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Significant progress may be observed in the 
improvement of particular technologies in the assembly 
production. It consists mainly in their automation and 
computerisation based on current achievements of 
artificial intelligence. General aspects of the assessment 
of automated assembly machines were discussed in TiAM 
No. 4/2017 (“Problems of quality assessment of automated 
assembly machines”), whereas the assessment of the 
modernity level of the technology used requires a slightly 
different approach. This assessment is often necessary 
because technology is one of important factors which 
determine an organisation’s competitiveness.

When considering the whole of assembly technologies 
used in an organisation that are quite different depending 
on the organisation’s operating profile, a general division 
into the following groups should be first made:
1. Technologies that create a competitive advantage and 

bring different benefits for an organisation because of 
their use (they may be called - modern).

2. Technologies typical of the considered manufacturing 
sector, commonly used and necessary for the 
implementation of basic production – as they are 
frequently used they do not contribute to building 
a competitive advantage.

3. Obsolete technologies that constitute the remains of 
the process used earlier of the productivity clearly 
lower than in the typical technologies and which 
should be exchanged (renovated) in the first place.
The criteria of the division into these three groups may 

be as follows: productivity sometimes characterised by the 
calculated time of a product manufacturing; a percentage 
share of service works in the general production work time 
of assembly machines; or a percentage share of manual 
work in the general production work time of assembly 
machines. In regard to a manufacturing sector these 
factors may differ. However, based on the mentioned 
indicators, decomposition of assembly stands into three 
groups may be done (i.e. modern, typical, obsolete). In 
an organisation’s strategy and its management system 
there should be guidelines considering the percentage 
shares of the particular groups as well as the procedures 
of liquidating the third-group machines and obtaining the 
machines of the first and the second group.

A lot of modern assembly machines are designed for 
particular tasks as well as for the estimated production 
scale with a small or no possibility of the changeover to 
other similar tasks. Their solutions are unique and the 

analogous counterparts, which enable comparison and 
relative assessment, are mostly absent on the market. 
The assessment of technological advancement of 
machines that should guarantee 100% of service and 
property safety may be performed on the basis of the 
following criteria:
1. Operation reliability of a machine characterised by e.g.  

the ratio of the total time of downtimes from technical 
reasons to the available working time of a machine in 
the established period of time (e.g. one month).

2. Energy consumption of a machine characterised by 
the average energy consumption on manufacturing 
one unit of a product or on realizing a particular value 
of assembly production.

3. Simplicity of maintenance and service work 
characterised by the ratio of the total time of the 
mentioned work realisation to the total time of 
production work of the machine in the established 
period of time.

4.  Productivity of a machine characterised by the ratio 
of the amount of the products (expressed in their 
number or monetary value) per one square metre of 
a production space occupied by the machine in the 
established period of time.

5. An exploitation wear and tear degree characterised 
by the ratio of the previous operation time to the 
expected period of a machine amortisation.

6. Possibility of the autonomous operation of a machine 
with operator-free service characterised by the ratio of 
the autonomous operation time to the available shift 
time (or two work shifts).
One or a few from the indicated criteria are 

often sufficient for the approximate assessment of 
technologies. In case of the specialised processes other 
criteria characteristic of the given technology (e.g. in food 
production - the shelf-life) may be applied.

Periodic conduct of such assessment will show 
preferable directions of the particular technologies’ 
improvement. As a result, it will facilitate the improvement 
of an organisation’s competitiveness. In many specific 
situations there is a need to develop assumptions and, 
possibly, a concept of a new technology effectively 
supporting assembly processes of a company. Physical 
implementation of such technologies may be realised 
by dedicated companies or in the organisation itself, if 
it possesses the appropriate research and development 
potential.

THE PROBLEMS OF ASSESSING ASSEMBLY TECHNOLOGIES

Jerzy ŁUNARSKI

FROM THE EDITOR
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THE WAY OF EXPLOITATION ASSESSMENT IN THE CONDITIONS OF 
OBJECT-ORIENTED SERVICING OF THE SELECTED PRODUCTION 
MACHINES AND EQUIPMENT

Sposób oceny eksploatacyjnej w warunkach obiektowego serwisowania wybranych 
maszyn i urządzeń produkcyjnych 

Andrzej LOSKA ORCID: 0000-0003-0041-795X        DOI: 10.15199/160.2020.1.1

Introduction

In industrial practice, the need to achieve and 
maintain high operational efficiency applies not only 
to individual machines and devices, but primarily to 
complex technical systems (e.g. industrial installations, 
technological lines, network technical systems). Different 
durability and diagnostic and repair susceptibility of 
components of complex technical systems often impede 
rational exploitation. However, the total value (e.g. 
replacement cost) often exceeds the amounts that are 
currently available to maintain their efficiency. These 
factors cause, that in the aspect of the exploitation 
decision-making process of complex technical systems, 
it is necessary to jointly consider their constituents and 
together operating machines and devices. In the aspect 
of rapid development of operational methods as well as 
IT tools, it becomes justified to conduct the research 
related to the development of rational decision-making 
process concerning, among others, long-term operational 
processes as a part of the appropriate models of technical 
management.

Two separate processes are considered in the 
exploitation of machines and devices [8]:
a. exploitation process, which is an ordered collection of 

intentional and unintentional events occurring in the 
operation phase, as well as during the realization of 
maintenance tasks and procedures,

b. decision-making process, which is a sequence 
of decisions, whose effects relate to the way and 
scope of operate and/or maintenance proceedings, 
in relation to the exploited machines and devices, 
and also significantly affect the participants and the 
resources of the realized exploitation processes.

There is a clear and significant relationship between 
the operational process and the decision-making process. 
The specific steps in the decision-making process result 
not only from decision theory, but also from the specifics 
of the human-technical object relationship. This is 
reflected in the methods and conditions of operate, as 
well as conducting maintenance work.

A b s t r a c t: The article discusses issues related to the ways of maintenance management of selected groups of production 
machines and devices. The first part identifies and characterizes two organizational models of machine servicing, i.e. the process 
model and the object model. It was justified that the object-oriented approach to machine servicing is an unusual concept, and 
it can be the basis for developing the models for the exploitation assessment of machines being the products of manufacturing 
processes, that require servicing tasks. As a result, it was proposed to use taxonomic methods for the purposes of developing 
a model, the analysis of which will allow the interpretation of the exploitation policy realized in the conditions of object-oriented 
servicing of machines and devices. The case study presented in the article confirms the possibility of building such models, and 
also justifies such analyzes for the purposes of shaping the exploitation decision-making process.
K e y w o r d: maintenance, exploitation process, service of machines, taxonomy methods

S t r e s z c z e n i e: Artykuł omawia problemy zarządzania eksploatacją i utrzymaniem ruchu wybranych grup maszyn i urządzeń 
produkcyjnych. W pierwszej części zidentyfikowano i scharakteryzowano dwa organizacyjne modele serwisowania maszyn, to 
znaczy model procesowy i model obiektowy. Uzasadniono, że obiektowe podejście do serwisowania maszyn jest koncepcją 
nietypową i może być podstawą budowy modeli oceny eksploatacyjnej maszyn będących produktami procesów produkcyjnych 
i wymagającymi serwisowania. W efekcie zaproponowano wykorzystanie metod taksonomicznych dla potrzeb budowy modeli, 
których analiza pozwoli na interpretację polityki eksploatacyjnej prowadzonej w warunkach obiektowego serwisowania maszyn 
i urządzeń. Zaprezentowane w artykule studium przypadku potwierdza możliwość budowy takich modeli, a także uzasadnia 
prowadzenie tego typu analiz na potrzeby kształtowania eksploatacyjnego procesu decyzyjnego.
S ł o w a  k l u c z o w e: utrzymanie ruchu, procesy eksploatacyjne, serwisowanie maszyn, metody taksonomiczne
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Review of organizational models of machine servicing

The set of factors/criteria, necessary to be taken 
into account in the exploitation decision-making process, 
is multi-faceted in nature, related itself to the exploited 
technical object, as well as related to its broadly 
understood environment.

Long-term research of various authors [1, 4, 10] 
showed that the way of maintenance management, in 
particular, the realization of tasks defined by the pair: 
exploitation process - decision-making process, depends 
primarily on the selected method of organization of 
operating activities and maintenance works, as well as 
the technical and organizational context. Therefore, two 
main ways of servicing machines can be specified:
• process-oriented machine servicing,
• object-oriented machine servicing.

 ♦ Service and assessment of machines in the process-o-
riented system

The process-oriented way of machine service is 
strictly determined by the characteristics of the production 
process. The implementation of operational and decision-
making processes results from the systemic ordering of 
machinery and devices. Such a system is located in the 
specific stationary organizational and technical conditions 
and is operated by the maintenance staff of the given 
(production) enterprise [2, 6]. This method is time-
oriented, which means that the most important decision 
criterion is the time of realization of particular activities, 
which is a domain in the exploitation process (Fig. 1).

The process-oriented way of servicing machines 
is susceptible to apply most exploitation strategies, 
and hence, measures oriented on the identification, 
assessment and optimization of the time of the 
participation of exploitation processes in the production 
process. It can be mentioned here strategies, that are 
different forms of PM (preventive maintenance), based 
on the so-called service life [5].

The data resulting from the realization of exploitation 
processes, in the context of the process way of servicing 
are usually continuous in time and oriented to a specific 
technical system. This means that it is possible and 

susceptible to the use of CMMs/EAM tools for the purpose 
of data collection and processing. In this approach, the 
basis for the operation of such tools os constituted by 
individually built hierarchical models of the exploited 
technical systems, based on individual structural 
connections of components [4]. Exploitation measures 
are characterized by detailed identification and analysis 
of individual stages of the realization of exploitation 
processes. As a result, the use of statistical models is 
to allow optimization (minimization) of the share of time 
spent on maintenance works in the production process 
[2]. The hierarchical arrangement of the components of 
the technical system allows you to conduct analyzes at 
particular levels in the complex structure.

 ♦ Service and assessment of machines in the object-
oriented system

The object-oriented way of servicing is determined 
by the specificity and exploitation characteristics 
of machines and devices. The implementation of 
exploitation processes and decision-making processes 
results from a separate discrete consideration of 
each of the serviced technical objects. Such facilities 
are located in various organizational and technical 
conditions (in various enterprises) and therefore they 
are treated discreetly by external entities carrying out the 
maintenance work. This method is object-oriented, which 
means that the most important decision criterion is the 
condition of the object in the context of the exploitation 
process and in the aspect of organizational and technical 
circumstances in which it operates. An important aspect 
that distinguishes object-oriented way from process-
oriented way of machines servicing is the point of view 
of service personnel. In the object-oriented way, service 
covers many technical systems of the same or similar 
classes operated in different locations. In this context, the 
use of strategies typical of a process-oriented approach 
seems unpractical and sometimes even impossible. Each 
location of machines and devices work must be treated 
individually and separately, so it is necessary to adapt 
to the requirements and capabilities of maintenance 
services by users of technical systems.

