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ABSTRACT

Press brakes are machines widely used in the manufacturing industry to bend metal sheets.
They pose risks in terms of equipment failure and worker accidents. In order to prevent these
unwanted occurrences, the associated risks must first be analyzed. In this paper, such an analysis
is conducted for a press brake system incorporating redundancies such as two operators and two
point-of-operation safety devices. The probability of the system being in a failed state where an
operator suffers an injury is estimated with the help of a Markov diagram which includes failure
and repair rates not only for the devices but also in terms of operators’ failures.

Keywords: Failure rate; Repair rate; Human reliability;, Markov diagram,; Fuzzy logic.
TOM TAT

May chan thiy lec la logi méy dwoc sir dung rong rdi trong cong nghiép dé uon cac tam kim
logi. Thiét bi nay 16m tai riii ro vé 16i linh kién va tai nan lao dong. Pé ngan chan nhitng sy co khong
mong mudn, phdi phdn tich céc rii ro lién quan. Trong bai bdo nay, viéc phan tich rii ro dwoc thic
hién doi voi hé thong chan thuy lwc két hop tinh huong c6 dp dung dir phong nhuw hai ngueoi vin
hanh va hai thiét bi an toan tai khi van hanh. Xdc suat 16i dwoc wée tinh bdng so do Markov, bao
gom mike dg hong va kha ning sira chita khong chi @oi véi linh kién ma con cd 16i cia nguoi vn
hanh.

Tir khoa: Cuong do héng; Khd néng sika chita; D tin cdy ngueoi van hanh; Chudi Markov;
Ludn ly mo.
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1. INTRODUCTION

This paper presents the case of a press
brake operated by the two operators. This
situation arises in actual work settings when
large sheets of metal are bent in a brake press.
In that case, the second operator is necessary
to hold the workpiece properly where proper
work-holding tables and fixtures are not present.
However, in this study, the workstation setup
will in fact be different. The second operator
will assume the role of an assistant who is there
to make sure that the work proceeds correctly
and safely. For instance, if he notices the first
operator making an error, he will be in a position
to intervene and stop the machine. This set-
up becomes a system which will be modelled
mathematically and solved for safety-related
variables of interest.

2. FORWARD PROBLEM
2.1. Safeguarding and human redundancy

Redundancy can be defined as “the
existence, in an entity, of more than one means
for performing a required function” [1]. In the
context of machine safety, the function that
needs to be performed can be:

- Stopping the hazardous motion.
- Assuring the safe position of a
component of a machine.

To give a specific industrial example,
maintaining the upper die in an hydraulic press
brake in an elevated position, supported by
the hydraulic pressure in a cylinder is a safety
function.

On an industrial machine, redundancy can
be achieved commonly in two important ways.

- Two safeguarding devices can be
installed to prevent entry into the hazardous
zone or contact with the hazardous zone of a
machine. An example of redundant safeguarding
is shown in the figure where a safety light
curtain is used in conjunction with a two-hand
control on a mechanical punching press to
prevent entry into the hazardous zone (the dies,
only partially visible on the photograph) of the
press.

- Industrial machines’ control systems
are another area where redundancy is put in
place. For instance, two electrical contactors can
be placed in series with the motor of a machine.
This way, if following a stop command, the
contacts in one of the contactors fail by staying
closed because of redundancy can assure, de-
energizing of the motor provided the second
contactor functions correctly.

Figure 1. Mechanical punch press with redundant
protective devices.

2.2. Press brake system

The press brake to be considered to
incorporate elements of redundancy both at
the hardware level and at the human level.
Hardware redundancy will take the form of
two safety devices between the machine and

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
I  TAP CHI CO KHI VIET NAM, S6 327, thang 4 nam 2025
cokhivietnam.vn / tapchicokhi.com.vn



NGHIEN CU’U - TRAO BOI

the operator. For example, these could be as
shown in Figure 1, a two-hand device and a
safety light curtain. It is also assumed that the
workstation has been designed so that adequate
support devices have been provided on the press
brake so that the operator does not need to hold
the workpiece at any time during the bending
process. He only needs to handle manually the
workpiece when repositioning is necessary for
the subsequent bend.

