance in lightweight structures. This

trend is clearly appreciated in the aerospace industry, where a

big number of parts previouly manufactured with metal have

been progressively replace by PMCs. For instance, recently the

Boeing 787 have implemented more than 50% by weight of

PMCs in the fuselage, enhancing considerably the flight effi-

ciency of this aircraft [1].

However, the increase in the use of this type of material has

been slowed because of its poor fatigue behavior. As a conse-

quence, the existence of small cracks might reduce severely the

lifetime of a structure [2]. This is the main reason, why surface

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

E-mail addresses: fmcepero1@sheffield.ac.uk (F. Cepero-Mejias)., au-

thor@institute.xxx (V.A. Phadnis).

and structural quality demands are extremely high for compos-

ite parts. Therefore, the study optimal machining configurations

to reduce cost as well as to avoid massive part rejections is es-

sential in the manufacture of this kind of components.

Unfortunately, the presence of high abrasive fibres or the

low thermal resin conductivity convert PMCs in materials dif-

ficult to machine. Previous mentioned factors usually occasion

a rapid tool wear bending excessively fibres and facilitating the

nucleation of internal cracks. Additionally, the incorrect elec-

tion of cutting parameters (i.e, cutting speed, feed rate, rake

angle, etc) cause the appereance of several damage modes as

matrix cracking, fibre pullout or delamination [3, 4, 5]. Hence,

thousands of trials are neccessary to investigate the effect that

all possible cutting configurations have on the post-machining

underlying laminate damage.

Factors such as, the high cost of PMCs or cutting tools and

operator’s time make the experimental trials a non attractive op-

tion to address this matter; this option is quite expensive and

insert important delays in the industrial production. In contrast,

finite element approaches can remarkably reduce the cost and

time required in this experimental trials, offering a great cost-
2212-8271 c© 2019 The Authors. Published by Elsevier B.V.
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Abstract

Finite-element (FE) method offers a low cost virtual alternative to assist in optimisation of critical process parameters in machining of composites.

This study is focussed on understanding the mechanics of chip formation in orthogonal cutting of unidirectional (UD) carbon-fibre-reinforced

polymer (CFRP) laminates through development of FE models. Machining responses of UD CRFP laminates with fibre orientation of 45◦ (mea-

sured with respect to the cutting direction) are assessed. Modelling of material removal in the form of fragmented chips is considered. Damage

initiation is determined using the Hashin stress criterion for the fibre component, while matrix failure predicted using Puck criteria. Subsequent

damage evolution events are modelled using a strain-based softening approach to degrade relevant material properties linearly. Primary numerical

results compared with experimental data revealed that developed FE models are able to predict global machining responses (i.e. cutting forces)

and characterise various discrete damage modes associated with machining response of quasi-brittle CFRP laminates successfully. The models

also provide a valuable insight into variation in chip morphology.
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effective solution to investigate the effect of cutting parameters

have on the machining response . One of the most important

machining responses to investigate is the chip release mecha-

nisms to achieve a good understanding of the underlying post-

machining damage; various 2D micro-mechanical FE models

have analysed in detail this matter.

Calzada et al. [6] studied the different fibre failure mech-

anisms existent for different fibre orientations of 0◦, 45◦, 90◦

and 135◦. Bending moment from the tool-workpiece interac-

tion was found to be determinant tu cut fibres for fibre orien-

tations of 0◦ and 135◦, while the impact of the tool with the

workpiece cause the crush of the fibre for fibre orientations

45◦ and 90◦. Rao et al. [7] assessed various insights about the

chip formation for fibre orientations between 15◦ and 90◦. It

was concluded that chip release was produced in the matrix be-

tween fibre reducing the chip length progressively from 15◦ to

90◦ laminates. Finally, Abena et al. [8] developed a 3D micro

mechanical model using a novel approach to model the matrix-

fibre interface damage. This approach reduced considerably the

computational time and increase the accuracy of the results ob-

tained with conventional modelling techniques to model inter-

face damage of cohesive elements and cohesive interactions.