Data resulting from the implementation of such 
processes are usually discrete in time, so they are 
dispersed and oriented on objects in specific locations, 

Fig. 1. The scheme of exploitation of the technical object in the conditions of process servicing of machines [5, 12]
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as well as on specific classes of technical systems. In 
addition, industrial practice shows that the scope and 
the quality of data obtained from particular places of 
functioning of technical objects are much more limited 
than in the process-oriented way. It is caused by the lack 
of possibility of continuous supervision by service staffs 
over the implemented exploitation process, as well as 
a significant limitation of the scope of the acquired data 
on the context of implemented operational processes 
[11]. It allows carrying out analyzes based on registered 
values of machine work conditions, as well as exploitation 
history. Location dispersal of the data also determines 
a different approach to the use of common tools (CMMS/
EAM systems) to support maintenance management 
tasks. In particular, there are required object-oriented 
models of technical system components (instead of 
the hierarchical ones), as well as the as-built way of 
proceeding maintenance works.

Taxonomic way of assessing machines service in the object-
oriented system

On the basis of the specificity of machine servicing 
presented in the previous point, it can be said that in the 
object-oriented system, there are limitations on the use 
of exploitation assessment models typical in industrial 
practice, such as OEE, KPI or reliability indicators. The 
problem is mainly the dispersion and diversity of data 
acquisition sites (data sources), and the consequence is 
the potential incompleteness of information resources, as 
well as limited confidence in their credibility. Due to this 
reason, the assessment of the functioning of the machi-
nes may be subject to a significant error, and thus its 
value for the decision-making process can be reduced.

Therefore, for the purposes of the assessment of 
the machines exploitation in the object-oriented system, 
the author proposes the assumption, that the result of 
the realization of exploitation processes (the exploitation 
policy) is a function of three characteristics:

     Υ= ƒ(k, c, l) (1)

where: k - the cost of the service works, c - the time of the 
service works, l – the quantity of the service works

The above-mentioned characteristics are identified 
in the specific periods of time of production processes/
exploitation processes (so-called macro times). In 
this way, it is possible to build models and determined 
measurement values related to defined groups (types) of 
machines or entire machine parks, with the simultaneous 
identification of the value and specificity of the exploitation 
policy. The use of feature aggregation methods allows to 
track changes in the exploitation policy in macro time (e.g. 
in subsequent years), analyze and evaluate its current 
level, as well as simulate and forecast the changes that 
may occur in the future [7].

The key aspect to implement the above assumptions 
is the selection of the method of aggregation of features. 
The author proposes the use of numerical taxonomy 
methods, which are traditionally used for linear ordering 
tasks [3, 9].

In this regard, it is proposed to develop synthetic 
measures using the features of the exploitation policy, and 
then using the obtained results in the analysis in a specific 
exploitation context. In particular, the construction of 
a synthetic measure using the Hellwig method is carried 
out according to the following procedure [3]:

A. Identification and ordering the input data, in the form 
of: the matrix of the features of the exploitation policy, 
the weight vector of the features of the exploitation 
policy, the weight vector of categories of the service 
and repair works:

(2)

where: xij - values of features for particular categories 
of maintenance works, identified over a period of time 
limited by the number of completed maintenance cycles, 
i=(1,…,p) - the number of key features included in the mo-
del of the assessment of the exploitation policy, j=(1,…,n) 
- the number of maintenance work categories included 
in the model of the assessment of the exploitation policy, 
wwj - the value that multiplies the importance of individual 
features in the assessment of exploitation policy, wki - the 
value differentiating the importance of individual cate-
gories of maintenance works in the assessment of the 
exploitation policy.

B. Determination of the matrix of normalized features

(3)

where: Zij - normalized feature,              - mean value of the feature 
class (column), S(xj) - standard deviation of the feature 
class (column).

C. Determination of synthetic measure, as a distance 
from the reference vector:

where:               ,                  (4)
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D. Determination of the coordinates of the geometric 
location of the synthetic measures:

           ,

                      (5)

where:                           ,  

Based on the above procedure (1) ꟷ (5), there 
were determined taxonomic measures describing the 
exploitation policy.

Taxonomic assessment of machines service in a selected 
manufacturing company

The proposed way of building a machine service 
assessment model has been verified based on data from 
the realization of exploitation processes in a selected 
manufacturing company in the machines industry. For 
the purposes of verification, there was selected such 
an company, whose functioning corresponds to the 
conditions of object-oriented machine servicing. This 
company specializes in the production of machines and 
equipment that are part of automated production lines. 
In particular, this activity consists of unit and low volume 
production, sale and subsequent service of robotic 
palletizing lines, adapted to process almost any type of 
product and type of packaging, regardless of the weight, 
shape or material from which these elements were made.
Therefore, the exploitation specificity of the discussed 
company applies simultaneously to two areas:

• servicing production machines and equipment, which 
are the components of the own machine park,

• servicing production machines and equipment, which 
are the effects (products) of the company production 
activity.

The exploitation problems of the first group of 
machines concern a typical process approach to servicing 
and will not be the subject of the solution proposed in 
this article. However, the second group of machines is 
characterized by object-specific servicing, because it is 
a set of discrete and locally dispersed technical systems. 
The exploitation assessment of such machines is less 
typical but susceptible to the proposed solution. That is 
why this group of machines of the examined enterprise 
will be the subject of the proposed taxonomic method of 
operational assessment.

The identification and analysis of the obtained 
historical service data allowed to specify the following 
input conditions:
• data came from the realization of maintenance 

works for production machines serviced at customer 
enterprises within one year (2017),

• diagnostic variables were determined based on three 
features of the exploitation policy: costs, time, quantity 
of maintenance work,

• diagnostic objects were created based on four 
categories of maintenance work: inspections, 
regulations/corrections, repairs, modernizations.

An ordered set of input data is presented in tab. 1.

Based on the data in tab. 1, and also in accordance 
with the formulas (1) ꟷ (5), there were carried out 
calculations, whose results are summarized in tab 2.

Tab. 1. Input data to the taxonomic method of the exploitation assessment

Diagnostic objects

Weights

Diagnostic features

Cost [PLN] Time [hours] Quantity of works

wkj/wwi 1 1 1

Inspections 0,25 151 819,73 38 642 6 328

Regulations/Corrections 0,25 146 773,18 22 965 1 544

Repairs 0,25 192 134,67 8 741 530

Modernizations 0,25 561 928,82 10 908 1 296

Sum 1 052 656,40 81256 9698
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A graphical interpretation of the input data as well as 
the calculated taxonomic measures is shown in Fig. 2.

Interpretation of the obtained results

As a result of the proposed method, as well as on the 
basis of calculations, there were obtained values, which 
may constitute the basis for assessing the way and scope 
of the exploitation of machines and devices considered 
in the object service system. However, the method of 
analysis and interpretation of the results goes beyond 
the traditional way of using linear ordering methods. In 
the classic approach, the values of taxonomic measures 
have a direct impact on the value (position) of each of 
the assessed objects. In the approach proposed in the 
article, the complete taxonomic model is analyzed, taking 
into account the arrangement of all objects, as well as 
the relative differences in the values of the calculated 
measures.

The analysis of obtained and graphically summarized 
results of the development of the taxonomic assessment 
model consists in isolating the dominant categories of 
service works for the analyzed machines and devices, 
and then attempting to interpret the exploitation specificity 
of servicing procedures and machines. The domination 
of individual categories of maintenance work should be 
interpreted as one of two forms [7]:
• the absolute dominance of selected maintenance 

categories (taxonomic diagnostic objects), expressed 
in the form of maximizing the value of an appropriate 
taxonomic synthetic measure, while minimizing the 
resultant value of the taxonomic geometric distance 
(distance from the point of origin of the coordinate 
system),

• the relative dominance of selected categories of 
maintenance categories (taxonomic diagnostic 
objects), expressed by minimizing taxonomic 
geometric distances between particular categories 
within their clusters.

Tab. 2. Values of taxonomic measures of the exploitation assessment

Fig. 2. Graphical interpretation of the results of the exploitation assessment of the examined production company

Diagnostic objects Synthetic measure

Taxonomic geometric coordinates

x coordinate y coordinate Resultant coordinate

Inspections 0,2838 1,4502 2,1088 2,5593

Regulations/Corrections 0,6849 0,2143 0,2996 0,3683

Repairs 0,9742 0,4504 0,6476 0,7888

Modernizations 0,4525 0,6756 0,9372 1,1554



TECHNOLOGIA I AUTOMATYZACJA MONTAŻU nr 1/2020 9

The exploitation policy realized in relation to the serviced 
machines and equipment by the analyzed company is 
characterized by:

• a distinct absolute taxonomic domination of repairs, 
with the addition of a fairly clear impact on the 
examined model of regulation/correction works,

• small (smallest in the analyzed case) taxonomic 
significance of inspections,

• medium mutual taxonomic dispersion of three 
categories of maintenance work (regulations, repairs, 
modernizations), with a small distance of the entire 
cluster from the beginning of the coordinate system, 
and at the same time a significant distance of the 
inspections both from the cluster and from the 
beginning of the coordinate system,

• the lack of distinct dominance of the values of 
particular features for individual diagnostic objects 
(categories of maintenance work).
According to the above interpretation, it should be 

stated that in taxonomic terms, the exploitation policy 
applied to the serviced machines is the nature of the 
intervention - of a normative type. This is indicated by 
the dominant taxonomic impact of repairs, but also 
a taxonomically balanced and significant system of 
regulation/corrections and modernization. The frequency 
and scope of work of these types is mainly based on the 
results of reliability tests, which corresponds to defining 
and fulfilling the predetermined norms.

