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Abstract: The main point of this paper is simulation focusedpassive safety of manufacturing systems.
The passive safety of manufacturing system is cbeeevith smaller safety risk compared with another
fields of industry (e.g. automotive passive safetly vehicles passive safety or terminal ballistigrotec-
tion). The revolutions of manufacturing system dawach 10000 [rpm]. The tangential speed on the
larger diameter of a manufacturing tool can be sbmes higher than a speed of rifle bullet. The tsafe
risk during an accident is significant. The partsutd exceed the safety barrier and they can caatse f
injury to the staff. The simulations, presentethis paper, are aimed to the problem of termindlibiic
where the experiment is complicated. The paper suines the findings from the field of injuries cads
by machine tools. Statistics of injuries are desed here as a possible starting point for deterngrthe
frequency of occurrence. As an interesting pointesearch is described evaluation of the safetl ris
caused by released machine parts. The two possiéns for numerical simulations are shown in this pa
per. The first approach is the FE (finite elememig)ulation. The second approach is SPH (smooth par
ticle hydrodynamics) methodology. The advantagiead#antages and applications of these methods are
described at the end of the paper. The conclusiondd represent the first step in simulations fafes
structural design of machines.
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1. INTRODUCTION The accidents occurrence in industry is object of
The aim of this article is the first research aljpas-  more studies. Each accident is connected with $osse
sible simulations for passive safety of manufacwiri These losses are established only generally. Arirealp
systems. It is obvious than the passive safetyasfufac-  study of the costs of occupational accidents wadech
turing system is connected with more significarfesa  out during 1986-87 in 57 furniture companies inl&ia,
risks than the ballistic of small pieces. The viles and  Norway and Sweden, employing 5,000 cabinet-makers.
revolutions of machines increase in general. Tharéu covered 18 percent of the furniture manufacturimus-
machines will be connected with new special proklem try from three countries. The cost analyses indidhat
and the passive safety could be one of them. Th& is0 the company costs of participating firms in Finlamere
also motivated by demand of a producer who does no®.5%, in Norway 0.3% and in Sweden 0.2% of thel tota
want be named (for obvious reasons). The discussedages using the market pricing model [10].
problem is in research connected with large grisid€he It is obvious than the economical cost is only one
real experiment is very complicated and one possibl point of view. Nevertheless, the fatalities of eayaes
solution for safety risk assessment is computewulsim  still exist. The correct approach for initiation refsearch
tion. This paper may give insight in possible methof is a statistical evaluation.
solution. The presented methods are well knownnlotit
widely used in this field.

Caught in or
2. ACCIDENTS IN MANUFACTURING o7 (10.7%) by cammont
INDUSTRY Collasping 91 (29.8%)

structure

2.1. Accidents statistics 17 (5.6%)

Motivation to engage in prevention activities cam b 2
viewed as voluntary, incentive or coercive, witle first Crashed persons Falling to
as a preferred source. An extensive cost claskditas 20 (6.6%) L‘;"‘;f; L:"}e'
provided: prevention, accident and costs; fixed ead-
able insurance costs; direct and indirect costs [9]
Struck by
Tlying or Traffic
Talling object Deaths accidents
30 (9.8%) 34 (11.1%)
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The presenstatistics are quite poor in this spec
field. A lot of very complex and useful studiese inter-
ested in active safety for @dent prevention (eg.1])
and not in the passive safety for accident consemps
reduction. The spedif data are given byapanese statis-
tic (Fig. 1.). Here is the injurgausedby flying object
quite common, but its occurrence describe together
with injuries by falling objectTherefore the informa-
tional value is still very low.

2.2. Injuries from parts with significant velocity

Despite the complicated statistical evaluabilitytiod
injuries (caused by flying parts), this kind ofuny cc-
curs. The most significant occurrence of this kioic
injury is probably connected with Higspeed manufac-
turing machines. The angle grinder is good exampa
source offatal injuries as result of disc rapture. The
usual reason of the accident is the \tion of manufac-
turer's or safety instructions.

