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Abstract: This paper presents a method for finite element
analysis of the process of cutting vegetable products,
using the software ANSYS 14. Results obtained from
theoretical analysis of resistance force at cutting
vegetables are compared with results of experimental
research made with special equipment in laboratory
conditions. Theoretical research by simulation presented
in this paper allows knife functionality assessment and
offers the possibility of a functional optimization of the
knife and also provides opportunities for constructive-
functional optimization of cutting devices, by obtaining a
correlation between the cutting force, knife cutting angle
and mechanical properties of vegetable products.
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INTRODUCTION

The relationship between the mechanical properties
and cellular structure of vegetal plants is of great
economic interest. Producers would like to reduce losses
due to cracking or breakage and food product
manufacturers seek to minimize the amount of effort
required in processing. The products, both raw and
processed, must have textures that are pleasing to the
consumer. Consequently, the role of cellular structure in
determining mechanical properties of plant tissues has
generated much research interest for several years (Van-
Buren, 1979; Gibson and Ashby, 1988). It has been found
that materials exhibit three types of mechanical response
to external stresses: elastic (recoverable) deformation;
visco-elastic  (time-dedependent, partially-recoverable
deformation; and plastic (non-recoverable) deformation
(Thiel and Donald, 1998).

The food cutting process used in the food industry
may serve as a dividing operation of raw material and
semi — finished products to pieces of specified shape
and size during formation, batching and milling. Food
products have various structural and mechanical
properties. They perceive the cutting load in different
ways. It is known, that the products to be cut are getting
deformed prior to destruction. When deformation of
product under the blade is plastic, but after being cut, the
product is crushed, it does not restore its previous shape
and loses consumer attractiveness. If the product is
delicate, its destruction is taking place without plastic
deformation (Ciulica, 2012).

For computational efficiency reasons  most
researchers in the food process simulation community use
mathematical models based on linear mathematical
models.. These models are incapable of providing realistic
predictions of finite deformations of the tissue, because
the deformations are assumed to be infinitesimal.
Linearity of the material response is also assumed.
Consequently, in such models the principle of
superposition holds (Miller et al., 2007).

The goal of this simulation research is to model and
simulate  deformable  non-linear materials  for
applications requiring real-time interaction. Therefore,
food processing applications include simulation-based
training, skills assessment and operation planning. A
cutting simulator must predict the deformation field
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cu elemente finite a procesului de tdiere a produselor
vegetale, folosind soft-ul ANSYS 14. Rezultatele obfinute
cu ajutorul analizei numerice a forfei de rezistenfd la
tdierea vegetalelor sunt comparate cu rezultatele
cercetdrii experimentale realizate cu un echipament
special in condifii de laborator. Cercetarea teoretica prin
simulare prezentatd n lucrare permite evaluarea
functionalitafii cufitului si oferd totodatd posibilitatea
realizdrii unor optimizdri constructiv-funcfionale ale
aparatelor de tdiere pentru obfinerea unei coreldri intre
forfa necesard tdierii, unghiul de tdiere a cufitului si
proprietatile mecanice ale produselor vegetale.

Cuvinte cheie: legume, modelare 3D, morcov, simulare
numericd, taiere

INTRODUCERE

Relatia dintre proprietatile mecanice si structura
celulara a plantelor vegetale prezinta un interes economic
foarte crescut. Cultivatorii doresc sa reduca pierderile
cauzate de craparea sau ruperea acestora iar producatorii
de produse alimentare incearca sa reduca la minimum
cantitatea de energie necesara in procesul de prelucrare.
Produsele, ca materie prima sau prelucrate, trebuie sa
prezinte o textura pe placul consumatorilor. Prin urmare,
cercetarea rolului structurii celulare Tn determinarea
proprietatilor mecanice ale tesuturilor vegetale a cunocut
un interes deosebit pe parcursul ultimilor ani (Van-Buren,
1979; Gibson si Ashby, 1988). S-a constatat ca
materialele prezinta trei tipuri de deformare la solicitarile
mecanice externe: elastica (recuperabild), viscoelastica
(dependenta de timp, partial recuperabild) si plastica
(nerecuperabild) (Thiel and Donald, 1998).