Human redundancy will consist of two
workers at the workstation. At any instant of
time during production, one worker will act
as the actual operator. The second worker
will assume the role of a checker. This will
set-up a humanly-redundant work situation
in conformity with the definitions seen in the
literature [2]. Both workers will be assumed
to possess similar levels of training and
experience.

Twohumanmodes offailureare assumed
to be necessary for accident generation. These
failures result in the worker, Operator # 1, not
withdrawing his hands from between the dies.
In practice, such accidents have occurred due
to contributing factors (modes of failures) such
as, for example, worker fatigue due to high
job repetition leading to loss of concentration,
stressful work situations, very noisy or hot and
humid work environment. Operator # 2 can fail
to be alert and check the operator of the press
for the same reasons (which, it will be noticed
are not developed in the fault tree developed).
This leads to the fault tree shown in Figure
2. The failure of the devices will be meant to
encompass all modes of dangerous failures
through the whole chain of machine controls
linked to the devices.

3. ANALYSIS

This will lead to the fault tree shown
in Figure 2. It will be noted that this fault tree
is also dynamic in nature, in the sense that the
accident depends on a sequence of events such
as the event protective device failure, must
occur before the bending action by the worker;
otherwise a properly functioning device would
stop (safely) the press and no accident then
occurs.

Hands of operator
caught m dies
|
Human fashare of operator 82
Failore of device # | who watches, checks operator
Safety light cumam
(human redundancy)
Wiih fadure and sepaar -
. :Dd ! With fadhure and repair rates
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Failuze of device 52 B Eetors of :
Two-hand controls © ofopermar®
vhio tes the
With fashare 2nd repair W Operae pres
With fashuse and repair mtes s
rates pigs and g
and pay

Figure 2. Fault tree with repair, redundancy and
human error.

The equivalent associated Markov
diagram is then:

Figure 3. Markov diagram with repair, redundancy
and human error.
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The solution to the model is then (see
[3]) for details applied to a similar problem):

1 Qun @12 Quz O 0 0 0 7rp1
Pz Q21 Q22 0 Qe O 0 0 ||z
d |P3 Q31 0 Q33 Q34 O 0 0 ||ps
——|Pa|=] 0 Qs Qa3 Qs 0 0 0 ||Pa

dt

Ps 0 0 0 @ss Qss5 0 Qs7(|Ps
Pe 0 0 0 Ges 0 Qg Qe7||Ps
P7 0 0 0 0 Qs Q6 Q711P7

or.:

d

—P =Q"P

dt Q

Qi1 = THag, T Hag,

Q2 = —Q43 = ~Hugq,
Qi3 = “Hugq,
Q21 = Hag,

Qa2 = “Haq, — Hag,

Q24 = Q42 = Mg,

Q31 = My,

Q33 = —Ma,, = Mg,

Qzs = Hpg,

Qas = —Hap, — Mg, — Hap, — Hug,
Qs4 = Q76 = My,

Qss = — My, — My,

Qs7 = Hap,

Qes = Q75 = My,
Q66 = _l“’l'|..lh2 - ulhl
Qe7 = Puy,

Q?? = u“hz _ |J'|\,lh1

With:
Hag.: Refers to failure rates of the protective
bl |
devices;

IJ}Lh,: Refers to human failure rates;
i

Ky a;’ Refers to repair rates of the protective
devices;
Hyy,: Refers to human repair rates.

i

P is the wvector containing the
probabilities of the system being in one of the
seven states of the system. The Markov diagram
represents the transitions of the system caused
by the occurrences of the various failures. As an
example, state 2 in the diagram represents the
state of the system after a failure of protective
device 1 has occurred (with a failure rate H}Ldi, a
fuzzy number). The system can return to state
1 from state 2 following a repair with a (fuzzy)
rate of [, , . There are 7 states in this example
because thete are 2 device failure modes, 2
human failure modes as well as 2 repair modes,
for the each device and for each human failure
modes. The combinations of transitions leads
to 7 states as seen in the Markov diagram.