Nevertheless, these micro-mechanical models have a com-

plex pre-processing cost as well as it requires large times to be

simulated. These factors make this kind of numerical anlalysis

non attractive for the industry, which are more interested in less

complicated and quicker analysis capable of predicting accurate

results to optimize their production lines. All these capabilities

are encompassed in macro mechanical FE models, but to this

author’s knowledge the chip formation mechanism have been

barely investigated in this kind of analysis.

This work offers a novel macro mechanical FE analysis

to investigate the chip formation mechanism in machining of

composites. The case of UD-CFRP laminates is employed to

demonstrate the high capabilities offered for the 2D performed

FE model. A novel numerical algorithm in composite machin-

ing which accounts first the damage propagation and subse-

quently the chip fracture is successfully implemented. Well-

known composite failure criteria of Hashin and Puck are con-

sidered to determine fibre and matrix damage initiation modes,

respectively. Later, a linear energy-based degradation of me-

chanical properties is applied selectively in different compo-

nents of the stiffness matrix. Finally, shear, matrix crushing and

fibre-matrix debonding failures are accounted in this model to

produce the chip fracture; this is accomplished eroding element

following various strain-based considerations. Numerical pre-

dictions are validated using the experimental machining forces

extracted by Iliescu et al.[9] in his trials.

Nomenclature

FE Finite element

PMC Polymer matrix composite

CFRP Carbon fibre reinforced polymer

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

E11, E22 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 characterization

In this work, an explicit numerical analysis is developed us-

ing the numerical software package of Abaqus/CAE. For model

validation sake, same cutting conditions employed in Iliescu et

al. [9], for the orthogonal cutting of UD-CFRP laminates, have

been modelled. Cutting tool geometry analysed is showcased in

Table -, while mechanical properties and strength of the CFRP

simulated are show in Tables -, respectively.

Table 1. Cutting parameters simulated.

Cutting variables Simulated machining configuration

Rake angle (α) 0◦

Relief angle (β) 7◦

Tool edge radius (µm) 10

Depth of cut (mm) 0.2

Cutting speed (mm/s) 100

Fibre orientations 45◦

Table 2. CFRP composite mechanical properties.

Material E11(GPa) E22(GPa) G12(GPa) υ12

CFRP [10] 136.6 9.6 5.2 0.29

Table 3. CFRP composite strength properties.

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

CFRP [10] 1500 900 27 200 80

2
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2.1. Mesh, geometry and contact model definition

Workpiece dimensions simulated are 2 mm width per 1 mm

height to obtain a good numerical accuracy without a high

computational cost. Quadrilateral structured meshed elements

CPSR4 are employed with a minimum element size of 5 µm at

the cutting region and 0.1 at the bottom corners, see Fig 1. Cut-

ting tool is modelled as a rigid body to reduce the computational

time. This assumption is generally accepted in the modelling of

composite machining due to cutter razors experience a negligi-

ble deformation during the machining process because of their

high rigidity.

Allocation of tool edge radius is in the middle of the simu-

lated CFRP workpiece to emulate the real cutting conditions of

a machining process. As a boundary conditions in this model,

displacements are totally fixed at the bottom and the horizon-

tal movement is restricted in the lateral side of the laminate.

Tool-workpiece contact is modelled using the option surface-

node surface contact available at Abaqus/Explicit. A constant

Coulomb friction coefficient of 0.5 is applied in this work, sim-

ilarly as it is conducted in other publications related to this field

[10, 11].

Fig. 1. Mesh distribution of cutting and CFRP workpiece simulated.

3. Composite damage algorithm

An user-defined fortran subroutine VUMAT is developed to

introduce the composite damage algorithm employed in this

work. This damage algorithm contain two separate phases: (1)

damage propagation and (2) chip fracture. In the first phase, the

crack path is detected reducing progressively the mechanical

properties of the affected meshed elements, while in the sec-

ond phase the chip is created eroding the previously damaged

elements. More detailed information about these statements is

found in the following lines.

3.1. Damage propagation

To predict the composite damage propagation along the ma-

chining process, four different damage modes are accounted in

this model: fibre traction (d f t), fibre compression (d f c), matrix

traction (dmt) and matrix compression (dmc). It is implemented

using a similar technique employed by Cepero-Mejias et al.

[12], distributing the damage coefficients in the stiffness matrix

as shown in Eq. 1.

