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ABSTRACT

~ A mathematical model was developed for managing magnitude and risk
factors of injuries in a manufacturing mdustry employmg System Dynamics
(SD) approach. Data were collected using an injury and iliness investigation
register. These were used to estimate and validate the parameters of the
model. The principle of SD was employed to identify the relevant risk
management safety-related components and their interrelationships. Results
_obtained from the experimental data deplct a random periodic upwards and
downwards trend in the magnltude of injuries; whereas the predicted injuries
yielded an exponential decay in the number of injuries occurrence. The
_ means and standard deviations of the observed and predicted injuries were
27 and 9.08; and 26 and 6.61 respectively. The corresponding values for
observed and predicted preventions were 18 and 9.08; and 19 and 8.48
- respectively. A comparison of predicted and observed injuries depict that the
model is useful for providing a decision support and predicting the main
variables required for managing magnitude and risk factors of injuries in a
bottling plant.
Keywords: System dynamics, modeling, injury mvestlgatlon, simulation,
safety management .

Nomenclature

F = Factory hazardous conditions [Q] Y+ = Injury prevention rate [Q][TH

f  =Injury proneness factaiQ)(MHR) ™ \/} = Prevented injury [Q]

% - =Injuryrate [QIT]" " q  =Workload [MHR]

X. = Magnitude of injury [Q) X, = Potential hazards [Q]

E = Expected prevention[Q] - , - h . =Risk factor of injury [T’

A = Injury rate probability parameter [Q) R = Prevention goal [Q]

P1 = Injury probability [Dimensionless] ~ X = Presafety injury level [Q]

P2 = Injury prevention probability v = Safetyprogramme effectiveness

o - [Dimensionless] : factor [T]"
1.0 INTRODUCTION the International Labour

Despi \ Organisation (ILO) and World

N s pite enormous Health Organisation (WHO) have
advances in technology, human  ghserved that an estimated 120
factor engineering (ergonomics), million occupational injuries occur

venti ici annually at workplaces worldwide
preventive medicine and other i and Ajimotokan, 2010;

means to preventaccidents, | E\lmotokan 2009; Apurna et al..
2004 ILO, 2002; Saari, 1998).
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- n the‘lower_ income
countries such as those of the

~ South Asia and Africa, injuries are
one of the leading causes of adult

mortality and a major contributor
. to disability (Brahmapurkar et al.,
- . 2006; Murray and Lopez, 1996;

Zwi, 1993; Feachem et al., 1992;

~ ~ Smithand Barss, 1991). ;
Death, iliness and injury on such’ -
~ scale impoverish individuals.and
their families, and challenge

~attempts. to lmprove worklng
conditions.

- .Nearly every type of work or

industrial occupation has the
- .potential of causing injuries. To

prevent these, it is important to -
- -understand the factors that
contribute to them. Research

works have depicted that the

- major risk factors that contribute

to the development of

musculoskeletal
disorders/injuries can be
associated with a whole set of |

physical-ergonomic (force,

frequency, awkward postures, .

extreme temperatures, vibrations
etc), hazardous exposures,

workplace and process design, -

psychosocial, individual and
_work-organizational factors
(National Institute of Occupational
Safety and Health, 1998).

For an effective preventive

measure in reducing work-related -

- injury rates, several studies have

been conducted to examine

specific risk factors for work-
related injuries (Li et al. 1999;
- Zwerling et al., 1996). More so,
several quantitative and
qualitative evaluation models
have been developed over the
years from classical - statistics,
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- technological,
. environmental changes challenge
. the attempt to design and manage
- complex systems, which embody .
" multiple feedback effects, long
~time delays ~and nonlinear
. responses to decisions (Kelvin,
2008; Morrison, 2007) that
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These models include System
Dynamics - (SD) manufacturing
safety model (Ajimotokan, 2009),
vehicle safety management

. model (Kelvin, 2008), SD Safety
- programmed. simulator (Charles-
~Owaba. and Adebiyi,

2006),

. Efficiency index Charles-Owaba
* and Adebiyi, 2001), Accident rate -
‘model (Gerald, 2001), Safety

. sampling model (Aggrawal, 1990).

among others. However, the
accelerating economical,
social and

characterize real world problems

(risk factors).
- The aim of this study was to

develop a SD model for risk
management programme of

‘manufacturing industry with
-emphasis on managing

magnitude and . risk factor of
injuries.

2.0 MODELDEVELOPMENT
To develop the model, data were
collected from a bottling plant in
llorin, Nigeria using an injury and

illness investigation register and

analyzed employing the accident
investigation procedure. These
were used to. estimate the
parameters of the model.