Summary

The development of taxonomic models for the 
assessment of the exploitation policy allows for 
conducting the exploitation analyzes in atypical 
organizational and technical conditions, such as object-
oriented machine servicing. In addition to classic 
analyses and interpretations related to the current time 
moment, there can be important indications, which are 
ahead of the current moment. Four concepts are possible 
and practically justified, in particular:
• linear analysis of the exploitation policy based on 

developed patterns,
• mutual comparative analysis of the exploitation policy 

of two or more maintenance organizations with similar 
business specificity,

• comparative analysis of the exploitation policy of the 
maintenance organization, carried out in relation to 
different time periods,

• simulation analysis of the exploitation policy, based on 
the controlled change in the value of selected features 
and weights.
From the concepts mentioned above, the first two are 

static in nature, referring to a specific moment of time, 
and in this approach they are the subject of interest in the 
current assessment of the exploitation policy. However, 
the other two concepts, due to the large time variability, 
can be used to assess the way and scope of functioning 
of the maintenance organization in dynamic changes in 

the environment, both in relation past features - current 
features, and in relation to the planned, considered or 
simulated conditions and specificity of the exploitation 
policy.
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Introduction

Modern industrial robots are very universal. They 
have been successfully used in such different areas 
as welding, painting, assembly and casting. The 
market of industrial robots in Poland and in the world 
is continuously growing, and the number of robots in 
production plants is systematically increasing. However, 
an increase in the use of industrial robots is influenced 
by a number of advantages, such as its high efficiency, 
ensuring repeatability of processes, the ability to work 
in hazardous environments, operating with heavy loads, 
optimal use of workspace. Furthermore, robots have 
a number of safeguards to protect the health and life of 
employees. Due to these advantages, the production 
plant can increase the variety and quality of manufactured 
products, and thus it becomes more competitive on the 

A b s t r a c t: Cleaning and removal of components of the gating system, and finishing of castings are the most labor-consuming 
and damaging to health foundry processes. This paper presents the results of an analysis of labor consumption of the process 
of removal of gating systems of aluminium castings, which were carried out in a conventional manner using a band saw and 
a boring machine, and using an industrial robot. In the final part of this paper the analysis of occupational hazard of work-stands 
is presented. It has been shown that the use of robotization leads to an increase both the productivity of the process and work 
safety. The use of an industrial robot allows to reduce the labor consumption of the process of removal of gating systems by 29,5% 
in relation to the non-robotized stand. Furthermore, on the robotized stand almost all the time needed for the process of removal 
of the gating system is connected with  the machining. It represents 98.7% of the production cycle. In the case of non-robotized 
stand, the machining takes 79% of the total time required for treatment of one piece of the casting.
K e y w o r d: automation and robotics in foundry, product development, removal of gating systems, work safety

S t r e s z c z e n i e: Oczyszczanie, usuwanie elementów układu wlewowego oraz wykańczanie odlewów należą do najbardziej 
pracochłonnych, szkodliwych dla zdrowia oraz niebezpiecznych procesów odlewniczych. W pracy przedstawiono analizę 
pracochłonności procesu usuwania układów wlewowych odlewów aluminiowych, realizowanego w sposób konwencjonalny 
z zastosowaniem pilarki taśmowej i wytaczarki  oraz z zastosowaniem robota przemysłowego. W końcowej części pracy dokonano 
analizy ryzyka zawodowego stanowisk pracy i wykazano, że wprowadzenie robotyzacji procesu prowadzi do zwiększenia jego 
wydajności oraz bezpieczeństwa pracy. Zastosowanie robota przemysłowego umożliwia zmniejszenie pracochłonności procesu 
usuwania układów wlewowych o 29,5% w stosunku do stanowiska niezrobotyzowanego. Na stanowisku zrobotyzowanym, 
niemalże cały czas potrzebny na realizację procesu usuwania układu wlewowego jest poświęcony na obróbkę właściwą. Stanowi 
ona 91% cyklu produkcyjnego. W przypadku stanowiska niezrobotyzowanego, obróbka właściwa zajmuje 80% całego czasu 
potrzebnego na obrobienie jednej sztuki odlewu.
S ł o w a  k l u c z o w e: automatyzacja i robotyzacja w odlewnictwie, projektowanie wyrobów, usuwanie układów wlewowych, 
bezpieczeństwo pracy

market [1]. The effect of the use of robots in casting 
processes is an increase of productivity and reduction of  
the number of defective castings, and  reduction of the 
cost of the product by increasing efficiency [3, 5].

Robots are used both in the pressure die-casting and 
gravity casting. The use of robots most often is limited to 
[2, 4, 6, 8, 9]:

 – applying of separating medium on the surface of 
mould joints,

 – pouring the pressure casting dies,
 – removing the solidified castings from the pressure 

casting die,
 – cooling the castings by immersing them in a cooling 

tank,
 – transfer of the casting from the cooling tank to the 

automatic edging stand,
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Fig. 2. Scheme of the arrangement of the stands

Fig. 1. The casting with the elements of the gating system

 – removal of the gating system,
 – location of  steel inserts inside the pressure casting 

die,
 – inspection of castings dimensions.

Cleaning, removal of components of the gating 
system and the finishing of castings are the most labour-
consuming, harmful and dangerous foundry processes 
[7]. Estimated duration of cleaning and finishing of 
casting is from 20 to 50% of the total labour consumption 
of their manufacturing. Despite the large mechanization, 
the share of manual work during cleaning, removal of 
elements of the gating system and finishing of castings 
is very high and it ranges from 40 to 90%. 

Despite the existence of beneficial conditions 
associated with the use of robots in the process of 
removal of  gating systems, many entrepreneurs believe 
that robotization of their company will not be profitable. 
As a result, entrepreneur does not see the need to 
install industrial robots and manipulators in their plants. 
Therefore, the aim of this paper is to compare the labour 
consumption and work safety of the process of removal 
of gating systems realized in the conventional manner 
using a band saw and boring machines, and by using 
industrial robots. The obtained results can underlie the 
decision about robotization of analyzed process.

Analysis of labour consumption

The subject-matter of the analysis was the process of 
removal of the gating system and process of cleaning of  
AC-47100 aluminum alloy casting (Fig. 1).

In the process of removing the gating system realized 
in a conventional manner with the casting with the gating 
system and riser head is transported from the part store 
using the foundry crane to the band saw. The removing 
process is carried out manually. Therefore, the accuracy 
of the process realization depends on an employee who 
manipulates cast attached to the foundry crane. 

Next the casting with the removed gating system is 
pushed by using a crane on a manual hand track, which 
is transported by an employee operating the saw band 
on the boring machine stand. The distance between the 
band saw and the boring machine was approximately 30 
meters. The casting is clamped by an employee on the 
boring machine using the foundry crane. On the boring 
machine the remaining riser heads are removed and one 
of the flanges is roughened. After that, the casting was 
transported by the crane to the cleaning stand, where it 
was subjected to abrasive blasting.

The schematic arrangement of the stands in the 
present process is shown in Fig. 2. In the case of 
robotization process, the removal of elements of the 
gating system (except cleaning) is carried out by using 
an industrial robot KUKA. The industrial robot KUKA KR 
120 R2500 PRO shown in Fig. 3 (workspace graphics) 
and Fig. 4 (with a mounted circular saw), is an industrial 
robot with a compact design, high rigidity and high power. 
It is resistant to high temperatures and impurities. In 
order to ensure the efficient realization of the process of 
gating system removal, the robot is equipped with twelve-
positional store of tools. Basic technical specifications of 
the robot are given in Table 1.

In the robotized process of removing the casting 
gating system, the casting is transported with the foundry 
crane into the robot’s workspace. Then the casting is 
secured by the employee in the three-jaw chuck located 
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Table 1. Technical specification of KUKA KR 150 R2700-2 robot

Fig. 3. Workspace graphic

In order to compare the labour consumption of 
the process of removing the gating system realized 
in a conventional manner and using a robot, the 
chronometrial investigations that involve the measurement 
of the duration of all operations were carried out within 
the processes. The measurement was repeated three 
times, and then the average value of the obtained results 
was determined. Test results were presented in Tables 
2 and 3.

The results of investigations showed that the duration 
of machining of the casting in the case of robotized stand 
(40 min 50 s) takes about 1013 seconds (16.88 minutes) 
shorter than machining without the use of an industrial 
robot (57 min 13 sec). Assuming that the working shift in 
the production plant takes 27 000 seconds (7.5 hours - 
minus  30 minutes break), the plant with the help of an 
industrial robot can produce 3 casts more per working 
shift. Assuming a two-shift work per month the usage of 
robot can increase productivity by 29,5%.

On the robotized stand almost all the time needed 
for the process of removal of the gating system is 
connected with the machining. It represents 91% of the 
production cycle (Fig. 6a). In the case of non-robotized 
stand, machining takes 80% of the total time required for 
finishing of one piece of castings. The remaining 20% of 
the time involved such operations as transport, clamping 
and unclamping of the casting (Fig. 6b). The use of the 
robot to process the removal of gating systems allowed 
a significant reduction in the length of transport paths 
(Fig. 2) and reducing the handling steps. The time wasted 
on transport and manipulation was reduced by 58.1%.

Due to the use of an industrial robot, the times of 
operations such as transport and casting clamping do not 
extend the casting transition time through the production 
process. This is because the industrial robot has two 
workspaces. When the industrial robot is working, the 
employee has time to prepare the next part for processing 
in the second workspace. This additionally shortens the 
production cycle (by 6.8%). Due to the high repeatability 
of the robot, the surface after the cut off elements of the 

Weight (excluding controller) 1072 kg

Rated payload 150 kg

Maximum reach 2701 mm

Number of axes 6

Positioning repeatability ±0.05 mm

Temperature during operation +10ºC to +55ºC

Fig. 4. Industrial robot KUKA KR 150 R2700-2

Fig. 5. Cutting off of the gating system by a robot

on the turntable. The following operations are realized on 
the robotized position:

 – removing the gating system using a saw blade with 
a diameter of Ø 250 mm (Fig. 5),

 – cutting off of riser heads with a saw blade Ø 120 mm,
 – planning of the flange surface using a faze milling 

cutter in order to reduce the labor consumption of the 
process of casting cleaning.
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Table 2. Removal of the gating system without the help of a robot

gating system is processed more accurately, which allows 
reducing casting cleaning time by 23.9%.

In the case of machining of the casting without the 
help of an industrial robot, the setup time (Tpz) and the 
time necessary for waiting for the foundry crane, which 
supports several workstations should also be taken into 
account. The setup time Tpz is the time which occurs 
when the production plant changes the type of the 
produced casting. If necessary it is a need to adjust 
the milling fixture to the new casting. It takes about 420 
seconds (7 minutes), which significantly increases the 
time of the casting flow in the production cycle. In the case 
of the foundry crane the situation is similar. The foundry 
crane that operates a few neighbouring workstations can 
be busy at the given time and the employee must wait to 
use it. In this case the expected time is in the range of  
30 - 240 seconds, what also increases the production cycle. 
In the case of processing the position of robotic casting, 
preparation time is virtually unnoticeable, because it takes 
a few seconds. If it is necessary to process another type 
of casting, the employee approaches the control panel 
and selects the appropriate, previously written machining 
program. For this position, the employee must also wait 

Action Description Tool Tavg [s]

1 Casting transport gantry 52

2 Cutting the gating system gantry,  band sawing machine 514

3 Putting the parts on the trolley gantry,  hand truck 20

4 Cut of the gating system remaining on the band sawing machine band sawing machine 32

5 Transport to the boring machine hand truck 141

6 Clamping of the casting gantry 146

7 Boring boring machine 753

8 Unclamping of the casting keys 111

9 Transport to the work-in-progress store gantry 43

10 Transport of the casting to the cleaning station gantry 31

11 Casting cleaning cleaning tools 1 560

12 Transport to the store gantry 30

3 433

Fig. 6. The percentage share of duration of processing on the 
non-robotized (a) and robotized (b) workstand

Table 3. Removal of the gating system using a robot

Action Description Tool Tavg [s]

1 Clamping of the casting gantry 105

2 Cutting the gating system industrial robot 416

3 Cutting the feeder industrial robot 509

4 Milling industrial robot 315

5 Unclamping of the casting and transport to the work-in-progress store gantry 76

6 Transport of the casting to the cleaning station gantry 29

7 Casting cleaning cleaning tools 1 180

8 Transport to the store gantry 30

2 660
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Fig. 7. Types of hazards and their categorization in the process 
of removing the gating systems

for the gantry to be released, but the industrial robot has 
two work stations, which allows the employee to perform 
all auxiliary activities during his work.

