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Abstract.  The current and future occupational safety and 
health (OSH) regulations from various national and inter-
national regulations such as REACH ask for an increasing 
process transparency in the electroplating industry to 
monitor the OSH situation. Currently, the COVID-19-re-
lated situation of shopfloor workers also requires an in-
creased transparency in contact tracking. Manufacturing 
system simulation is a promising approach in this context. 
To date, simulation models mainly focus on the process-
specific technical, economic, or environmental aspects. 
Modelling the OSH of workers in plating industry is rarely 
the focus of these approaches. This paper shows an inte-
grated simulation framework to model industrial auto-
mated electroplating lines and the interaction with in-
volved shopfloor workers as part of a cyber-physical pro-
duction system. Line-integrated pre- and post-treatment 
processes as cleaning and degreasing are considered as 
well as their effects on shopfloor workers. In a case 
study, different applications with regard to OSH are shown 
to demonstrate the applicability of the developed frame- 
work and the high adaptability to new challenges as 
social distancing during pandemics. 

Introduction 
Industrial electroplating processes are characterised by a 
high variety of process parameters. Due to dynamic inter-
dependencies between and within the process steps, the re-
lationship between process parameters, surface structure, 
and surface properties including energy and resource de-
mand are not fully understood. Especially highly auto-
mated barrel plating lines are complex dynamic systems, 
consisting of subsystems that influence each other. Im-
provement measures in one subsystem often influence 
other subsystems, for example, the drag out from plating 
baths influences the following post-treatment baths.  

Recently, in the EU, stringent requirements under the 
Registration, Evaluation, Authorisation and Restriction 
of Chemicals (REACH) regulation require increased pro-
cess transparency and measures to increase the occupa-
tional safety and health (OSH) of the workers in electro-
plating facilities [1]. Today, in most countries OSH au-
thorities restrict the use of widely used electroplating 
substances if no sufficient data regarding the OSH situa-
tion are available. Further, recent challenges such as the 
COVID-19 pandemic require a fast adaption for produc-
tion processes and OSH planning as plating lines require 
shopfloor workers. 

Currently, these OSH aspects are rarely considered in 
simulation models for planning and operation of electro-
plating facilities. The high complexity makes it difficult 
to rate the effects of a single measure on the overall OSH 
situation. Especially for OSH measures, the interdepend-
encies to process parameter are often not considered in 
the planning phase nor during operations. 
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To support higher process transparency, an integrated 

multiscale and multilevel simulation approach has been 
developed. The simulation is used as part of the cyber 
system and embedded in the cyber-physical production 
system (CPPS) that is the basis for a comprehensive de-
cision support system. This approach significantly in-
creases the process transparency allowing for evaluating 
the OSH situation a priori in the planning phase of an 
electroplating line as well as during operation. OSH plan-
ning benefits significantly from a simulation approach, as 
changes during operation are often very costly or even 
not realisable in a productive manufacturing environ-
ment. Further, specific exposure measurements only con-
sider static production situations during the measure-
ment. These measurements do not consider the dynamic 
character of electroplating process lines such as changing 
process parameters.  

1 Background 
1.1 Automated Electroplating Process Chains 
Automated rack and barrel plating lines enable plating 
high volumes of small-to-medium-sized parts at high 
quality and reproducibility. Figure 1 provides a sche-
matic overview of an automated industrial rack electro-
plating line. Parts are loaded and unloaded manually at 
the beginning and at the end of the plating line. In the 
plating facility, a set of tanks, filled with pre-treatment, 
plating, and post-treatment fluids, is aligned in one or 
multiple lines. A rail-mounted hoist (RMH) system trans-
ports the barrels, or more generally the carriers, between 
the single tanks starting from pre-treatment processes as 

cleaning and degreasing, through the electroplating pro-
cess to post-treatment processes as rinsing or passivation 
[2]. Peripheral systems as exhaust air systems support the 
process baths and ensure that workplace concentrations 
are not exceeded [3; 4]. 