Procesul de taiere utilizat n industria alimentara
serveste ca operatiune de divizare a materiei prime si a
semiproduselor finite Tn bucati de forma si dimensiunea
specificata necesare proceselor de formare, dozare sau
maruntire. Produsele alimentare au diverse structuri si
proprietati mecanice. Acestea percep sarcinile de taiere in
moduri diferite. Se cunoaste ca produsele supuse taierii
se deformeaza inainte de a fi distruse. In cazul
comparativ la care deformarea in fata lamei este plastica,
dupa ce a fost taiat, produsul este strivit, nu Tsi reface
forma anterioara, si Tsi pierde atractivitatea de consum. In
cazul in care produsul este delicat, distrugerea sa are loc
fara deformare plastica (Ciulica, 2012).

Majoritatea cercetatorilor din comunitatea simularii
proceselor alimentare utilizeaza modele matematice
liniare, din motive de eficientda a calculului. Aceste
modele nu sunt capabile sa ofere predictii realiste ale
deformatiilor finite ale tesuturilor deoarece deformarile
se presupun a fi infinitezimale. Este asumata, de
asemenea, liniaritatea raspunsului materialului. Prin
urmare, in astfel de modele este retinut principiul
suprapunerii (Miller si altii, 2007).

Scopul acestei cercetari este de a modela si simula
deformarea neliniara a materialelor pentru aplicatii care necesita
interactiuni in timp real. Operatile de procesare a alimentelor
includ pentru acest scop formarea profesionald, evaluarea
competentelor si de planificare a activitatilor cu ajutorul simularii.
Un simulator al procesului de taiere trebuie sa prezica domeniul



within the sample, so that it can be displayed to the
user, and the internal forces (stresses), so that reaction
forces acting on cutting tools can be computed and
conveyed to the user in real-time.

Fig. 1 - Aspects from the experimental research /
Aspecte de la cercetarea experimentala

MATERIAL AND METHOD

For the determination of cutting carrot resistance was
used a special stand created by Zwick/Roell.
Mechanical tests were performed with the aid of the
instrument shown in Fig. 1. The cutting of tested
products was performed using the simple edged
knives, whose sharpening angle was 15°% 30°and 45°
(fig. 1), and the knife blade thickness was 1.4 mm. For
each of the three knives were performed ten cuts, and
the tested material had the similar diameters on the
cutting area. This was necessary to obtain optimal
results. The degradation of the cell wall of material is
illustrated in Fig. 2 (Thiel and Donald, 1998).

Assuming that the cutting action is continuous we can
develop a continuous model of cutting conditions.
Orthogonal cutting assumes that the cutting edge of the
tool is set in a position that is perpendicular to the
direction of relative work or tool motion. This allows us to
deal with forces that act only in one plane.

Ccarrerl

de deformare in cadrul esantionului, astfel incat sa poata fi
afisat utilizatorilor, si al fortelor interne (tensiunilor), astfel
incat fortele de reactie care actioneaza pe instrumentele de
taiere sa poate fi calculate si transmise Tn timp real.

Fig. 2 - A scalpel blade is through carrots /
Lama cufitului Tn morcov (Thiel si Donald, 1998)

MATERIAL Sl METODA

Pentru determinarea fortei de rezistenta la taiere a
morcovilor a fost utilizat un stand creat de Zwick/Roell.
Experimentele au fost realizate cu ajutorul echipamentului
prezentat in Fig. 1. Taierea produselor testate s-a efectuat
prin utilizarea unor cutite cu muchie simpla al caror unghi
de ascutire a fost de 15°% 30° si 45°(fig. 1), iar grosimea
lamei de cutit a fost de 1,4 mm. Pentru fiecare dintre cele
trei cutite s-au realizat zece taieri, iar materialul a avut
diametre similare in zona de taiere. Acest lucru a fost
necesar pentru obtinerea unor rezultate optime.
Degradarea peretelui celular al materialului este ilustrata
n Fig. 2 (Thiel si Donald, 1998).

Presupunand ca actiunea de taiere este continua,
putem dezvolta un model continuu a conditiilor de taiere.
Taierea ortogonala presupune ca marginea de tadiere a
instrumentului este situatd intr-o pozitie perpendiculara pe
directia migcare a uneltei. Acest lucru ne permite sa facem
ipoteza ca fortele actioneaza numai intr-un singur plan.