Analysis of work safety

When removing elements of the gating system on 
the non-robotized workstation a number of safeguards 
located on the machines are used. The main safeguards 
are warning signs, safety switches or protective casings. 
However, the safeguards may not be sufficient, because 
the moment while employee is careless can lead to an 
accident. The employee that works on a workstation or 
a random person in the vicinity of the workstation can be 
injured. 

Removing elements of the gating system on the 
robotized workstation leads to avoiding dangerous 
situations that occur during its cutting using the saw band 
or boring machine. However, using an industrial robot we 
cannot eliminate the possibility of an accident, but its 
probability is much smaller. To estimate the occupational 
hazard of workstations the Risk Score indicator method 
is used.

The assessment of occupational hazard "R" is 
determined by multiplying three parameters:

                        R = SEP    (1)

where:  S -  potential effects of the event,
            E - exposure to risk,
            P - probability of risk occurrence.

After determination of the R indicator, the results 
should be interpreted according to Table 4, which contains 
the degree of occupational hazard in a given workstation 
and indicates when the appropriate actions should be 
taken to reduce the risk.

Conducted risk assessment has shown that the use 
of the industrial robot in the process of removing the 
gating systems significantly reduces not only the number 
of types of hazards, but also reduces the risk category 
(Fig. 7).

In the conventional process, 20 different types of 
hazards were identified, and 45% of which represent  
hazards with a moderate risk (70≤R <200). These 
risks need to take additional actions to increase the 
occupational safety. Robotization of the process enabled 
a reduction of 77% of risks characterized by a moderate 
level of risk. Most of them were shifted to the range in 
which the value of risk is low (20≤R <70) or very low  
(R <20). Therefore, it enabled an increase of the level of 
occupational safety.

Conclusions

The investigations of labour consumption of removal 
of gating systems of aluminum castings showed that the 
use of an industrial robot leads to reduction of  the labor 
consumption of the process by 29,5%. In the case of the 
conventional method of removing the gating systems it 
should be noted that the transport routes are much longer, 
and the process required a larger number of workstations. 

Table 4. Results of evaluation of occupational hazard using R indicator

 R-value Risk category Necessary actions Risk assessment

R<20 Very low Advisable inspection Acceptable

20≤R<70 Low Necessary inspection Acceptable

70≤R<200 Moderate Necessary improvement Tolerated

200≤R<400 High Necessary immediate improvement Untolerated

R≥400 Very high Advisable work stoppage Untolerated
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Additionally, the waiting time for a foundry crane is not 
constant and employees often need to stop work to wait 
for the crane. Such stop affects process capability and 
leads to a significant extension of the duration of casting 
processing. Robotized stands occupy less space on the 
production hall, allow shortening the processing time, 
the time lost in transport and manipulation (about 57%) 
improve occupational safety and increase the accuracy 
and repeatability of casting process. The usage of robots 
in the production plant causes that manufacturer is more 
flexible to new market requirements.
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Introduction

The car's body structure depends on many factors; 
it is a truism, but having far-reaching implications for 
electro-mobility programs in Poland. The question arises 
whether and in what scale the Polish electric car will be 
produced. This issue is crucial in a view of the necessity 
to adopt a proper technology, adequate to the economic 
aspect of the investment and, at the same time, optimum 
due to the vehicle manufacturing and maintenance. 
Protection, and in particular, the degree of passive safety 
that a modern car must provide should play the key role, 
irrespectively of the adopted technology. It is the main 
reason that the authors focused on the passive safety 
structures’ parts of the e-cars. 

Active safety is another problem which is solved 
by mechatronic systems. Advanced Driver Assistance 
Systems (ADAS) are electronic systems that aid a vehicle 
driver. Designed with a human-machine interface, they 
are intended to increase car safety and more generally 
road safety by avoiding collisions. ADAS relies on inputs 
from multiple data sources, including automotive imaging, 
LiDAR, radar, image processing, computer vision, and 
in-car networking. The additional inputs are possible 
from other sources separate from the primary vehicle 
platform, such as other vehicles, referred to as Vehicle-
to-vehicle (V2V), or Vehicle-to-Infrastructure (V2X), such 
as mobile telephony or WiFi data network systems. The 
advanced driver-assistance systems are one of the 

A b s t r a c t: Most of the current electric cars are derived from recreational vehicles; hence, there is a necessity to develop 
passive safety systems that meet the current traffic requirements. This paper presents passive safety issues and the results of 
the real model studies.
K e y w o r d s: Electric car, safety zones, protecting structures, passive safety, FEM simulation

S t r e s z c z e n i e: Większość użytkowych samochodów elektrycznych produkowanych obecnie w Polsce wywodzi się 
z elektrycznych pojazdów rekreacyjnych. Stąd konieczność dostosowania ich konstrukcji nośnych do wymagań bezpieczeństwa 
stawianych pojazdom drogowym. W artykule przedstawiono wymagania prawne w tym zakresie oraz wyniki badań nad obiektami 
rzeczywistymi.
S ł o w a  k l u c z o w e: pojazd elektryczny, konstrukcje ochronne, strefy bezpieczeństwa, bezpieczeństwo bierne, obliczenia 
wytrzymałościowe

fastest-growing segments in automotive electronics with 
steadily increasing rates of adoption of industry-wide 
quality standards, in vehicular safety systems, developing 
technology specific standards, such as IEEE 2020 for 
Image Sensor quality and communications protocols such 
as the Vehicle Information API. Next-generation ADAS 
will increasingly leverage wireless network connectivity 
to offer improved value by using car-to-car (also known 
as Vehicle to Vehicle, or V2V) and car-to-infrastructure 
(also known as Vehicle to Infrastructure, or V2X) data.

State of art in Poland

At the present moment, there is no big native car 
manufacturer in Poland. With regards to the government 
promoted projects, it is a big opportunity to initiate the 
car electric drive and control production. This is a huge 
challenge for the Polish industry due to its current 
technologies and funds. For example, it is not possible 
to start-up the modern car platform manufacturing 
with the deep stamping technology without the billions  
€ investments. On the other side, there is no opportunity 
to acquire the main e-cars parts made by worldwide 
manufacturers, due to share a big development cost.

The usage of the modern modular frames, design 
for the system platforms, is their  alternative. The 
tailored tubes, with the different material characteristic, 
are commonly used in the modern frame e-car bodies  
(Fig. 1).
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Fig.1. Body structures of the e-car manufactured in Poland 

Fig. 2. Modern LEV manufactured in Poland

It should be therefore assumed that it will be a Polish 
e-car body structure, because the manufacturing 
technology is well-known in the SMEs.

Nowadays, there are two companies, manufacturing 
varying-purpose electric vehicles in Poland.

MELEX S.A, with the headquarters situated in 
Mielec, has the most abundant offer. The industrial 
electric vehicles for utilization in the industrial areas as 
well as those ones for typical road traffic are produced.  
PW BARTESKO Koźmin Wielkopolski focuses mainly on 
industrial applications but also produces different vehicles 
intended for urban application (Fig. 2). Although their 

common usage is relatively rare now, the number of the 
applications is expected to be increased, especially in 
relation to the “last mile” delivery vehicles idea spreading 
out in Europe.

So, the question is: what is the level of passive safety 
offered by the current constructions and their possible 
directions of development. 

The available information suggests that the 
introduction the recreational origin vehicles to the road 
traffic results in a significant increase of the passenger 
danger in the case of an accident (Fig. 3, 4).

Fig.3. Crash accident with LEV participation (USA) Fig. 4. The main injuries as the effects of accidents with LEV
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Passive safety requirements

The requirements for passive protection are several 
dozen – all of them are classified in the relevant approval 
documents and regulations. These are mainly EURO 
NCAP requirements and UN/ECE protocol requirements 
and approval regulations. However, it must be pointed out 
that these requirements are very limited, in the case of 
vehicles located in category N1 and lower (Fig. 5).

Due to the continuous development of manufacturing 
processes, as well as changes in the technical 
consciousness of the recipients, the mentioned 
requirements are undergoing modifications. A new 
directive that imposes the commercial vehicles and trucks 
manufacturers the necessity of a new type of the energy-
absorbing crumple zones that increase drivers’ safety 
during the crash accident.

In the modern solutions, a big attention is also paid to 
the protection of the pedestrian as a frequent participant 
of the accidents.

Research work undertaken

Passenger cars passive safety has been one of the 
main goals for automotive corporations – with protective 
structures currently being mainly under the requirements 
of the European and US testing rules for the passenger 
cars. In this area, each of the automotive corporations 
has conducted many studies, but they relate to the 
modern superstructures based on the modern modular 
floorboards and self-supporting structures. However, 
there is no information available on the scope of activities 
relating to LEV with frame structures. 

The studies of protection systems mainly in the 
field of military vehicles, due to meet the different, non-
civilian, requirements, were carried out in Poland. The 
vast majority of self-supporting bodyshell structures are 
therefore considered and the results of the frame support 
structures relate to a very narrow group of military cars 
and elite sports cars.

IMBiGS Protective structure for the frame structure car 

During the years 2013 – 2016, Institute of Mechanization 
of Construction and Rock Mining (IMBiGS) participated 
in the PLUS-MOBY international project on the develop-
ment of electric car. The challenge has been undertaken 
to ensure the proper passive protection for the driver and 
passengers. As a result of the research work, a frame-
work structure has been developed, which incorporates 
solutions to meet the current requirements (Fig. 6).

In the successive years, IMBiGS has undertaken its 
own work on the development of a protective structure for 
commercial electric vehicles with a GVWR of up to 3.5 
tones. Protective structure computer models, including 
a bumper and shock absorbent assemblies, have been 

Fig. 5. ECE-R94, 95 and E-NCAP requirements at frontal and side impact of the car

Fig. 6. Results of the PLUS-MOBY car safety zones simula-
tions (courtesy of consortium) 

Fig. 7. Force distribution in the passive safety car’s part
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developed as the results of this work. It was based on 
the US pick-up cars, which are largely built on frame 
chassis and partly modeled on the solutions used in the 
rail industry (Fig. 7, 8).

The main project assumption was to provide multiple 
actions in low loads conditions following relatively long 
periods of time, contrary to the protective parts used in 
the automotive industry. This was achieved by applying 
of the appropriately shaped rod movable relative to the 
external element running with the elastomer plies.

Protective structure testing in IMBiGS

The developed bumper design with shock absorbent 
units was subjected to impact resistance test with defined 
energy value (Fig. 9). The applied test was the same 
test object used in the FOPS (Falling Object Protective 
Structure) test procedure (Fig. 10). Three main test cycles 
were carried out: the central point impact and side, near 
the absorbing energy unit, impact (Fig. 11, 12).