1
D

















(1 − d f )E11 (1 − d f )(1 − dm)ν21E11 0

(1 − d f )(1 − dm)ν12E22 (1 − dm)E22 0

0 0 (1 − ds)G12

















(1)

where D = 1 − (1 − d f )(1 − dm)ν12ν21 ; ds = 1 − (1 − d f t)(1 − d f c)(1 − dmt)(1 − dmc)

d f = max {d f t , d f c} ; dm = max {dmt , dmc} ; dI ǫ [0, 1] and I = ( f t, f c,mt,mc)

Fibre and matrix damage initiation is predicted using the well-

known Hashin and Puck failure criteria, respectively. In the case

of the fibre, Hashin accounts different failures in traction or

compression tensional states. For traction, both shear and longi-

tudinal are considered to start the failure, while in compression

only longitudinal stresses are relevant, as shown in Eqs. 2 and

3.

- Fibre traction (σ11 ≥ 0)

(

σ11

XT

)

+

(

σ12

S

)

≥ 1 (2)

- Fibre compression (σ11 < 0)

|
σ11

XC

|≥ 1 (3)

For predicting the matrix failure, Puck proposed three sep-

arate failure modes Mode A, Mode B and Mode C, which are

described below and illustrated in Eqs. 4, 5 and 6.

• Mode A: Matrix damage associated to positive transver-

sal stresses.

• Mode B: Matix damage mode attributed to compression

transversal stresses with a high shear contribution.

• Mode C: Matix damage mode related to high compres-

sion transversal stresses with a low shear contribution.

- Matrix Mode A (σ22 ≥ 0)

√

√

√

√

√

















σ12

RA
⊥‖

















2

+



















1 −
p

(+)

⊥‖

RA
⊥‖

R
(+)A
⊥



















2














σ22

R
(+)A
⊥















2

+

p
(+)

⊥‖

RA
⊥‖

σ22 ≥ 1 (4)

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

√

√

√














σ12

RA
⊥‖















2

+

(

p

R

)2

σ2
22
+

(

p

R

)

σ22 ≥ 1 (5)

- Matrix Mode C (σ22 ≤ −RA
⊥⊥)

1

2
[

1 +
(

p

R

)

RA
⊥⊥

]































σ12

RA
⊥‖















2

+

(

σ22

RA
⊥⊥

)2
















RA
⊥⊥

−σ22

≥ 1 (6)

In this work, because only one matrix damage mode in com-

pression states is studied (dmc), this damage is activated after ei-

ther Mode B or Mode C failure conditions is reached. More de-

tailed information about Puck’s failure criteria is found in [13].

After damage initiation occurs, a mechanical linear softening

3
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is performed. This softening is based on the principles of the

continuum damage mechanics (CDM) theory, which gradually

reduces the material mechanical properties until achieving the

total or partial degradation. In this particular case, the degrada-

tion is applied to achieve the fracture energy for every damage

mode studied (GIC) through Eq. 7- initial and final equivalent

displacements are calculated as expressed in Eqs. 8 and 9, re-

spectively.

dI =

δ
f

I,eq

(

δI,eq − δ
0
I,eq

)

δI,eq

(

δ
f

I,eq
− δ0

I,eq

) (7)

δ
0
I,eq =

δI,eq

FI

(8)

δ
f

I,eq
=

2Gc
I
FI

σI,eq

(9)

Finally, a maximum damage component of 0.99 for fibre and

matrix damage modes is considered in this work to avoid the

common element distortion that take place in this kind of mod-

els [14].

3.2. Chip fracture

The process of chip formation have been barely studied be-

cause of the intrinsic difficulty of addressing this matter in

macro mechanical FE models. In this document, four types

of failures are accounted shear, fibre/matrix debonding, matrix

crushing and fibre buckling. The fracture is induced after a big

amount of deformation is produced enough for allowing the to-

tal fibre or matrix damage degradation and for avoiding element

distortion problems. The strains utilised in this work are col-

lected in the following bullet points.