Although electroplating lines are highly automated 
processes, shopfloor workers are required for loading and 
unloading parts for the maintenance and cleaning of 
tanks, fluids, and periphal devices. Electroplating lines 
for small lots of big parts that require high quality coating 
are often less automated and also require workers for 
shifting the parts between the tanks. In this case, also 
groups of workers can be necessary to manoeuvre the 
parts with a crane through the electroplating line. 

Typically, the carriers follow the direction of the plat-
ing line. However, backwards and lateral movements to 
parallel tank lines are required due to space restrictions and 
in order to enhance the flexibility. Further, storage spaces 
can be included to store carriers between processing steps 
to enhance the productivity of the plating system. 

1.2 Occupational Safety and Health for 
Electroplating Processes 

Especially the use of hazardous chemicals in the electro-
plating industry catched the interest of OSH authorities 
and organisations in nearly all countries over the world, 
starting from international organisations such as the In-
ternational Labour Organisation (ILO), which published 
International Hazard Datasheets on Occupation for elec-
troplater [5], to more specific European Regulations from 
the European Chemicals Agency (ECHA), which restrict 
the use of specific plating chemicals by placing them on 
the authorisation list [1].  

 
                                                 Figure 1: Overview of elements of an electroplating line. 
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Also in the United States [6] and in China the ministry 

of environmental protection put relevant plating chemi-
cals such as hexavalent chromium (CrVI) on the first 
batch of the priority control chemicals list [7]. A com-
monality of all these regulations is the requirement for a 
higher transparency to rate to the risks for the workers on 
the shop floor in the electroplating facility.  

Aside the risks from chemicals, in pandemic also social 
distancing measures become necessary to keep the number 
of cases low [8]. A flexible manufacturing systems simu-
lation with focus on the shop floor workers allows for rat-
ing the effects of measures minimizing the infection risks 
of shop floor workers. 

1.3 Simulation of Manufacturing Systems 
Electroplating combines discrete and continuous pro-
cesses. The workpieces are typically stored in barrels or 
racks and go through the cleaning, rinsing, and plating 
processes, which have a discrete character, in batch 
mode. Fluids for cleaning, rinsing, plating, and post-
treatment flow continuously through the system. [9] 
Therefore, a combined discrete and continuous simula-
tion approach within an agent-based simulation environ-
ment is proposed as simulation paradigm. 

Today, most available simulation tools for manufac-
turing systems are capable to model discrete manufactur-
ing systems focussing on material and product flows. 
Within the last decade the simulation of energy flows has 
been included [10]. Hesselbach et al. [11] introduce a 
model-coupling approach to consider the production and 
technical building system within one environment. The 
approach by Thiede [12] is generic and supports simula-
ting many different production systems, but mainly fo-
cuses on the energy demand. Bleicher et al. [13] devel-
oped a simulation with a focus on the energy demand 
simulation for machining processes and also included the 
energy and building system into their simulation.  

The approach by Eisele [14] focuses on the energy 
demand of machine tools. Schönemann [15] developed 
an approach allowing co-simulation applied to battery 
production systems. Kurle [16] partially included electro-
plating processes into his approach, but mainly focusses 
on the heat flows in the production system. Xu et al. [17] 
model the resource flows in electroplating and rinsing 
systems in detail, but neglect the energy demand and fur-
ther systems of the plating line. This detailed approach 
also allows for simulating only one specific product. 

Modelling workers in production engineering simula-
tion environment is already described in the German VDI 
guidelines 3633, part 6 [18] and 4499, part 5 [19]. The 
guideline 4499 part 5 is focussing on ergonomic repre-
sentation of humans in the digital factory, while guideline 
3633 part 6 also describes the use of simulation models 
for planning purposes. 

In difference to existing approaches, the developed 
simulation focusses on automated plating lines address-
ing the specific characteristics. Dedicated models for 
electroplating lines and shop floor workers are devel-
oped. New innovative visualisations are integrated to an-
alyse the OSH situation. 