The algorithm was run on Matlab using
the data (see Table 1) from a previous paper (see
[4]) where values for A, the mode of failure
associated with the safety light curtain and A, |
the human mode of failure “Hands in dies” were
obtained from an expert elicitation process (see
[4], [5]). The other data are assumed and result
from an elementary internet search. The repair
rate is defined in reliability (see for example
[6]) as I/MTTR that is, the inverse of the Mean
Time to Repair.

The concept of Human repair rate, on
the other hand, is somewhat novel. In this work,
it has been defined analogously to the technical
repair rate in reliability as I/MTTR i.e. the
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Mean Time to “Human Repair” understood
in the following sense. This is the mean time
required to return a worker to his workstation
after a human error such as having hands in dies.
The time to return to work might be the time
spent in safety training. In industry, in Quebec,
Canada, safety training are often typically 2 to
4 hours (see for example [7], the website of an
OHS training organization in Quebec). This then
serves to calculate the value of the human repair
rate (the middle value of a triangular fuzzy
number).

The initial conditions for the problem
are: p, = 1 because state 1 represents the system
in working conditions and no failures occur.
The complete set of input data is collected in
Table 1. It shows, in particular, the device and
human failure rates as estimated by experts as
described in [4].

Table 1. Input data set case study including repair
and redundancy.

Lower Middle High
Data values of | values of | values of
TFN (h') | TFN (h!) | TFN (h)
0 2.58x107% | 2.71x107° | 2.84x107
A1
U 2.58x10% | 2.71x10° | 2.84x107
%)
v 0.98x10° | 1.03x10”° | 1.08x1073
M1
uM 0.98x10° | 2.71x107 | 2.84%x10°3
n 0.119 0.125 0.131
Hd1
n 0.119 0.125 0.131
Hao
n 0.47 0.50 0.52
Hhy
n 0.47 0.50 0.52
5})

The calculations presented here
show that systems with human and technical
redundancy can result in probabilities of
occurrence of accidents which are very low in
the order of 1/10*® (see Table 2). This can be
explained by the safeguarding redundancies
in the system. It is to be noted, on the other
hand, that the individual probabilities of failure
(technical and human) were estimated by the
experts as less than what the safety standards
demand (typically, 1/10°, see for example,
[8]). The reason for these findings will be
investigated in further planned research. We see
as well that the algorithm produces consistent
TFNs (that is to say the fuzzy numbers are an
ordered set), an indication of a valid numerical
procedure.

Table 2. Results of calculations for case study.

Data

Lower values
of TFN (h)

Middle values
of TFN (h)

High values
of TFN (h')

P,

0.999568161467824

0.999566492623574

0.999566502486222

b,

0.000215873120110

0.000216706011731

0.000216699909645

by

0.000215873120110

0.000216706011731

0.000216699909645

Py

0.000000046617499

0.000000046977992

0.000000046975344

Ps

0.000000038771234

0.000000042278284

0.000000045647180

Ps

0.000000085386789

0.000000089254340

0.000000092620573

b,

0.000000038773659

0.000000042280896

0.000000045650024
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4. CONCLUSION

The safety a press brake system
comprising redundant safeguarding both
technical and human was analyzed. A
methodology was developed to estimate the
probability of an accident where an operator
has his caught between the dies of a press brake
for the setup described. The analysis included
concepts of error rates (technical and human) as
well as repair rates. A novel feature of the study
is the concept of “human repair rate”. Fuzzy
data in part from an expert elicitation process
was used. The algorithm produced consistent
results, showing a valid numerical procedure.

Further work will attempt to refine the
expert elicitation process used to generate the
data. A press brake simulator will also be built
to gather data on human error. %
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