Fig. 3 - Merchant'’s Force Circle of cutting / Cercul forfelor de taiere elaborat de Merchant

Merchant’s Force Circle is a method for calculating the
various forces involved in the cutting process. The
procedure to construct a Merchants force circle diagram is
pictured in figure 3. For processing the experimental data
were used statistical and mathematical techniques, as
following: the statistical models analysis; algorithm of
statistical data conditioning; the development of a
distribution model. So it was considered necessary to
develop an application in MATLAB environment, which
allows the distribution for data sets of experimental
variables (presented in fig. 4).

O metoda de calcul a fortelor implicate Tn procesul de
taiere este Cercul Merchant al fortelor. Procedura de
constructie a diagramei Merchant a cercului fortelor este
ilustrata in figura 3. Pentru prelucrarea datelor
experimentale au fost utilizate tehnici matematice si
statistice, dupa cum urmeaza: modele de analiza
statistica; algoritmul de conditionare a datelor statistice,
dezvoltarea unui model de distributie. Deci, s-a considerat
necesar sa se dezvolte o aplicatie in mediul MATLAB,
care permite determinarea distributiilor seturilor de date a
variabilelor experimentale (prezentate in fig. 4).
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Fig. 4 - Results delivered by operating with the program Matlab: distributions of cutting diameter, resistance force of cutting and
mechanical work for the three types of knives / Rezultate obfinute prin operarea cu programul Matlab: distribufia diametrului de t&iere,
rezistenfei la taiere si lucrului mecanic efectuat, pentru cele trei tipuri de cufite

FINITE ELEMENT SIMULATION

A basic idea of finite element method is to divide the
structural body into small and geometrically simple bodies,
called elements, so that equilibrium equations of each
element can be written, and all the equilibrium equations
are solved simultaneously. The elements are assumed to
be connected by nodes located on the elements’ edges
and vertices.

Vegetable cutting is a large deformation process
that involves severe plastic deformation of the material
in a very tiny zone , incorporating many material
phenomena such as material rupture, sticking and
sliding friction and strain localization. Such conditions
make the simulation of this process a challenging task.
The challenge of early works was to find an appropriate
algorithm to model the material separation at the tip of
the cutting tool. The initial works were mostly based on
a Lagrangian viewpoint in which the FE mesh is
attached to the material and moves with it in space. To
simulate cleavage, the knife was moved into the piece
along a previously defined “parting line” and the mesh
nodes in front of the tool tip were split in two when a
separation criterion is satisfied.

In other words, the complexities of Finite Element
Method (FEM) simulation will grow significantly when the
dynamic nature of cutting process is included in the
simulation. Fig. 5 shows the configuration of the simulated
cutting process.
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SIMULAREA CU ELEMENT FINIT

Ideea de baza a metodei cu element finit este
impartirea structurii corpului Tn mici corpuri cu geometrie
simpla, numite elemente, astfel Incat sa poata fi scrisa
ecuatia de echilibru a fiecarui element, iar toate ecuatiile
de echilibru sa fie rezolvate simultan. Se presupune ca
elementele sunt conectate prin noduri localizate pe muchii
si varfuri.

Taierea vegetalelor este un proces cu deformatii mari
care implica deformatii plastice severe ale materialului Tntr-
0 zona restransa, si Tncorporeaza multe fenomene
semnificative, cum ar fi, ruperea materialului, lipirea si
frecarea de alunecare sau localizarea eforturilor. Aceste
conditii fac simularea acestui proces o sarcina dificila.
Problema primelor lucrari din domeniu a fost de a gasi un
algoritm adecvat pentru modelarea separarii materialului la
varful cutitului. Majoritatea lucrarilor s-au bazat pe un punct
de vedere Lagrangian in care reteaua de elemente finite este
atasata si se misca impreuna cu materialul in spatiu. Pentru a
simula despicarea, cutitul se misca in proba dealungul unei
“linii de despartire” definite n prealabil, iar nodurile retelei din
fata uneltei de taiere sunt despariite in doud atunci céand
criteriul de separare este indeplinit.

Cu alte cuvinte, complexitatea simularilor cu metoda
elemetului finit (FEM) va creste in mod semnificativ atunci
cand natura dinamica a procesului de taiere este inclusa
in simulare. Fig. 5 arata configuratia procesului de taiere
simulat.