The examples of fatal injury arevalable in litera-
ture. It is possible to describe one of theA 35-year
male was brought to emergendgpartment with histor
of accidental neck injury with saw blade. On exza-
tion, he was dead. While work of pipe cutting was
progress, the abrasive saw bladeddenly break an
shattered in pieces. One piguenetrate the neck of the
victim and another piece travelled in the air angired
the left arm of a 12 year child who was playingthe
ground about 25 feet away from thige [7].

The manufacturing toalupture is noteasy predicta-
ble. This is not problem afngle grinde only. It is clear
than this type of accident can occur eduring usage of
different manufacturing machineBhe accider could be
also caused by movement ofamarkpiece. This is also a
frequent source of accidents.is possible cite an em-
ple. A part weighting 900 Ib. wakrown out of a 48
vertical lathe (Fig. 2). "Machineald made the first pa:
on top of the spindle and started to make the sbpass
and the part cameut of the chuck. It was in conste
surface footage and was speedswpaobably around 2C
to 250 rpm for the spindle." [17]

3. THE ACCIDENT CONDITIONS

3.1. The parameters of accident

The usual type of accident is resing of rotating
part. The finhvelocity in the time of impacis result of
initial conditions. The impact velocity can be ddished
from mass of the part ancvolutions on known

Fig. 2. An example of industrial latheeiden (source: [17]).
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diameter. Movement of specific part dependent on
many parameters.hE impact velocity is generalpre-

dictable Neglecting air resistance allows to consider

kinetic energy constantt is becausehe mass of the
released part is constant as well as the momeniith.

this approach canebestimated the impact velocity 1

general use. The impact velocity is 150

3.2. The impact physicapbhenomen:

The main pointof our research wato solve an im-
pact.The impact is in classical mechanic contact prok
of two or more bodieswith significant contact forc;,
which occursn short time. Thdmpact force usually has
a greater effect than a lower force applied ovelgdy
time. The effect of impact depenhighly on the relative
velocity ofbodies. The real solid bo has an elastic and
plastic deformation during impact. The plastic bebia
could be ignored or siptified in some specific enginr-
ing problems (raltibody modeling,linear statics analy-
sis). This approach is not applicable thigher velocity
impact withcomplicated elas-plastic behavior.

The impact during higher velocity is usually cort-
ed with large deformationThis causes nonlinearity of
this kind of simulationsThe condition of small stra,
suitable for linear statics analysis, is not vdtic impact
with elastoplastic behavior (composed fri the elastic
behavior and plastic behavjoiThe material nonlinearit
is also significant during the large deformatioEs.en
the stresstrain characteristic of material is dependec
the strain rate. #®blem during simulatiot is also con-
nected with material failure and its eliminatiorheTmore
detaileddescription is in paragraph .

4. THE THEORY BASE FOR SIMULATIONS

4.1.Theory of explicit FEM modelling

The beginnings of the development of exit solvers
date back to the 1960s. At that time, such devetoy
took place mainly at universities. The HEMP progy.
whose code was freely accessibwas beginning for
today’s software packages. Explicit time integnatic
suitable for simulating prosses which involve large
strains and changes in shape. It offers betteresepa-
tion of the nonlinear behaviaf materials, and failures.
Explicit solvers are generally better suited foolgems
with complex contact. Therefore, they are a goooiagr
for solving collision problems, crashes, bullet pea-
tions, and similar tasks.

The essence of an explicit code is Newton’s set
law of motion. It is an equation of motion in theatmix
form (1). This equation is defined for the givtime. In
order to naintain equilibrium between dynamic forc
the relationships below must be m3].

fa=mI*{red-{rm).

Here, {at} denotes the acceleration vector (at ti
instantt), [M] — mass matrixFtext — vector of external
forces acting on the body, aFtint — vector of internal
forces.