The conclusions of the test results show that the 
designed protective unit behaves as expected. The inner 
element moves in and the elastomers were compressed 
at the first phase of impact. In the second phase, the main 
parts work and the destruction of metal structures began. 
Values of the real and FEM calculated deformation are 
very similar (Fig. 13).

The deformation concerned both the internal and the 
external element of the "crashbox” (Fig. 14).

Fig. 8. Crash-box elements design in IMBiGS

Fig. 9. IMBiGS bumper with crash-box for LEV

Fig. 10. Bumper test preparation on the test bed
Fig. 11. Bumper with crash-boxes frame-by-frame shots – cen-
ter point test.
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Fig. 12. Bumper with crash-boxes frame-by-frame shots – 25% 
side movement test.

Fig. 13. Passive safety assembly with crash box–FEM simula-
tion and site test results comparison

Fig. 14. Car beam with crashboxes – automotive manufac-
turing example

Fig. 15. Crash box elements – before and after the impact test. 
Modification #1

Fig. 16. Crash box elements – modification #2

Fig. 17. Bumper with modified crash boxes – frame-by-frame 
impact test shots.
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The design bumper bar was deformed as modeled 
the deflections, and the entire structure was finally 
behaved in a similar way of the protective structures used 
in the automotive industry. The analysis found, however, 
that the strength of the structure was too high, and the 
visual inspection and deformation measurements allowed 
determining the potential section weakening zones. The 
changes were already introduced at the third stage of the 
research model.

The modifications included the weakening of the 
external body's strength by milling grooves with a depth 
of 1.5 mm and a width of 6 mm at distances of 11 mm 
from each other, with the unchanged interior elements 
(for one component - marked "I M") and the addition 
with the holes in the internal element (for the second 
component, the marked "M II"). The real object tests have 
been performed after the modifications (Fig. 15, 16, 17).

Designed in IMBiGS the modification in the form of al-
ternately arranged holes made the near axial element’s 
deformation. The total length of the element after impact 
was 58 mm to the bottom surface of the backing plate, 
versus 126 mm before the impact (Fig. 17 – 20)).

The test carried out allowed setting up the following 
hypothesis concerning the mechanism of destruction:

1. In the first phase of the impact, the inner element 
is pushed into the outer body of the crashbox 
components, while the elastomer shock absorbers 
of section I and section II are crushed. The internal 
subassemblies clearances are erased at the same 
time.

2. When the resistance of the spacers is reached, the 
deflection of the bumper beam begins. It leads to the 
inner element and guide sleeve deformation and next 
to the crashbox body component deformation.

3. Deformation of the inner element is significant and 
mainly concentrated in the upper part, adjacent to the 
bumper beam. The outer diameter of the piston tube 
increase with an initial value of ɸ = 44 mm to the end 
value ɸ = 46 mm on the entire length and ɸ = 60 mm 
at the shortening the length of the active part by 48 
mm – the initial value h1 = 115 mm to h2 = 67 mm.

4. At the same time there was a deformation of the 
inner sleeve in the upper part, integrated with the 
damping piston. These strains are symmetrical and 
gradual changing on the sleeve tube diameter and its 
shortening. Longitudinal deformation amounted to 2 
mm and a diameter change of 5 mm – from the initial 
ɸ = 44 mm to the end value ɸ = 49 mm.

5. In this case, the deformation of the body is irregular 
and includes a breakdown in its upper part, leading to 
a shortening of the active height from h1 = 149 mm to 
h2  = 138 mm, the change by 11 mm.

Conclusions

1. The results obtained through impact tests of the 
real protective structure showed a significant 
compliance with the expectations for correlation with 
the computational method (FEM). The deformation 
of the external and the internal components are in 
match with the initial assumptions adopted at the 
preliminary stage. It should be noted that there is 
a satisfactory accuracy of the location of the largest 
deformation locations. Studies have shown that 

Fig. 18. Modified crash box elements deformation after the im-
pact test

Fig. 19. Modified crash box elements deformation after the im-
pact test (next)

Fig. 20. Comparison of the modified crash box elements before 
and after the impact test
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it is possible to obtain a controlled deformation of 
crashbox assemblies by using commercially available 
materials.

2. Functional optimization of the developed components 
is possible through the CAD models calculation, 
allowing the most favorable mechanism of destruction 
of the structure. The real models that optimize the 
construction of the crashbox components have 
shown that by their proper shaping, they can lead 
to a controlled and repetitive deformation of the 
components.

3. The characteristics of the deformation elements can 
be developed by appropriately shaping the sections 
of the metal elements and the selection of a structure 
dedicated to the total weight of the vehicle in the 
range to GVWR (max) of 3.5 tones.
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Introduction

Constant economic development requires 
manufacturers to use more and more effective production 
methods. The growing demand for goods requires 
producers to drastically reduce the time needed to 
produce the best quality and competitive price. This 
allowed a significant reduction in production cycle time and 
an almost two-fold reduction in production costs. Ford's 
success, as the first in history to adapt the production 
line to the production of cars, initiated the dynamic 
development of line production in almost all branches 
of industry, from agriculture to the defense industry. This 
allowed a significant reduction in production cycle time 
and an almost two-fold reduction in production costs. 

A b s t r a c t: Economic development requires from production companies to use more and more effective production methods. 
The growing demand for goods requires from them to reduce the lead time and to produce products of the best quality and 
competitive price. One of the problems of production lines is their proper balance. Balancing the production line consists in finding 
the optimal order of performed operations and assigning operations to individual operations in such a way, that work on positions 
is comparable. In this way, it is strive to minimize machine downtime and to distribute the work evenly between them. In the work, 
the performance analysis of the assembly line was made on the example of a selected product using three methods of balancing: 
the experimental method, the RPW (Ranked Positional Weight) heuristic method and SPT (Shortest Processing Time) method. 
The obtained results were analyzed and solutions were proposed to improve the work of the line.
K e y w o r d s: assembly line performance, RPW (Ranked Positional Weight) method, SPT (Shortest Processing Time) method, 
balancing the production line

S t r e s z c z e n i e: Rozwój gospodarczy wymaga od przedsiębiorstw produkcyjnych stosowania coraz to bardziej efektywnych 
metod produkcyjnych. Rosnący popyt na towary wymaga od nich zmniejszenia czasu potrzebnego na produkcję wyrobów o jak 
najlepszej, jakości i konkurencyjnej cenie. Jednym z problemów linii produkcyjnych jest ich prawidłowe zbalansowanie. Balansowanie 
linii produkcyjnej polega na znalezieniu optymalnej kolejności wykonywanych operacji oraz przypisaniu czynności poszczególnym 
operacjom w taki sposób, aby praca na stanowiskach była porównywalna. Dąży się w ten sposób do zminimalizowania czasów 
przestoju maszyn oraz do jak najbardziej równomiernego rozłożenia pracy pomiędzy nimi. W pracy wykonano analizę wydajności 
pracy linii montażowej na przykładzie wybranego wyrobu z wykorzystanie trzech metod balansowania: metody doświadczalnej, 
metody heurystycznej RPW (ang. Ranked Positional Weight) oraz metody SPT (ang. Shortest Processing Time). Dokonano 
analizy uzyskanych wyników i zaproponowano rozwiązania pozwalające na usprawnienie pracy linii.
S ł o w a  k l u c z o w e: wydajność linii montażu, metoda RPW (ang. Ranked Positional Weight), metoda SPT (ang. Shortest 
Processing Time), balansowanie linii produkcyjnej

The biggest problem of production lines is their proper 
balancing. It strives to minimize machine downtime and 
to distribute work as evenly as possible between them. 
In the rest of the work, it will focus on presenting the 
methods of balancing production lines and carry out 
performance analysis for the assembly line of the chosen 
product. 

Characteristics and analysis of selected methods of 
balancing assembly lines 

Balancing of the production line consists in minimizing 
machine downtime and the most even distribution of work 
between them. In order for the balancing process to be 
completed, each operation should be assigned once and 
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only to one workstation (Fig. 1) [1-8]. The basis of the 
balancing problem is to assign a set of tasks to an ordered 
set of workstations so that the order relations are met 
and the quality indicators optimized. The assembly line is 
properly balanced if all operations have been carried out, 
without prejudice to production assumptions on the line 
[5, 13, 15]. Due to the optimality criterion, two basic types 
of assembly line balancing problems are distinguished:

• type 1, minimizing the number of assembly stations 
at a constant cycle value, the goal is to minimize 
station downtime, which is equivalent to minimizing 
the number of work stations [9-12, 13]. The estimated 
number of workstations is calculated according to 
formula (1).

(1)

where: Ks - estimated number of workstations, c - cycle value, 
N - number of tasks, ti - task completion time i.

• type 2, minimizing the production cycle with a con-
stant number of workstations, the goal is to minimize 
the cycle line balanced, which is equivalent to ma-
ximizing production [9, 14]. The estimated number of 
workstations is calculated according to the formula 
(2).

(2)

where: cs - estimated cycle value, K - number of workstations, 
N - number of tasks, ti - time of task implementation i.

Balancing the production line consists in reducing 
machine downtime and for even distribution of work 
between workstations. There are many values that allow 
you to compare assembly line balancing methods. 

The most commonly used quantities allowing for 
comparison of balancing results are [13]: assembly line 
efficiency, smoothness factor and line time. 

The efficiency of the assembly line is calculated 
according to the formula (3):

(3) 

where: c - cycle time, K - number of assembly stations, LE - line 
efectiveness, STi - time of use of every (i) station.

The line smoothness factor expresses a value 
representing the relative smoothness of a balanced 
assembly line. The better balanced the line, the closer 

to zero the smoothness factor will be. The smoothness 
coefficient is described by the formula (4): 

(4)

where: SI - smoothness factor, STi - time of use of i - this station, 
STmax - maximum time of use of the workstation.

The value that allows comparison of balancing results 
is the time of the line. This ratio is strictly dependent on 
the number of workstations. The shorter the line time, the 
better balanced the line will be. The line time is calculated 
according to the formula (5):

(5)

where: c - cycle time, K - number of workstations, LT - line time, 
STk - time of the last workstation.

Various types of algorithms are used to solve the 
problem of assembly line balancing. Generally, these 
algorithms were divided into two groups [9, 13]: exact 
algorithms and heuristic algorithms. Accurate algorithms 
are those that are able to provide a clear solution to the 
problem or no solution to it. Accurate algorithms are mainly 
based on methods [10, 13]: linear discrete programming, 
network programming, dynamic programming as well as 
division and constraints. Heuristic algorithms allow finding 
an approximate solution to the problem. They make 
it possible to indicate an acceptable or even optimal 
solution in a relatively short time. Heuristic algorithms are 
characterized by great diversity. In general, it was divided 
into algorithms [9]: scheduling and allocation. Examples 
of heuristic methods include the RPW- Ranked Positional 
Weight, RRPW - Reversed Ranked Positional Weight, 
K&W (Kilbridge & Wester), Hoffman order matrix, and 
IUFF-Immediate Update First - Fit method.