Fig. 5 - Configuration of the simulated cutting process (Statistics mesh) /
Configurafia procesului de tdiere simulat (Statistica refelei)



MODELING AND SIMULATION

We propose an efficient numerical algorithm for
computing deformations of soft tissues (such as the
vegetable products), with applications to real-time cutting
simulation. The algorithm is based on the finite element
method using the Lagrangian formulation, where stresses
and strains are measured with respect to the original
configuration. We used an implicit method because the
response at the current time step depends not only on the
historical information but also the current information;
iterations are needed in a single time step. The algorithm is
capable of handling both geometric and material non-
linearities. In order to analyze the system, the general form
of dynamic equilibrum equation is:

MODELAREA S| SIMULAREA

Noi propunem un algoritm eficient de calcul numeric
pentru deformarea tesuturilor moi (cum ar fi produsele
vegetale), cu aplicatii la simularea taierii in timp real.
Algoritmul se bazeaza pe metoda elementului finit folosind
formularea Lagrangiana, pentru cazul in care eforturile si
deformatiile sunt masurate in raport cu configuratia
originala. Am folosit o metodd implicitd, deoarece
raspunsul la pasul de timp curent depinde nu doar
informatiile istorice, dar, de asemenea, de informatiile
curente; iteratiile sunt necesare intr-un singur pas de timp.
Algoritmul este capabil sa manipuleze neliniaritatile
materialului sau geometrice. Pentru analiza sistemului,
forma generala a ecuatiei de echilibru dinamic este:

[M]{B}+[C]{b}+[K]{D}:{F} | )

where {D} is the nodal displacements vector, {F} is the
nodal external forces vector, [M] is called the mass matrix,
[C] is called the damping matrix, and [K] is the stiffness
matrix. Stability analysis of the algorithm suggests that due
to much lower stiffness of soft tissues than that of typical
engineering materials, it is possible that integration time
steps be a few orders of magnitude larger than that
typically used in engineering simulations. “Transient
Structural” module solves the above equation using the
following algorithm:

unde {D} este vectorul deplasarilor nodale, {F} este
vectorul fortelor externe nodale, [M] este matricea
maselor, [C] este matricea de amortizare, si [K] este
matricea de rigiditate. Analiza de stabilitate a algoritmului
sugereaza ca, datorita rigiditatii mult mai mici a tesuturilor
moi decat cea a materialelor tipice ingineresti, este posibil
ca pasii timpului de integrare sa fie de cateva ordine de
marime mai mare decéat cel folosit de obicei in simularile
ingineresti. Modulul “Transient Structural” rezolva ecuatia
de mai sus folosind urmatorul algoritm:

szDn+At[Vbn+l+(1—y)bn] , @)
Do =D, *+8D, + 180126, +A-26D,] | @

The parameters y and B are chosen to control
characteristics of the algorithm such as accuracy,
numerical stability, etc. Numerical examples confirm the
accuracy and efficiency of the proposed LED algorithm.

The material and cutting parameters are selected to
represent realistic cutting process conditions. These
parameters are selected in a way to be able to compare
the simulation results with the experimental model, and
they were displayed in table 1.

Object | Material / Density/ | Young's Modulus /
name / Material Densitate Mod. Young
Obiect [kg m ™ [MPa]
Carrot Carrot 1140 1.35/1,35
Knife Steel 7850 | 2.e+0.05/2,e+0,05
Support

The knife is idealized as a relatively rigid body with a
very large elastic modulus and a sharpening angle of 15°
with a curvature at the corner representing the radius of
curvature at the cutting edge. In this simulation, a corner
radius of 0.25 mm is considered for the tool.

The carrot sample is a truncated elipsoid with
maximum radius of 15.5 mm and a length of 52 mm. This
geometry of the workpiece is chosen to be able to simulate
an orthogonal cutting configuration. Tool and workpiece
are modeled as deformable bodies and contact elements
are inserted at the interface of both to represent the
contact between them.

These elements prevent penetration and transmit the
forces between surfaces. A velocity model dependent on
friction is applied to represent the sliding and sticking of
the chip on the tool rake face.