Once the internal forces have been defined and :
fundamental elements added, an equation for theeli-
cal solution can be obtained in the following fo(g).

1)
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The element Fhoug was added to prevent the tions are the equations for the rates of changelokity,
hourglassing effect, andFEnt is a vector of contact density and position, namely, [13]
forces. Furthermore o{} is an internal stress matrix, and

B] is a strain matrix.
. S=Zopeg ©)
dt p
el flf oo el ). @ dp
Q — =—pOv; 6
preal (6)
Solvers that use the explicit code are conditignall
stable. This means that they are only stable uceigain dr v @)
conditions, referring mainly to the time step sithis, in dt ’

turn, is related to the propagation of stress walesigh ] ) )

the material (see the following equation (3)). Hares ~ Wherev is the velocityp the densityP the pressure and
the velocity of the wave propagating through theemia g is the body force per unit mass.

al, | is the characteristic size of an eleménis the mod- The SPH is a mesh-free method for simulation of
ulus of elasticity, ang the density of the material. continuum mechanics, where properties can be ioterp
lated within a certain range. The first fundamefaammu-

la is the Kernel approximation.

f(x) = [ £(xW(x~ x, hjdx, ®)
A great advantage of the explicit method is usage o
elements with a single integration point. A dowesid Df(x)=j f(x')DW(x—x‘, h)dx ' )
the reduced stability of computation. If an elemdat

forms symmetrically, no corresponding change imrint where h is the smoothing length and/ — smoothing

nal energy takes place. Eventually, the computdéads . . . ) . P
to an imbalance between the kinetic and the intemafunctlon. The interpolation points are identifiedttwthe

energy of the system. This numerical error is kn@sn particles with a specified mass. The FE connegtiigt
hourglassing. The total energy must be controlled i replaced by dynamic searching of the nearest neighb
dynamic calculations. The recognized critical thadd is  There is no need for numerical evaluation of phrtia
an increase in the hourglassing energy above 5 fbeof derivates as with most other methods, but is neciéss
total energy of the system. In extreme cases wiigaif- to use normalized function.

icant hourglassing effect, the simulation run magre

crash. Various methods are available to control jW(x— X, hdx-1W(x - x')=0;|x— x|>kh. (10)
hourglassing.

t SN 3)

comp < tkrit c E

The delta function property (from eq. (10)) candee

4.2. Theory of SPH modelling _ scribed as position function. The particles begitnter-
The method Smoothed particle hydrodynamics (SPH)yct after their smoothing lengths are in penetnatio

was invented for study of non-axisymmetric phenomen  The numerical discretization of hyperbolic (trangpo
in astrophysics by Lucy, Gingold and Monaghan ifil9  gquations will results in non-smooth distributidnpoes-
"We wanted a method that was easy to work with andsyre and velocities. To prevent this problem witbi-
could give reasonable accuracy. The SPH method- sati ity, an artificial viscosity may be added. This dsite
fied these requirements. As a bonus we found the SP gimjlar problem like hourglassing by explicit FEMaga-

was rugged, gave sensible answers in difficuliasioms,  graph 3.2). The formulation of artificial viscosit;
and could be extended to complicated physics withou

much trouble."[12]

The SPH method is suitable for fluid flow and struc |_|ij
tural dynamics [2]. It is because this method csa the
Lagrangian (useful for dynamic of solid descripti@rith
small movement of particles) or the Eulerian d¢zion
(useful for dynamic of fluid description, with lag
movement of particles). The Lagrangiarnfor the non-
dissipative motion of a fluid in a potenti®|(r) per unit dv

. T
mass is [13]: d_tl = —Zj m, [%+p_%+ [ JDiWIj . (12
i j

_ 2
Pi P

(—a oy +BM§J . a

wherea andf are optional coefficients. The formulation
for the Monaghan-Gingold viscosity is dissipati@mnt
within governing equation:

1
L= p(—v2 -u(p,s —d)jdr : (4)
I 2 ( ) 4.3. Material models

The pressure-volume behaviour was defined by a
wherev is the velocity,u the thermal energy per unit polynomial equation of state. In the equation, phnes-
mass,p the density and s is the entropy. The Euler equasurep was a function of the parameter
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p=Cy+C, U +C, [0 (% +Cy [ + This software was selected on the basis of refeienc
( 2) (13)  from the defense sector and its ability to solvebems
F1Ca +Cs i+ G [ ). involving the performance of munitions with respéat

explosion, cratering, and simulation of kinetic &yye

Here,iu = p / (po — 1), Co...Cs are material constants, penetrators.

Eiis internal energy and the coefficients equal to zero

whenp < 0. Some of the material constants can be deg 5 1o EE and SPH models
rived from fundamental properties of the matersalch
as volume compressibility, whereas others can bd-mo
eled on equivalent terms of the relevant shock &gua
of state [5]. A comparison between the shock ang-po
nomial equations of state is given in paper [15b@as of

The linear quadratic elements with eight nodes are
used for the FE mesh model creation. The averageosi
the elements in example shown below was about @4 m
The SPH body was created by conversion from FE mesh

its topics. The SPH particle are created in center of FE elésnen
The plastic behavior is defined by the Johnson-CookTherefore, the conformity of fineness is expecteyithe
model [6]. The stress equation is as follows. same distance between particles 0.4 mm). It isssecy

to consider that a uniform order (form uniform FEgh)
o :(c +C @CN)[Q1+C Dh;é)E(Il_TCM) (14) is not suitable in some cases for SPH method (&ensi
y A B =°P C . ) . L i
instability). But because of comparability is deéspised.
Here, T = (T = Troom)/(Tmeit— Troom)s Troom deNotes am-  The used material model is denoted as “Johnson-Cook
bient temperature, Tme# the melting temperature, is Model for Solid Elements and SPH”. The model behav-
the equivalent plastic strain; denotes dimensionless ior is the same for both methods. The specific neite
plastic strain, an€,, Cs, Gy, CcandCy, are the Johnson- parameters were based on combination of data taken
Cook model coefficients for the particular material from the literature and data from software JMmatPro

which are available in literature [11]. The behavior during high velocity and high temperat
The first failure criterion used was the maximum impact was validated by ballistics experiments (8¢e

plastic strain criterion for element eliminationhén the The model consist from two bodies. The first body

limit value is exceeded, the particular elemenpriacti-  represents the sheet with thickness 4 mm. This hedy

cally eliminated by reducing its modulus of elasyito a ~ based on FE mesh only (Fig. 3). The material st foart
negligible value. The limit value is determined the is steel S355 (Czech Standard designation CSN 11523)
properties of the material. The second failureedon  The second body represent the flying piece withicbas
involved the deviatoric stress tensor. This criterdoes  dimensions 5¢< 5 x 20 mm. This piece is created by FE
not affect the volumetric dependence of stresstimins ~ mesh and by SPH approach with the same material mod
The total stress is found from the following eqoati el.
For the second part the tree materials (lead, steel
o= (1—d(sp»oo. (15) hardox 500, ceramics) are considered. This approach
gives the possibility to compare behavior of diéfer
Here,o is the damage full stress tensorgjiflenotes ~ Materials with usage of method FEM and SPH.

the isotropic scalar damage function, andepresents The border nodes of first part (sheet) had fixes di
plastic strain. placement in direction of second part (flying piece

movement. The translational initial velocity of ead
part is 150 m/s. This velocity is selected as g¢atial
5. THE SIMULATIONS speed of grindstone. The non-symmetric contact &etw
5.1. Pam-Shock solver

PAM-SHOCK is an FEM solver which is part of the
software package VPS (Virtual Performance Solution)
from ESI Group. [14] The software is used for impac
and shock simulations and safety assessment. Bhis p
age is very close to Pam-Crash solver, widely usdete
automotive industry [14].