2 Framework for Manufacturing 
Systems Simulation of 
Electroplating Lines 

CPPS contain a physical and a cyber system that are in-
terlinked with data acquisition, feedback, and control 
systems [20]. 

 

Figure 2: Integration of simulation as cyber system  
into a CPPS. 
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For this study, an automated barrel electroplating line 

is used as physical system and the simulation as cyber 
system (Figure 2). Relevant data are acquired from the 
electroplating line and used as input for the simulation. 
The simulation is the basis for a comprehensive decision 
support system and allows for predicting the future be-
haviour of the plating line.  

Compared to a stand-alone simulation, the integration 
of the simulation in the CPPS enables a comprehensive 
decision support for multi-criterial planning and control 
of the electroplating line, using live data from the elec-
troplating line. 

For a CPPS realisation, an efficient data acquisition 
from the physical system is decisive. Already available 
sensors and data are used and enhanced by additional 
manual measurements. From the Manufacturing Execu-
tion System (MES), the pending production batches with 
their characteristics and the process chains are transmit-
ted. At the same time, product-specific data are retrieved 
from the Enterprise Resource Planning System (ERP). 
MES and ERP were connected with file-based interfaces 
to the simulation to enable an automated data transfer. 
Additionally, electrical power, chemicals, and air emis-
sions concentration measurements were conducted to 
build an electricity and resource flow model for the plat-
ing line. Compared to the installation of various sensors 
for electricity and air emission measurements, this ap-
proach is more efficient, and no extensive additional sen-
sor network is required. 

The acquired data are the basis for the parametrisation 
of the agent-based simulation. Figure 3 provides an over-
view of the simulation model. Seven state-based multi-
parameter models were developed to build up a frame-
work for the simulation model. Each model represents an 
agent type and can be multiplied to build the whole plat-
ing line. 

The agent type product represents the product to be 
plated and contains the product’s properties as surface, 
volume, weight, material, or drag-out behaviour. These 
properties are required to calculate the energy demand and 
the drag-out behaviour of specific products. Carriers are 
filled with a defined number of products and are used to 
transport the products to different tanks. RMHs transport 
the carriers between the tanks. The operation area of 
RMHs is restricted and contains a state-based model, 
which also allows for modelling the energy demand. The 
RMHs can be controlled by commands from the MES sys-
tem or by algorithms within the simulation environment.  

 

 
Figure 3: Structure of the simulation model [21;22]. 

The agent type tank represents the fluid tanks to build 
the plating process chain. Again, a state-based model rep-
resents the current situation (empty, occupied, in process, 
and waiting for RMH) and is the basis for the energy 
model of the tank. The energy demand of local energy 
consumers, for example the drives for rotating the carri-
ers during plating or rectifiers for the electroplating pro-
cess, are modelled within this agent. Tanks can be filled 
with a fluid or remain empty in case a tank is used as stor-
age space. It is possible to use one fluid for multiple tanks 
in case the tanks are connected with a piping system. Ad-
ditional periphery can be connected to the fluid (e.g., in 
case of circulation pumps for multiple baths), to multiple 
tanks (e.g., in case of tank-state-controlled exhaust air 
systems) or depending on factors outside of the process 
chain (e.g., in case of cooling units for control systems).  

The agent type job contains all relevant information to 
proceed a product through the plating process chain, such 
as process steps, times and parameters. This is the basis for 
a simulation run, and this agent type receives job data from 
the MES. The agent type worker represents people work-
ing within the plating line. Each worker has a specific or-
der of tasks, which are related to OSH data. In chromium 
plating lines, the CrVI air emissions are in the focus of the 
OSH authorities and should be monitored. 

In Table 1, an exemplary list of task is shown that con-
tains the duration of the tasks and the exposure during this 
task. The available tasks and the corresponding CrVI ex-
posure values are stored in a database, so that each worker 
can be configured with its specific tasks during a shift.  
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Figure 3 also provides an overview on agent commu-

nication and interaction during the models runtime.  
For control and decision support, three specific 

amending decision support modules with model-based 
key performance indicators and visualisations were de-
veloped. These are introduced with industrial examples 
in the following sections: 

• Workers location modelling on shop floor 
• Workers contacts and social distancing modelling 
• Hazardous chemicals exposure modelling 

ID Task Duration  CrVI exposure 

1 Loading Parts 60 min 0.1 

2 Taking samples 20 min 1 

3 Refilling Chemicals 10 min 4 

… … … … 

Table 1: Extract from work schedule with example  
emission data. 