The SD methodology by Burn

(1975) and Forrester (1973) as

adopted by Charles-Owaba and
Adebiyi (2006) and Adebiyi
(2006) comprising the following
five (5) general steps were
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“determination of model equations from the dlagram and Implementation of
simulation from model equation

' The model was delineated based on followmg assumptlons consistency
- of operational conditions guaranteed, safety culture is recognized integral
system of the manufacturing system and stability of estabhshment and

government policies.

'~ The behaviour of complex, real-world problem is a continuous, dynamic
flow, which can only be explained in causal terms after its decomposition into
. discrete events. More so, the central concept to SD theory is the representation
‘of system structure in terms of flows. A flow diagram depicts the dynamic
relationships of the components of a multiple feedback system. Applying this
approach and relying on subject matter experts' opinion, the causal loop and flow
diagrams were delineated employing a software application called “Vensim”
developed by Vantana Systems for SD synthesis. The resulting causal loop
diagram and flow diagram are depicted in Figures 1 and 2.

Al the various types of quantities or couplings |dent|f ed and apphed in the flow
- diagram are summarized in Table 1.

Magnitude of
Injury '
Safety Program = -
Injury Rate Pme:?’tz' Injury Effectiveness Factor——aPrevention ’
Rate Prevention
Goal
Potential l .
Prevenﬁon Rate  Hazard \
Probabilty Prevented__ Expected
Prevent Injury Prevennon
vention
Risk Iﬁ?:"”s N Probability Rate
) ry : Parameter
Probabillity of )
Injury Probability —* - Injury
Rate Parameter ‘\Factory Hazardous', ~ |niury Proneness
. Workload———>  Condition b I"l;actors
Figure 1: Manufacturing Safety Causal Loop Diagram
Magnlb.(de of.
Injury
Safety Program
 Injlury Rate P""Sffe“’,z Injury Effectiveness Factor——a. Prevention
Rate Prevention
Goal
Potenhal l
Prevention Rate  Hazard \ Prevented
Probablity reven Expected
Provent Injury " Prevention
revention
R‘*",ﬁf‘f"“’ of Probability Rate
y - Parameter
Probability of
Injury Probability —™  Injury :
S ___Factory Hazardous
Rate Parameter Wo i Condition -‘—\lnjury Proneness

Factors
Figure 2 Manufacturing Safety Model Flow Dlagram
Note The rectangles represent a stock of magnlitude-of injury and prevented injury;the thick amows with velves
and cloud symbols represent flows of injury and prevention rates and the thinner arrows indicate causal influence.
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Table 1: Types of Quantities or Couplings

Quantities $D Simulation quantities

Rates :Lnjurpccunence
: I

Auxliary | .Fagctory hazardous condition
-Injury prevention goal
-‘Expected prevention . -
‘Prevention probability
-Potential hazard

‘Probability of injury

(neutparemetar | «|niyry causing probability

: *Injury proneness fac(or
*Workload
*Prevention probability parameter
*Pre-safety injury lovel

State | *Magnitude of injury
“*Number of prevented injury

21 Devélopment of Model Equations

.The procedural step for

developing model equation as
presented by Burns (1975),
Charles-Owaba and' Adebiyi
(2006) and Adebiyi (2006) were
employed. These are: identify
the polarity of each feedback
loop therefore possible
behaviour of each loop; write
the state equation of each loop
with respect to connected rate
of flow; write the rate equations

in terms of exogenous
state variables

variables,
. parameters and auxiliaries,
which relate to the particular
rate of interest using
dimensional consistency; write
all the auxiliary equations also
using the dimensional
consistency principle;
substitute for the auxiliary
equations of step four in the
rate equations of step three;
and substitute for rate
equations of step three in the
state equation of step three.
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Applying above steps, using the
safety programme flow diagram
(Figure 2): the injury rate 'is the
rate of change of magnitude of
injury; thatis,

7 —“"J"—Vd’ phh)’

‘where X, is the penodlc magmtude
- of injury, X, is potential hazard, ;g

probability of injury and h Is risk factor of

injury. And ( Yoo, Pz)' (.2)

Where Y, is prevented injury, E, expected

prevention, - safety program effectiveness factor and

. Isinjury prevention probabtlity.