Analysis and assessment of the working efficiency of the 
assembly line for the production of the automotive industry

• Collecting data on the process and preliminary analysis 
of the line's operation

The assembly line, which will be rebalanced in this 
work, produces products for the automotive industry. 
This line is a serial construction, which means that all 
operations are carried out in a strictly defined order 
between workstations. The parts are transported through 
a conveyor belt. The assembly line consists of eight 
assembly stations and one finished product testing station. 
The number of operators envisaged for all machines is 
six people. Currently, production is envisaged in a three-
shift system five days a week. The working time is seven 
and a half hours. The weekly demand for the product is 
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Fig.1. Graph of the relationship of the consequences of individual tasks of the product assembly process

2780 pieces.The total working time on the line is 24,07 
hours a day. The minimum number of working days in 
a month is 24 days.

The technological process of product assembly 
consists of 9 operations divided into 49 assembly tasks. 
Each assembly task is assigned to individual assembly 
stations, taking into account their duration. Based on 
the collected information, a graph of the consequences 
of individual tasks was created (Fig. 1). This graph is 
designed to clearly show all the relationships between 
production stages.

Then, for the analyzed assembly line, cycle time 
was measured for each task included in the process. 
Based on the results obtaineddetermined the production 
time, cycle time and theoretical minimum number of 
workstations were [12]. 

The production time allowed was determined from 
formula (6).

                         Tp = npr ∙ z ∙ nh              (6)

where: Tp - production time allowed, npr - number of working 
days per week, z - weekly number of shifts, nh - number of wor-
king hours per shift.

The production line cycle was determined from 
formula (7).

                              T = Tp / P   (7)

where: T - production line cycle, Tp - production time allowed, 
P - weekly production demand pcs / week.

The theoretical minimum number of workstations 
from formula (8).

(8)

where: LS_min- theoretical minimum number of workstations T 
- production line cycle,          - total execution time and - these 
tasks.

The following results were obtained: the allowable 
production time was Tp= 120s, the tact time T= 150s and 
the theoretical minimum number of work stations: LS= 

Fig. 2. Graph of current loads of individual assembly stations

min 6.94≈7. Calculations indicate that seven positions are 
enough to ensure optimal performance on the assembly 
line. Currently, the analyzed assembly line has as many 
as nine stations, which indicates that it has not been 
thoroughly analyzed at the modeling stage.

In addition, the results of the measurement of cycle 
times of individual tasks allowed assigning tasks to 
workstations, thanks to which it will show to what extent 
they are used (Fig. 2). 

The analysis of the results obtained indicates that 
the big problem of the analyzed assembly line is the lack 
of even loading of work stations. In addition, too many 
assembly stations are another problem. The assembly 
line rebalancing process was carried out to eliminate 
the identified problems. The experimental method, RPW 
(Ranked Positional Weight) method and SPT (Shortest 
Processing Time) method were used for the analysis. 

Development and analysis of new models - experimental 
method

The first method used was the experimental method. 
Its first element was the reduction of the number of 
assembly stations from 9 to 7, and then the reassignment 
of tasks to individual positions based on the obtained 
cycle times. Figure 3 presents the load diagram of 
individual assembly stations after modification.
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Table 1. Values and components of weight items for tasks from 1 to 13

Fig. 3. Load diagram of individual assembly stations after mo-
dification

The results obtained after the modification indicate 
that earlier disparities between cycle times of individual 
stations have been reduced.

Development and analysis of new models - the RPW method

The second method used to rebalance the line was 
the heuristic method RPW (Ranked Positional Weight). 
The steps to follow when using this method are as follows:

 – Specify the weight position for each task. (The longest 
path time from the beginning of the operation to the 
rest of the network).

 –  Then organize the network tasks based on weight 
positions. The task with the highest weight position 
takes first place. 

 –  Match tasks to work stations. Priority is given to 
elements of the highest weight. 

 –  If there is time remaining on any workstation after 
assigning the task, assign the tasks until the order of 
sequence order is exceeded or the cycle is exceeded.

 –  Repeat steps 3 and 4 until all items are assigned to 
workstations.

The use of this method requires determination of the 
weight position for each task. Starting from task number 1 
up to task 49. The weight relationship graph was used to 
determine the results of individual tasks (Fig. 1.)

The weight position for task number1 is 564. It is 
calculated by adding together the next longest lasting 
tasks up to task number 49 according to Table 1. Table 1 
presents the values and components of weight items for 
tasks from 1 to 13. 

no. 1 2 3 4 5 6 7 8 9 10 11 12 13

Time Ti [s] 11 5 6 3 3 5 3 5 66 6 12 91 11

11 5 6 3 3 5 3 5 66 6 11 91 11

5 6 66 66 66 66 66 66 6 12 91 6 16

6 66 6 6 6 6 6 6 12 91 6 6 4

66 6 12 12 12 12 12 12 91 6 6 52 17

6 12 91 91 91 91 91 91 6 6 52 7 18

12 91 6 6 6 6 6 6 6 52 7 15 9

91 6 6 6 6 6 6 6 52 7 15 32 7

6 6 52 52 52 52 52 52 7 15 32 13 6

6 52 7 7 7 7 7 7 15 32 14 39 52

52 7 15 15 15 15 15 15 32 14 39 25 7

7 15 32 32 32 32 32 32 14 39 25 51 15

15 32 13 13 13 13 13 13 39 25 51 5 32

32 14 39 39 39 39 39 39 25 51 5 16 13

13 39 25 25 25 25 25 25 51 5 16 5 39

39 25 51 51 51 51 51 51 5 16 5 5 25

25 51 5 5 5 5 5 5 16 5 5 17 51

51 5 16 16 16 16 16 16 5 5 17 43 5

5 16 5 5 5 5 5 5 5 17 42 25 16

15 5 5 5 5 5 5 5 16 41 24  5

5 5 17 17 17 17 17 17 43 43 25   5

5 17 43 43 43 43 43 43 26 26    17

17 43 26 26 26 26 26 26     43

43 26           26

26             

Weigh 564 553 548 545 545 547 545 547 541 475 469 457 442
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Figure 4 shows the longest possible path for task 
number 1 in green.

Having calculated weight position values for all 
events of the production process, events were assigned 
to workstations, taking into account operations of the 
highest importance first. If there is free time left in the 
open position after assigning the task, assign the next 
until the measure is not exceeded or the order of the 
order is disturbed. Figure 5 presents a graph of loads 
of individual assembly stations after applying the RPW 
method.

Development and analysis of new models - the SPT method

The SPT (Shortest Processing Time) method consists 
in determining the shortest path needed for a given event 
to achieve the last task. The methodology for using this 
method is very similar to the RPW method, but with the 
difference that using the graph of the consequences of 
individual tasks is determined not the longest, but the 
shortest path to overcome for each task. Fig. 6 in orange 
shows the shortest path for task number 13. 

Then, similarly to the RPW method, weights were 
calculated for each task of the production process. This 
time the basic difference will be the way events are 
selected. The RPW method should aim to find the event 
with the longest possible duration, remembering not 
to violate the order of order tasks. In the SPT method, 
however, you need to find the shortest possible way to 
overcome subsequent events. Having calculated weight 
position values for all events of the production process, 
events were assigned to workstations, taking into account 
operations with the lowest weight first. Figure 7 presents 
a graph of loads of individual assembly stations after the 
SPT method.

Fig. 4. Graph of the relationship of the consequences of individual tasks of the product assembly process with the longest path 
marked in green for task number 1

Fig. 5. Load diagram of individual assembly stations after using 
the RPW method

Fig. 6. Graph of relations between the consequences of individual tasks of the product assembly process and the shortest path for 
task number 13
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Analysis of the obtained results 

The analysis of the obtained results was carried out 
by comparing the balancing results for each developed 
model: assembly line efficiency (LE), smoothness factor 
(SI) and line time (LT). Fig. 8 presents the values of 
coefficients characterizing the line's work efficiency. The 
ideal solution is one in which the value of the assembly 
efficiency factor will be as high as possible. It should be 
noted that for the current state it is only 68.3%, which 
makes it the lowest. The results obtained for the SPT 
and RPW methods are 89.2% each. The experimental 
method gave the best result, for which the efficiency ratio 
is equal to 95%.

Figure 9 presents a load diagram of individual 
assembly stations before and after the proposed 
modifications.

On fig. 9 the load on assembly stations is before 
applying modifications is presented. The biggest 
difference was noticed between stations number 1 and 
number 6, whose working time was only 25 seconds. 
Initially, the number of stands was nine, where in reality 
only seven are needed to meet production requirements. 
After reducing the number of stations, operations were 
assigned to other stations. This allowed for balancing the 
loads on individual assembly stations. 

Conclusion

The purpose of this work was to analyze the 
performance of the product assembly line for the 
automotive industry. In order to identify the problems of 
assembly line operation, a performance analysis was 
carried out for the current condition of the line. Then 
methods were used to balance it. Conducting a detailed 
analysis of the results obtained showed that the methods 
proposed have obtained a measurable effect. The best 
results were obtained after applying the experimental 
method. A very comparable effect was obtained using 
RPW and SPT methods. To sum up, by using the right 
ones, significant improvement was achieved in the basic 
factors determining work efficiency on the line.