3 Industrial Case Study 
The presented framework was applied to the example of 
a small-to-medium-sized company running an electro-
plating facility for small-to-medium-sized automotive 
parts. Six active plating baths are available as well as all 
the required pre- and post-treatment baths to fulfil the re-
quirements from the automotive industry. In the follow-
ing three subsections, the three developed applications 
for OSH planning are presented. 

3.1 Workers–Locations Modelling 
For effective measures towards reducing 
OSH risks, it is required to know the work 
places that are associated with OSH risk 
and the paths between them depending on 
their tasks. Also, for human factors and er-
gonomics planning, the lengths of walking 
paths and working time at specific work 
places on the shop floor are required. 
Tracking the location of workers with 
technical solutions, such as GPS or local 
radio-based systems, is associated with 
high effort and cost as well as privacy con-
cerns. Tracking the workers in a model-
based environment reduces the technical 

effort significantly and does not cause privacy concerns, 
as the workers can be anonymsised in case of a-priori 
simulation. During the application process, also the 
workers’ union should be involved to consider the per-
spective of the employees for specific simulation runs.  

The integrated evaluation module in the simulation 
with visualisation towards a decision support can be im-
plemented at low effort. 

Based on the simulation for analysing and visualising 
of paths in operation rooms from Koshkenar et al. [23], a 
visualisation based on heat maps has been developed. To 
visualise the employees’ workplaces and paths during a 
shift, a heat map is projected on the shop floor layout. 

Figure 4 shows the plating line layout with the heat 
map, which indicates the number of workers per square 
meter. The two red points at the upper left side indicate a 
high employee density in an uncritical area, where the 
controls of the line are located and parts are unloaded. In 
the critical area (dosing tanks and plating baths at the 
right side) employees stay for a relatively short duration. 
This visualisation enables an easy detection of areas with 
a high worker density and the effect of different task 
schedules for the workers. 

Beside the visualisation, also a quantitative analysis 
of the walked paths is possible. In this specific scenario, 
the first worker with changing jobs walks 800 m over an 
8-hour shift while the second walks only 29 m and the 
third worker 73 m. The reason is that the first and the sec-
ond worker focus on loading and unloading parts, while 
the first also conducts various maintenance tasks in the 
plating line. However, all walked paths are uncritical 
from an OSH perspective, especially compared to other 
manufacturing areas such as automotive assembly lines. 

 
             Figure 4: Shop floor heat map based on worker location 
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3.2 Workers Contacts Modelling 
One advantage of the agent-based simulation approach is 
its high adaptability to new situations such as the unex-
pected pandemic COVID-19. With adaptations, the sim-
ulation can be used to estimate the contact durations be-
tween workers, and provide measures towards social dis-
tancing in order to tackle the COVID-19 pandemics.  

To keep the number of infections low, it is required 
to keep the number and duration of contacts on the shop 
floor level as low as possible.  

The worker location tracking mechanism from the pre-
vious chapter is extended by a parameteriseable social dis-
tance circle (typically 1.5 m). This circle is checked every 
second for other workers, respectively agents. If another 
worker is within this circle, a state-chart-based mechanism 
triggers the visualisation and statistics module. 

Figure 5 shows the 3D visualisation with three work-
ers whose social distancing circle colour depends on 
other workers located within this circle. In the visualiza-
tion on the screen, green indicates that the worker is save 
with no other worker within his social distancing circle, 
and red indicates that another worker is within the social 
distancing circle. 

 
Figure 5: 3D Visualisation of social distancing in plating 

line. 