• Shear failure⇒| ε12 |≥ 0.4

• Fibre/matrix debonding⇒ ε22 ≥ 0.2

• Matrix crushing failure⇒ ε22 ≤ −0.6

• Fibre buckling⇒ ε11 ≤ −0.1

4. Model validation and ongoing work

For the sake of validation, the numerical cutting forces ob-

tained for laminates with a fibre orientation of 45◦ are compared

with the forces extracted from Iliescu et al. [9] trials. Average

numerical forces have been calculated in the region where ele-

ments are deleted to produce the chip fracture, as shown in Fig.

2. Numerical and experimental average forces differs in a 5.5%

which represents a strong correlation for this kind of analysis

and add credibility to the proposed FE model predictions.

However, this FE model contain limitations that should be

improved in the future. For instance, the prediction of the thrust

force is considerably low in comparison with experimental find-

ings, as shown in Fig 3. This issue mainly occurs because of the

spring back phenomenon [12, 14]- partial thickness recovery af-

ter tool pass away - is not address in this work. Fortunately, this

Fig. 2. Cutting force validation of the of the orthogonal cutting with a fibre

orientation of 45◦.

Fig. 3. Experimental and numerical thrust forces of the orthogonal cutting with

a fibre orientation of 45◦.

phenomenon is not key to predict the chip formation which is

the factor studied in this publication.

In the case of machining composite laminates with a fibre

orientation of 45◦ chip is formed along the matrix parallel to

the fibres, as it investigated by Arola et al. [15]. Hence, as the

simulated chip has an angle closed to 45◦, as illustrated in Fig

4, it could be concluded that the chip mechanism have been pre-

dicted with high accuracy. Finally, in this kind of fracture, the

predominant failure observed is the shear failure detecting high

shear deformations in the region around the crack is propagated.

Fig. 4. Chip fracture representation at the end of the simulation time.

Other fibre orientations in the range between 0-180◦ will be

analysed using this methodology in more detail in the future.

For a fibre orientation of 0◦, fibre micro-buckling is assessed

for rake angles equal or inferior to 0◦; for positive rake angles

4
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the model predicts the initial matrix delamination and the pos-

terior shear failure of the fibre to release this particular chip.

Shear and fibre/matrix debonding failure is observed for pos-

itive fibre orientations (15-75◦). In the case of 90◦ laminates,

an internal vertical crack is created because of the fibre/matrix

debonding created because of the tool push away the fibres. Fi-

nally, in negative fibre orientations a shear fibre fracture per-

pendicular to fibre direction is observed with an internal crack

propagation parallel to the fibre orientation.

In addition, after the implementation of various numerical

components in the constitutive equations, the modelling of 3D

FE models has been possible, see Fig 5. Similar chip formation

mechanisms and subsurface damage investigated in 2D models

have been obtained. For instance, this matter is observed with

the illustration of the chip fracture of 45◦ 3D laminates in Fig 6.

Finally, this numerical methodology offer a potent tool to model

other more complex machining operations such us oblique cut-

ting, drilling or edge trimming; further investigations in this di-

rections will be conducted in the future.

Fig. 5. Numerical 3D FE model representation.

Fig. 6. Chip fracture representation at the end of the simulation time in 3D FE

models.

5. Conclusions

This work propose a novel numerical approach to study the

chip formation mechanism in the machining of PMCs. Effec-

tiveness of the damage algorithm employed have been corrob-

orated with the validation of the FE model using the cutting

forces extracted from Iliescu et al. [9]. Hashin and Puck’s fail-

ure criteria have been used to determine damage in fibre and

matrix respectively. Damage propagation to track the oncoming

fracture crack pathway have been applied with an energy-based

linear softening. Finally, an element erosion algorithm have

been successfully implemented to model four different compos-

ite fracture modes: (1) shear failure, (2) fibre/matrix debonding,

(3) matrix crushing and (4) fibre micro-buckling.

In this article, just the case of a laminate with a fibre ori-

entation of 45◦ is assessed. Thus, a wide range of laminates

with fibre orientations between 0-180 ◦ needs to be still in-

vestigated.In addition, other more complex machining opera-

tions such as edge trimming, oblique cutting or drilling could

be modelled using the same methodology exposed in this doc-

ument. Hence, the use of this FE model to predict the chip and

damage during the machining process will be extended to de-

velop interesting insights in the machining of PMCs in a short

future.
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