Considering the Injury occurrence rate, the potential

" hazard, Xp define the difference between the pre-safety

injury levgl Xn and the prevented injury Ytatany instant tof
the safety program; thatis, "

X,=0(X,,%) )
‘ Thus, '
X,=X,-Y, @

"The probability of iNUry gepends on the

hazardous condition F (variable) and the injury rate

" occurrence parameter. Duzgun and Elnsten (2004) as

adopted by Charles-Owaba and Adsbiyi (2006) reported
that the events occurring to a Polsson process at a time
function or variable between the events has exponential
distribution. Thus, the exponential distribution by Duzgun
and Einsten (2004) and Clemens (2003) was adopted. The

- probability of ae@k}!}ents isthusgivenas

Pr=1= (5)

where P, j5 the pmﬁabtlity of experiencing one or
more random occurrence of injury at any period of

~ time t, is the reciprocal of potential hazard before

safety programme:
.. x = ’:]/x (6)

For this wgrk, the variable is the hazardous
condition F which is a function of man-hours
of worker g, the injury proneness factor f, and
the prevented injury Y, Therefore,
mathematically express as; '

F=qf-Y% | Y]

" This implies that,p 1

F=f(q.1.%) @
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Substituting Ffor tin equation (5):

p, =1- CMar-¥) )
To measure and transmit
information at any rate, some time
interval is necessary. Therefore, the
risk factor of injury, h is the
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proportion of injury occurrence per .

unit time and:is the inverse of the
time interval of observed injuries.
From the flow diagram, injury rate
i

S -
__-}0!.,=' (Xp— X,))1h (10)

. From equation (4) and (9)X, = X, - ¥, and p, =1~ (+¢/-)
Putting equation (4) and (9) into equation (10):

o,=[x, Y- X )i- Fe0)]

Substituting equation (11) intg -

. equation (1): B ,

o, =2 [ix, - ¥ - X, Ji- P02
Using the principle of integrating
factor to solve equation (12), the
" number of injury is obtained as:

X=X ‘X{‘ (H-n )))_ X, (rfen) (13)

Thus, the periodic magnitude of
injury X, observed was derived in
term of plant workload, injury
proneness factor, pre-safety injury
level, risk factor, injury rate
probability parameter and number
of prevented injury.

Considering the prevention loop of
the model flow diagram, the
prevention probability is given as:

pp=1-p, (14
Putting equation (8) into equation
: p2 = (T—l(qf—\,’)

From equation (2), prevention rate can
expressed as: ’

O (E,-Y)
'Yr=( 2 ‘)Pz

(16)
v .
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Therefore, substituting equation
(15) into equation (16):

- ay =[§a?.¥im(qf—m (7
da | v .
‘Integrating “equation (17), the

equation for the number of
preventedinjury isobtainedas
' (18)

J ;(,_ ¥ Jroni]
Y=E, j- e Y€

3.0 RESULTS AND
DISCUSSION

‘A mathematical model was

formulated from manufacturing
safety progamme flow diagram.

- The model-comprises two models

(15) .

79

dynamically linked systems: the

‘magnitude of injury (X) and

prevented injury (Y;), such that the
magnitude of injury depends on
the factory hazardous conditions,
risk factor of injury, potential
hazard and probability of injury.
Also, the number of prevented
injuries depends on the expected
prevention, effectiveness of

-safety programme activities and

injury prevention probability. The
model has three (3) driving
variables; namely: safety
programme effectiveness factor
pre-safety [n]uiy level Xnand risk factor of injury (h).
The observed data and the standard run of the
model with input parafmeter estimates for 12
months period are depicted by Figures 3 and 4,
which show that there is good agreement between
predicted and observed injuries. At the beginning of
the programme, these parameters encounter a
significant increase due to high pre-safety injury
level.

The exponential decay In magnitude of Injurles and
corresponding growth In number of predicted
preventions as shown In Figures 3 and 4
respectively, are expected. These are expected
because an effective safety program reduces -
hazardous conditions, improves safety and
performance.
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- . Figure 3: Comparison of Variations of Observed and
" . Simulated Injuries Vs Operating Penod

poaen (118 eNUINS Htjuney

-
“

Number of Preventedinjuries

1 "2 03 3 s 8 7 8 9 w.n on

Figure 4 Comparison of Varahons of Obsenved Proverted and
" Simated Prevented bfries Vs Operating Perod
4.0 CONCLUSIONS

- A system dynamic approach that

captures a transition to world-
~class safety performance was
conceptualized and used to
~develop a model for managing
magnitude and risk factors of
injuries in a manufacturing

‘industry. An accident investigation

‘register was administered to
capture needed data to estimate

the model parameters and identify

risk factors of injuries. The
_principles of system dynamics
were used to identify the relevant
risk management safety-related
components of a manufacturing

industry. Applying the concept of -

causality andlysis, a causal lcop
diagram indicating how injury
prevention activities may
eliminate hazardous condition
was delineated and
conceptualized into -a flow
diagram from which a set of
differential equations were
formulated.
predicted and observed injuries
depict that a satisfactory
agreement was found between
the observed data and the model
predictions.
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