A dashboard visualises the current and cumulative 
contact situation. Beside a classic bar diagram that indi-
cates the contact length to other workers, a graph-based 
visualisation has been developed. Workers are visualised 
as vertices and the contact between them as edge. The 
colour of the edges depends on the contact intensity be-
tween two workers. 

Table 2 summarises the contact times between three 
workers during an 8-hour shift from two scenarios. In the 
first scenario, Worker 1 and 3 work in parallel for 75 
minutes during a shift.  

By adopting their task schedules, their contacts could 
be prevented. Worker 1 and 2 meet for 2 seconds while 
walking to their next workplace. It has been assumed that 
this short duration is uncritical. Thus, no changes are re-
quired. 

 Scenario 1 Scenario 2 

 Worker 1 Worker 2 Worker 1 Worker 2 

Worker 1 - - - - 

Worker 2 75 minutes - no 
contact 

- 

Worker 3 2 seconds No 
contact 

2 seconds no  
contact 

Table 2: Evaluation of social distancing violations. 

3.3 Hazardous Chemicals Exposure Modelling 

Recent updates of the REACH regulation ask for a higher 
process transparency for the use of critical substances, in 
particular chromium trioxide in the electroplating indus-
try. The developed simulation approach is used to calcu-
late the workers’ OSH situation based on their job profile 
and the current process parameters in the plating line. 
This allows for calculating the workplace exposure to a 
worker during single tasks based on surrogate models 
from the advanced reach tool [24]. The simulation tool 
can be used for comparing different scenarios a priori 
without further measurements.  

In Table 3, the average and current emission loads for 
specific work schedules of three workers are shown. The 
average CrVI emissions are below the limit of 5 μg/m³ 
during an 8-hour shift. For Worker 2 and 3, the limits are 
exceeded for short durations, so that measures to lower 
the peak loads are required. In this specific case, the use 
of respirators for adding hexavalent chromium to the 
plating bath is advised. 
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 Average  Max. 

Worker 1 0.756 5.0 

Worker 2 3.689 16.1 

Worker 3 0.075 16.0 

Table 3: CrVI emission load in g/m³. 

Different measures can be applied to improve the 
workers’ OSH situation. Beside personal protective 
equipment, operations close to the plating baths and dos-
ing tanks should be avoided. In addition, job rotation can 
be a measure to improve the situation. The simulation ap-
proach can be used for the validation of these improve-
ment measures.  

To increase the awareness of decision makers in pro-
duction planning, innovative ways to visualise the work-
ers’ OSH situation were developed. For the 3D simula-
tion visualisation, the current situation of a worker is in-
dicated by coloured balls above their head (Figure 6).  

On the original screen, green indicates no critical ex-
posure, yellow an exposure close to the critical value (4 
to 5 μg/m³), and red a critical exposure (> 5μg/m³) that 
requires immediate measures. 

As the air emissions exposure highly depends on the 
location of a worker during a shift, a visualisation to map 
their location during a shift (as shown in Figure 4) will 
help to prioritise measures.  

 

 
Figure 6: Visualisation of occupational workplace  

OSH situation. 
 

4 Conclusion, Discussion, and 
Outlook 

A framework to use an agent-based simulation with focus 
on OSH applications as part of a CPPS for automated in-
dustrial electroplating lines has been introduced. The 
case study showed the applicability and the benefits from 
using a simulation approach for studying the OSH situa-
tion. Three specific decision support modules increase 
the transparency regarding the OSH situation signifi-
cantly and provide the basis for further development of 
the simulation framework. 

For future steps, especially the results from the haz-
ardous chemicals exposure modelling should be verified 
with temporal measurements. As a further step, detailed 
indoor air emission models could be integrated to model 
the spread of aerosols containing hazardous chemicals or 
viruses.  

The CPPS approach can be the basis for further sur-
face treatment processes such as chemical or electropho-
retic coating. From a production engineering simulation 
perspective, the general plating layout is similar and 
mainly the model’s details need to be adjusted. In addi-
tion, the generic character of the models is transferable to 
production processes from other industry sectors.  
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