With the advance of the tool tip into the workpiece in
the course of cutting process, the elements at the vicinity

Poisson's Ratio /
Coef. Poisson

Parametrii y si B sunt alesi pentru a controla
caracteristicile algoritmului, cum ar fi corectitudinea,
stabilitatea numerica, etc. Exemplele numerice confirma
acuratetea si eficienta algoritmului LED propus.

Parametrii materialelor si de taiere sunt alesi sa
reprezinte conditiile procesului de taiere cat mai realist.
Acesti parametri sunt selectati intr-un mod care sa permita
comparatia rezultatelor simularii cu modelul experimental,
si sunt afigati in tabelul 1.

Table 1/ Tabelul 1

Shear Modulus /
Mod. de forfecare

Bulk Modulus /
Mod. volumetric

[ 1 [MPa] [MPa]
0.29/0,29 1.0714/1,0714 0.52326 / 0,52326
1.66e+0.05 /
0.3/0,3 1,66€+0,05 76923

Cutitul este idealizat ca un corp relativ rigid, cu un
modul de elasticitate foarte mare si un unghi ascutit de 159
cu o curbura de colt ce reprezinta raza de curbura a muchiei
de taiere. In aceasta simulare, a fost luata in considerare o
raza de curbura de 0,25 mm a muchiei cutitului.

Proba de morcov este un elipsoid trunchiat cu raza
maxima de 155 mm si o lungime de 52 mm. Aceasta
geometrie a probei este aleasa pentru putea fi simulata
taierea ntr-o configuratie ortogonala. Instrumentul de taiere
si proba sunt modelate ca obiecte deformabile, iar la
interfata acestora sunt introduse elemente de contact pentru
a reprezenta contactul dintre ele.

Aceste elemente previn penetrarea si transmit fortele
intre suprafetele corpurilor. Pentru a reprezenta
alunecarea sau lipirea fragmentelor pe fetele uneltei este
aplicat un model al vitezei dependente de frecare.

Odata cu avansul cutitului in piesa de prelucrat in cursul
taierii, elementele din apropierea varfului sunt strivite si



of the tool tip are stretched and severely distorted because
the tool penetrates into them. This creates major
convergence problem, and, if not prevented, the solution
aborts prematurely.

RESULTS

Following the experimental measurements it can be
seen that the cutting resistance force is directly
proportional with the value of the sharpening angle of the
cutting knife. As the cutting edge is sharper, the cutting
resistance force is lower. An interesting phenomenon in
machining cutter is the change of actual shear angle due
to the tool motion in the feed direction. The shear angle is
a function of the cutting ratio. As the knife vibrates, the
cutting ratio varies and the thickness of the chip material
varies too.

Fig. 6 shows the contour plots of predicted
equivalent elastic strain: overview (left) XY; slice plane
(right). At larger shear angles, a thicker chip is
produced whereas for smaller shear angles, the chip
becomes thinner.

Variation of shear plane angle during cutting is
discussed in earlier works. Wu (1986) formulated the
oscillation of shear plane angle and developed a
comprehensive dynamic cutting force model by taking
into account the equilibrium of forces in the primary and
secondary plastic deformation zones.
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puternic distorsionate, deoarece instrumentul patrunde n ele.
Acest lucru creeaza probleme majore de convergenta, si, in
cazul In care nu este prevenit, solutia va fi abandonata
prematur.

REZULTATE

Tn urma mésuratorilor experimentale se poate observa
ca rezistenta la taiere este direct proportionala cu valoarea
unghiului de ascutire a cutitului. Cu cat muchia de taiere
este mai ascutita, rezistenta la taiere este mai mica. Un
fenomen interesant 1n prelucrarea prin taiere este
schimbarea unghiului de forfecare real datoritda miscarii
uneltei In directia de avans. Unghiul de forfecare este o
functie a raportului de taiere. Dupa cum vibreaza cutitul,
variaza atat raportul de taiere, céat si grosimea
fragmentelor de material.

Fig. 6 aratd conturul deformatiei echivalente elastice
estimate: imagine de ansamblu (stg.); plan de taiere XY
(drt.). La unghiuri mai mari de forfecare, sunt produse
fragmente mai groase, In timp ce la unghiuri mai mici,
fragmentele devin mai subtiri.