The software Pam-Crash development has continued
since 1978 and is connected with the early carhcras
simulations. Based on the finite element method|E
it supports complex-geometry models with a variety
element types. It also offers a wide range of linsad
nonlinear materials, including visco-plastic, foaand
multi-layer composites, and failure models [4].

As it relies on the explicit formulation in FEM, i
suitable for nonlinear problems with large numbefs Fig. 3. The prepared modela— FEM mesh (general view);
contacts (relying mainly on the penalty algorithm). b — Detail on SPH.

a b
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0.015 ms 0.030 ms 0.04.
0.060 ms 0.0/ 090 ms
Fig. 5. The FE simulation of impact connect
with mass losst.

parts is used (first part as slave). The contackness is
set approximately as half ééngth between SPH pi-

cles 02 mm. The nonlinear penalty stiffness is setf-

ness parameter 10). &hime of solved proble duration
is 0.5 ms. The timstep moves between 0-5 ms for FE
solution and 0.958 ms for solution with SPH implern-

tation.

5.3. Simulations

The first expected result is@mputation time cos!
comparison. It is obvious, thahe SPH method take
significantly more timecomparing tothe FE method.
From the elapsed times comparison should be asst
than the SPH method takes six timeore time (e.g.
elapsed time for computatiowith material lead is fo
FEM 2.5 min. and for SPH 1®8.mir) for this simple
problem.

The comparisiorof results for different materiz is
the main point of simulations. It is obvi¢, than the
results forsofter materials report better conformity. 1
best conformity ofresults is visible fc the simulation
with lead material (see Fig.)4The SPH behavior
connected with little differentvave propagatic in this
kind of solved problemThe resultant difference is i-
ble for more brittle materials where problems Wahure
criterions can occur.

The FE smulations for brittle materials are connec
with different kind of problems. The damage oct
during very small strain. The damaged elemelose
their mechanical propertiesThis causs the stability
problems of simulationwith negative volumes and me
collapse. In this case the antilapse contact could gi
only a partial solution. In somrminal ballistic prb-
lems is the element eliminatiomcceptable. It is cle:
than in the actually solved FE task will be problesith
mass losses which could reach 25% of initial 1
(Fig. 5).

The FE method gives the beast results for the
abrasion resistant steel Hardo®uring the assume
velocity isthe deformation of impacting part under lir
for elements elimination. Therefore the results aog¢
affected by the mass lossedelplastic deformation ¢
impacted sheet (made from steel S: could be shown
as very preliminary resulfThis result sugges smaller
possibility of sheet gature by small piece (se€ig. 6).
This approach will be applicabéa real mode.

a b

Fig. 4. The resultant deformation of lead - a — FE method,;
b — SPH method.

Fig. 6. The preliminary result of plastic strain for imft-
ed sheet (made frosteel S355).

6. CONCLUSIONS

The numerical simulations for assessment of pa:
safety of manufacturing systems are presented i
study. The solution of terminal ballistic problems is v¢
specific for this field butan found applicatioin future.
Someresults of FE and SPH metts are shown.

It is obviaus than the SPH method takes more cu-
tation time (in solved problem approximately siméis
more). The goodconformity of FE and SPH results
observed for lead materiadhs expected the SPmethod
has no problem with mesh collapse in contrast °
FEM. Unfortunately,some problems occurs for Sk
method application on the brittle mate (see paragraph
4.3). It is shown, thaisage of FEM could be problem:
because of mesh collapde futLre will be possible to
implement new knowledge from usage of SPH me
for brittle materials.

The applicabilityof FE method would be seen frc
last part of this paper. Thmpact of two steel materic
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is there described. There is also shown some prelim
result of part made from Hardox steel.
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