Fig. 7. Load diagram of individual assembly stations after ap-
plying the SPT method

Fig. 7. Load diagram of individual assembly stations after ap-
plying the SPT method

Fig. 8. List of coefficients describing the efficiency of the modu-
le assembly line before and after modifications

The higher the SI value, the worse the line will be 
balanced. The obtained results clearly show that the best 
result was obtained by the experimental method 20.1 s. 
The SPT and RPW methods achieved 41 and 43 equally. 
The initial parameter was as much as 151,6 s. The results 
show that the assembly line time significantly decreased, 
which before modification it was as much as 1110 s. The 
SPT method reduced this time to 876.3 s. The RPW 
method proved to be slightly better giving 870 s. Again, 
as in previous cases, the best result was obtained thanks 
to the experimental method. It amounts to 829.2 s. 
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Introduction

Composite materials, which are more and more 
widely used, especially in aviation constructions, despite 
many obvious advantages, have some limitations that 
make them impossible to appear in the whole aircraft 
structure. This limitation applies especially to the places 
in the structure where the temperature is high. Therefore, 
there is a frequent need to combine polymer-fiber 
composites with other materials, mainly metals such as 
aluminum alloys or titanium [27]. Adhesive joints have 
the advantage over the riveting technique, popular in 
aircraft construction, that they do not require holes, which 
are often the cause of stress concentrators, and do not 
affect the weight of the structure as much as rivets [27], 

A b s t r a c t: The paper presents the results of experimental studies determining the effect of temperature on the shear strength 
of the adhesive joint between the layers of the fiber metal laminate (FML). The tests were carried out for composites being 
a combination of 2024-T3 aluminum alloy sheet and Glass Fiber-Reinforced Polymer (GFRP) made in the autoclave process.
The key factor determining the quality of layered composites is the high strength adhesive joint between the layers. Due to the 
possibility of extreme temperature conditions during utilization of the composite structure, tests were carried out at reduced 
temperatures, i.e. -60°C, as well as elevated temperatures, i.e. 80°C. The obtained results were related to the results obtained 
at a room temperature (RT). The study showed that at the elevated temperature the shear strength increased by approx. 10% 
compared to the result obtained at room temperature. There is also a significant reduction in the stiffness of the joint as the 
temperature increases. In turn, a slight increase in joint stiffness was demonstrated for the reduced temperature.
K e y w o r d s : FML composites, adhesive joints, shear strength, 2024-T3 aluminium alloy, GFRP composites

S t r e s z c z e n i e: W pracy przedstawiono wyniki badań eksperymentalnych określających wpływ temperatury na wytrzymałość 
na ścinanie połączenia adhezyjnego pomiędzy warstwami składowymi hybrydowego kompozytu metalowo-włóknistego (FML). 
Próby przeprowadzono dla kompozytów będących połączeniem blachy ze stopu aluminium 2024-T3 oraz kompozytu szklanego 
polimerowo-włóknistego (ang. Glass Fiber-Reinforced Polymer - GFRP) wykonanych w procesie autoklawowym. Kluczowym 
czynnikiem determinującym jakość kompozytów warstwowych jest wysokiej wytrzymałości połączenie adhezyjne pomiędzy 
warstwami. Ze względu na możliwość występowania różnych warunków temperaturowych w procesie eksploatacyjnym struktury 
kompozytowej, zrealizowano badania w temperaturach obniżonej tj. -60°C, a także podwyższonej tj. 80°C. Uzyskane rezultaty 
odniesiono do wyników uzyskanych w temperaturze pokojowej. W pracy wykazano, że w podwyższonej temperaturze dochodzi 
do wzrostu wytrzymałości na ścinanie o ok. 10% w stosunku do rezultatu uzyskanego w temperaturze pokojowej. Dochodzi tu 
także do znacznego obniżenia sztywności połączenia wraz ze wzrostem temperatury. Dla obniżonej temperatury wykazano z kolei 
nieznaczny wzrost sztywności połączenia.
S ł o w a  k l u c z o w e : kompozyty warstwowe FML, połączenia adhezyjne, wytrzymałość na ścinanie, stop aluminium 2024-
T3, kompozyty GFRP

hence the adhesive joints are widely used in the aviation 
industry.

Due to the growing interest in FML composites, 
recently there has been an intensive increase in the 
number of publications in the field of strength analysis 
of adhesive joints between fiber composites and light 
metals. For analysis of cracking the connection between 
the layers of FML composites, samples in the form 
of a double cantilever beam are most often used. The 
purpose of such research is to determine the behavior of 
crack propagation and obtain energy data for numerical 
analysis of the fracture mechanism [10, 14]. In turn, 
for determining the shear strength of the considered 
joints, usually one or two-fold metal-composite joints 
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Table 1. Chemical composition (wt. %) of 2024-T3 aluminum alloy

are tested [7, 12, 17, 22]. Many authors also address 
the issue of analytical and numerical analysis related to 
the shear strength of glued joints of various materials [2, 
9,16]. Fatigue strength of adhesive joints is also a very 
important issue.

The interlaminar shear strength (ILSS) is mainly 
used for the assessment of bond strength between fibres 
and the matrix resin in FML. ILSS may be determined 
in many shear tests [18, 21], including the short-beam 
shear test which is the simplest and most feasible [8, 
19]. Naik et al. [5] observed that the interlaminar shear 
strength increases with increasing shear strain rate. The 
differences in the thermal expansion coefficients of the 
matrix and fibre and cure shrinkage in thermosetting 
matrices result in the development of residual stresses 
at the fibre/matrix interface [13]. The aircraft structure is 
subjected to multiple rapid changes in temperature. So, 
it is important to assess the degradative effect of thermal 
fatigue on conditioning times during exposure to above-
zero and sub-zero temperatures [20].

When considering the issue of adhesive bonding of 
materials with significantly different coefficients of thermal 
expansion, one should take into account the stresses in 
the plane of connection of these materials that are the 
cause of the variable operating temperature, which may 
contribute to reducing the strength of the connection. 
Hence, many studies focus on the possibility of minimizing 
the negative effects resulting from different properties of 
materials joined by proper selection of the bonding layer 
[23, 24].

It can be stated that a properly made adhesive 
connection in the composite manufacturing process 
determines the later operational quality of the layered 
composite structure. FML composites based on prepregs 
based on epoxy resins are produced in such a way that 
the adhesive connection between the layers is formed 
by an epoxy resin which is the resin of the prepreg [25].

It is very important to know the strength of the 
adhesive joint between the layers of the FML composite 
depending on the temperature conditions. The issue 
of adhesive joints based on epoxy resins has been 
described in the work [3]. The authors presented the 
effect of temperature on both strength and stiffness of 
the joint.

This paper presents the effect of temperature on the 
shear strength of the GFRP-Aluminum alloy adhesive 
joint made according to the technology of producing FML 
composites in an autoclave process.

Materials and methods

A 2024-T3 aluminum alloy sheet with a thickness of 
2 mm was used in this study for the fabrication of layered 
specimens. This aluminum was selected because it is 
widely used to manufacture adhesively bonded aircraft 
structures due to its excellent specific strength and 
fatigue performance, good conformability and surface 
finishing capabilities [5, 13]. 2024-T3 aluminum alloy is 
commonly used to manufacturing FML composites [14]. 
The chemical composition is listed in Table 1, and the 
mechanical properties determined in the uniaxial tensile 
test according to ISO 6892-1 standard [11] is listed in 
Table 2.

The preparation of the surface of the sheets before 
adhesive bonding with the fibre layers was carried out 
according to the technology used in the aviation industry 
[28]. First, the sheets were anodized.

The oxide coatings were produced onto the alclad 
substrate in the anodizing process. The specimens were 
abraded with sand paper of grade 320, rinsed with water 
and degreased in the NaOH aqueous solution (100 
g∙dm−3) for 1 minute at 25°C, rinsed with deionised water, 
pickled in the 400 g∙dm−3 for 1 minute at 25°Cg∙dm−3) at 
15°C. The constant current density equal to 1 A∙dm−2 was 
applied. When the anodizing process was completed, the 

Table 2. The basic mechanical parameters of 2024-T3 aluminium alloy sheet

Alloy Cu Mg Fe Si Mn Zn Ti Cr Other

2024-T3 4.35 1.50 0.50 0.50 0.30 0.25 0.15 0.10 0.20

Thickness t, mm Young’s modulus E, GPa Poisson’s ratio Yield stress Rp0,2, MPa Ultimate tensile stress Rm, MPa

0.4 72,874 0.33 302 449
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Fig. 3. The autoclave cure cycle

Fig. 1. Three-dimensional structure of the sheet surface

Fig. 2. Configurations of FML composite (2/1 lay-up) conside-
red

coatings obtained were rinsed with deionised water and 
dried in air. Their thickness was determined by using the 
eddy-current method (Dualscope FMP100, Fischer). For 
substrate thickness equal to 2 mm the thickness of the 
coating was 10 ± 1 µm. 

After anodizing, the surfaces of the sheets were 
measured by white light interferometer Talysurf CCI 
Lite using objective 5x. Parameters of surface textures 
were calculated using TalyMap software. The measured 
areas of 3.3 mm x 3.3 mm contained 1024 x 1024 points. 
Textures of surfaces were only levelled, digital filtration 
was not used.

Fig. 1 shows the three-dimensional structure of 
a fragment of the surface of sheets joined with a GFRP 
layer. Table 3 summarizes the sheet surface roughness 
parameters for three-dimensional analysis.

Immediately after anodizing the surfaces were 
primed with EC3924B (3MTM, Maplewood, Minnesota, 
USA) primer. As a polymer-fibrous layer, a prepreg based 
on glass fibres with a thermosetting epoxy matrix was 
used. The prepreg was supplied from HEXCEL, its trade 
symbol is HexPly 916G-1581-53.5%.

The composites were prepared in a 'clean room' by 
placing complex layers (Fig. 2) in a vacuum bag, and then 
cured in an autoclave according to the parameters shown 
in Fig. 3.

The composite was made in the form of a panel with 
the dimensions of 360×200 mm (Fig. 4a). 

Table 3. Sheet surface roughness parameters for three-dimen-
sional analysis

Fig. 4. Dimensions of sample sheets with the cutting path for 
the shear test (a); geometry and dimensions of specimens for 
shear strength test (b)

Roughness parameter Value for the sheet used

Sq [μm] 4.32

Ssk [μm] 1.39

Sku [μm] 3.75

Sp [μm] 22.9

Sv [μm] 17.6

Sz [μm] 40.5

Sa [μm] 3.36

Sal [μm] 0.00726

Str [μm] 0.756

Std [μm] 84.5
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Fig. 5. Specimen view in a temperature chamber at -60°C

Fig. 6. Structure of the composites studied showing the direc-
tion of the fibers and the thickness of the GFRP

Samples for individual strength tests were cut from 
these sheets (Fig. 4b). Before cutting the sheet, it was 
milled along its entire length on both sides to obtain an 
overlap (Fig. 4a).

The samples were cut using a high-pressure water 
jet technique. The treatment was carried out at a water 
pressure of p = 350 MPa, an abrasive mass flow rate of 
ma = 300 g min-1 and a speed of cutting head vf = 250 
mm min-1.

The endurance test was carried out on a Zwick/Roell 
Z030 testing machine with a temperature chamber, a jaw 
feed speed of 2 mm/min was used. Extensometers were 
used to measure sample deformation during the test.

In order to obtain a reduced test temperature of 
-60°C, the temperature chamber was cooled with liquid 
nitrogen; the view of the chamber during tests at this 
temperature is shown in Fig. 5.

Results and discussion

After curing the samples in the autoclave process, 
the thickness of the GFRP layer was measured and the 
fiber direction was determined. Fig. 6 shows a view of the 
microsection the structure of the resulting composite as 
a combination of three layers. The thickness of the GFRP 
has been shown to be 0.39 mm. The fibers were obtained 
evenly parallel and perpendicular to the direction of load 
of the sample.

Fig. 7 shows the average values of shear strength 
together with the standard deviation for individual 
temperature levels at which the tests were carried out.

The study showed that at elevated temperature, i.e. 
80°C, there was a significant increase in strength. The 
average value in this case was 9.24 MPa, which is almost 
by 11% higher compared to the average value of the 
strength obtained at a room temperature, which was 7.65 
MPa. At the reduced temperature, i.e. -60°C, the average 
shear strength increased slightly, i.e. by less than 2%, to 
the value of 7.96 MPa.