Variatia unghiului plan de forfecare in timpul taierii
este discutat Tn lucrari anterioare. Wu (1986) a formulat
oscilatia unghiului plan de forfecare i a dezvoltat un
model dinamic al fortei de taiere tinand cont de echilibrul
de forte In zonele primare si secundare de deformare
plastica.
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Fig. 6 - Contour plots of predicted equivalent elastic strain: overview (left.); slice plane XY (right): /
Conturul estimat al deformatfiei elastice echivalente: vedere de ansamblu (stg.); plan de tédiere XY (drt)

Fig. 7 shows the distribution of the normal elastic strain
along OX axis in time domain of a cutting simulation under
the width of cut of 1.4 mm and cutting velocity of 100
mm/min. In this figure, two dominant peaks are observed;
the first one at 0.248 mm/mm and the second one at 0.314
mm/mm. However, the real world is much more
complicated than what a critical strain or stress criterion
can predict.
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Fig. 7 - Contour of normal elastic strain distribution /
Conturul distribufiei deformatfiei elastice normale

Fig. 7 arata distributia deformatiei elastice normale pe
directia axei OX In domeniul timp, pentru simularea taierii
pe o latimea de taiere de 1,4 mm si viteza de taiere de
100 mm/min. Tn aceasta figura, doua varfuri dominante
sunt observate, prima de 0,248 mm/mm, iar al doilea de
0,314 mm/mm. In orice caz, lumea reald este mult mai
complicata decét ceea ce un criteriu critic de tensiune sau
deformatie pot prezice.

B5

— Predicted
—#= = Expetirmental

Faorce [N]

35 I I L L L I L .

1 2 3 4 5 B 7 8 9 10
Samples

Fig. 8 - Cutting force comparison for Knife with angle of 15°/
Comparafia forfei de téiere pentru cufitul cu unghiul de 15°



Figure 8 shows the comparison chart cutting resistance
force for the knife with the blade angle of 15° If we compare
the magnitudes of cutting force, measured in experiments,
we see the same relative values as if values estimated by
simulation. For small and moderate plasticity, the damage
effect of cutting process is often negligible.

This can lead to conclusion that software Ansys 14 is
able to predicted the relative values in cutting force with good
accuracy.

CONCLUSIONS

Mathematical modelling and computer simulation have
proved tremendously successful in engineering applications.
Computational mechanics has enabled technological
developments in every area of our lives. One of the greatest
challenges for engineers is to extend the success of
computational mechanics to all areas of traditional
engineering.

In this paper the using of Finite Element Method FEM
which was implemented in commercially available software
package Ansys 14, was presented. The simulations were
focused on carrot cutting in order to obtain a comprehensive
model which realistically predicts the effects of various
cutting parameters on process stability. The results were
compared with experimentally measured data. In the present
theory, we have shown that good results can be obtained.
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in figura 8 graficul indica forta de rezistentd la taiere,
pentru cutitul cu unghiul lamei de 15° Daca vom compara
magnitudinile fortei de taiere, masurate in experimente, putem
vedea aceleasi valori relative, ca si in cazul valorilor estimate
prin simulare. Pentru plasticitati mici si moderate, efectul
vatamarilor procesului de taiere este adesea neglijabil.

Acest lucru poate conduce la concluzia ca software-ul
ANSYS 14, este capabil sa estimeze valorile relative ale
fortei de taiere cu o precizie buna.

CONCLUzII

Modelarea matematica si simularea pe calculator s-au
dovedit a avea foarte mult succes in aplicatiile ingineresti.
Mecanica numerica a permis dezvoltarea tehnologica n
aproape fiecare domeniu al vietii noastre. Una dintre cele
mai mari provocari pentru ingineri este aceea de a extinde
succesul mecanicii humerice Tn toate domeniile ingineriei
traditionale.

In aceastad lucrare a fost prezentatd utilizarea metodei
elementului finit FEM, care a fost implementata cu pachetul
software disponibil comercial ANSYS 14. Simularile s-au axat pe
taierea morcovilor, Tn scopul de a obtine un model cuprinzator,
care poate estima in mod real efectele diversilor parametri de
taiere asupra stabilitati procesului. Rezultatele au fost
comparate cu datele masurate experimental. Tn teoria de fata,
noi am aratat ca pot fi obtinute rezultate de calitate.
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