It should be noted that in the case of tests at the 
reduced temperature, the largest spread of results 
occurred. The most reproducible test results were 
obtained for the samples tested at a room temperature.

Fig. 8 presents stress-displacement curves for the 
samples tested. Based on the nature of the course of 
individual curves, significant differences can be observed 
in the way the samples are destroyed at the considered 
temperature levels. In the case of samples at a room 
temperature and reduced temperature, i.e. -60°C, the 
course of stretching curves is generally similar in nature, 
with a clear increase in stiffness of samples tested 

Fig. 7. Average values of shear strength for the samples tested 
at considered temperatures
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at reduced temperature. The increase in the rigidity 
of adhesive joints based primarily on epoxy resins at 
reduced temperatures is also confirmed by the authors of 
the papers [1, 4, 6, 12, 26].

Turning to the test variant at an elevated temperature 
of 80°C, the distinct nature of the stretching curve is clearly 
seen here. First of all, there is a significant decrease in 
stiffness, which coincides with the results of the research 
presented by the authors of work [3]. In the same work, 
the authors noticed, that at elevated temperature, the 
strength of the adhesive connection made on the basis of 
epoxy resin increases to the glass transition temperature 
Tg of the adhesive, while after exceeding this temperature 
it decreases markedly. This tendency was confirmed by 
showing an increase in shear strength of the joint at 80°C, 
thus below the glass transition temperature of the epoxy 
resin used, which is about 150°C [29].

Conclusions

The purpose of the work was to determine, by the 
experimental method, the properties of the adhesive joint 
between GFRP and metal layers in the FML composite. 
The research showed that the extreme temperature 
conditions that may occur in the operation process do 
not lead to a reduction in the shear strength of the joint 
between the layers of the composite. At the elevated 
temperature, i.e. 80°C, an increase in shear strength 
of almost 11% was observed compared to the result 
obtained at room temperature. Importantly and in line with 
the observations of the authors of other papers [3], it has 
been shown that there is a close relationship between 
the stiffness of the connection and the temperature. As 
the temperature increases, the stiffness of the connection 
decreases, while at -60°C, the stiffness is higher than that 
recorded at room temperature.

Attention should also be paid to the distribution of 
strength results at individual test temperature values. 
At negative temperature the largest spread of results 
was recorded, while at a room temperature the highest 
repeatability was obtained.

To ensure the required properties of FML composites, 
it is necessary to obtain a high-strength joint between 
layers, the properties of which do not change significantly 
in the expected operating conditions. The study confirms 
that in the presented temperature range, layered 
composites can be safely exploited, as no significant 
decrease in the strength of the connection has been 
demonstrated.

The presented test results propose a methodology 
for testing the strength of the interlayer joint in FML 
composites.

The research results presented in the work are part 
of a series of the tests conducted by the authors in the 
field of the influence of temperatures on the properties of 
FML composites. The work [15] presents the influence 
of temperature gradient thermal shock cycles on the 
interlaminar shear strength of FML composite determined 
by the short beam test.
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Introduction

The organization of a manufacturing process of 
a complex product is challenging. Especially, if the 
product changes in time and if it is a little bit different 
with every new customer’s order. The situation is better 
when a product is composed with standard components 
and has a modular structure. However, there are cases 
in which it is impossible. Thus, the components are a little 
bit different every time. This makes the work organization 
more difficult and the production must be realized on 
the basis of a received order. A manufacturing process 
cannot begin in advance. If, in this case the lead time (LT) 
of a manufacturing process is longer than the delivery 
time (DT), a company has problems. In consequence, it 
has to work on additional shift(s), has to work overtime if 
possible, or has to find other solutions in order to prevent 
delivery delays.

A b s t r a c t: Value stream mapping is a method used for wastes’ identification in manufacturing systems as well as in other 
processes realized in the companies. The method is well known and applied in different areas and industries. However, as 
each process is different, every time when the method is used, some unexpected problems in its implementation can appear or 
the method has to be applied in a specific way. In this paper, the value stream mapping method is applied in order to analyse 
a manufacturing system in which unique complex products are manufactured. The paper discusses important issues which 
have to be taken into consideration while the method is applied in the circumstances similar to these presented in the analysed 
case study. In the work, on the basis of the collected data, the current state of a value stream map was developed. Then, the 
problems existing in the manufacturing system were identified and analysed. Finally, on the basis of the suggested solutions for 
the problems, the future state of a value stream map was proposed. The paper emphasizes the aspects important in the value 
stream mapping of a unique complex product manufacturing process.
K e y w o r d s: Value stream mapping, unique complex product, problems analysis, pull system

S t r e s z c z e n i e: Mapowanie strumienia wartości jest metodą stosowaną do identyfikacji strat w systemach produkcyjnych, 
a także w innych procesach realizowanych w przedsiębiorstwach. Metoda ta jest dobrze znana i stosowana w różnych obszarach 
i branżach przemysłu. Ponieważ jednak każdy proces jest inny, za każdym razem, gdy stosowana jest metoda mapowania 
strumienia wartości, mogą pojawić się nieoczekiwane problemy z jej implementacją lub metoda musi być zastosowana w określony 
sposób. W niniejszym artykule zastosowano metodę mapowania strumienia wartości do analizy systemu produkcyjnego, 
w którym wytwarzane są niepowtarzalne produkty złożone. W artykule omówiono ważne kwestie, które należy wziąć pod 
uwagę, gdy metoda jest stosowana w okolicznościach podobnych do przedstawionych w analizowanym studium przypadku. 
W pracy, na podstawie zebranych danych, opracowano mapę strumienia wartości stanu aktualnego, a następnie zidentyfikowano 
i przeanalizowano problemy występujące w systemie produkcyjnym. Następnie, na podstawie zaproponowanych rozwiązań 
problemów zaproponowano mapę strumienia wartości stanu przyszłego. W artykule podkreślono aspekty ważne w mapowaniu 
strumienia wartości procesu wytwarzania niepowtarzalnego produktu złożonego.
S ł o w a  k l u c z o w e: Mapowanie strumienia wartości, niepowtarzalny produkt złożony, analiza problemów, system ssania

Therefore, the company must ensure that the lead 
time is shorter than the delivery time (LT < DT). Hence, 
the lead time that is too long is the biggest problem in the 
company which manufactures unique complex products. 
In order to analyse the organization of manufacturing 
processes, the literature proposes a value stream mapping 
(VSM) method. Although in the work [2] the authors claim 
that there is no significant correlation between VSM and 
the defined by them operational performance measures 
such as e.g. quality, speed, flexibility, cost etc., other 
publications prove the usefulness of this method [8]. 
For example, in the work [9] the authors present how it 
was possible to decrease LT in manufacturing processes 
with the use of VSM. In the analysed lock manufacturing 
process LT was decreased by 62.74%. In the work [6], 
which analyses the process of car parts manufacturing, 
LT was decreased by 140%. In the work [7] the authors 
obtained the improvement of a manufacturing process 
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productivity by almost 11%. Moreover, the literature also 
presents a positive and significant influence of the VSM 
implementation on the OEE indicator [5]. Furthermore, in 
the papers [4, 12] the way of the implementation of VSM, 
improving process efficiency and decreasing the costs 
was presented.

In the work [11], it is shown how the VSM method can 
be applied in complex product manufacturing processes. 
However, the VSM methodology is usually applied for 
repetitive production. In this work the problem is not 
only connected to the product complexity but also with 
to the product uniqueness. In the work [1] the authors 
apply VSM in a low volume production. Therefore, the 
mentioned studies are a good starting point for the 
analyses.

Research problem and goal

The problem which is analysed in this paper concerns 
long LT of the manufacturing process of a unique 
complex product. A unique complex product is defined as 
a product which is unique and complex. The uniqueness 
of the product means that each product (which can be 
still ordered by a customer in a small batch) is a little bit 
different from the previous one ordered by a customer. 
Consequently, the manufacturer never knows in advance 
what will change. Therefore, LT cannot be longer than 
the delivery time. The product complexity is connected to 
a large number of parts which have to be manufactured 
and then assembled into a ready product. The complexity 
also concerns a manufacturing process in which the 
product components can be manufactured in parallel. 
In the analysed case study the situation is even more 
complicated because there is a necessity of using 
subcontractors' services. This creates an additional risk 
of delivery delays. To summarize, the following factors 
influence difficulties with the VSM implementation: product 
uniqueness, product complexity, parallel manufacturing of 
components and engagement of subcontractors. The goal 
of this paper is to analyse a case study manufacturing 
process organization and propose solutions to decrease 
LT to an acceptable value. The project presented in 
the case study was initiated because the company had 
a problem with on time deliveries and the employees had 
to work on additional shifts or overtime in order to prevent 
delivery delays. However, it was not always possible.

Work methodology

The work methodology, which was applied in this 
paper, is based on the value stream mapping (VSM) 
method presented in [10]. However, the VSM application 
for a complex product is not so simple as presented in 
the mentioned work. Therefore, the VSM adapted to 
a complex products manufacturing system analysis, 
presented in the work [11], was taken into consideration in 
the analyses and calculations. Nevertheless, in the cited 

work, a collaboration with external service providers was 
not investigated. In the case study, presented later in this 
work, it is necessary to include external service providers 
in a value stream map. This is a novelty, in relation to 
the aforementioned work. Moreover, the uniqueness of 
a product requires additional attention when setting value 
stream mapping targets. Therefore, the following main 
steps of the work methodology are realised:

Step 1. Identifying a product family and choosing 
a representative of the product family. In the presented 
case study the analysis was performed for a product 
family representative that is an expansion tank. For the 
product, which is a complex product, a product structure 
was developed.

Step 2. Setting the value stream mapping goals which 
take into consideration customer’s requirements 
connected to the delivery time, bearing in mind that the 
manufacturing process concerns the production of unique 
products.

Step 3. Identifying the material and information flow and 
data collection. The data were collected with the use of 
a time study and discussion with the employees engaged 
in the process.

Step 4. Developing the current state of a value stream 
map (CS-VSM). The value stream maps were developed 
with the use of Visio Professional software. The lead time 
(LT) for the current state was calculated.

Step 5. Identifying and analysing problems. The problems 
were analysed and the suggestions for the problem 
elimination were presented.

Step. 6. Developing the future state of a value stream 
map (FS-VSM). The FS-VSM presents the proposals 
which can improve the flow. The LT for the future state 
was calculated. The obtained results were assessed.

Step. 7. Assessing the improvements. The improvements 
were assessed with the use of the LT improvement 
(LTI) and of value-added activities improvement (VAI) 
indicators.

The listed steps were applied. That is presented later 
in this work.

Description of the product

The product which is manufactured on the analysed 
manufacturing line is an expansion tank used in 
vehicles, and it is considered as a complex product [3]. 
Figure 1 shows ready products. The structure of the 
product is presented in Figure 2. The product consists 
of the components which are manufactured in the 
company, delivered by a customer or bought. In order 
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Figure 1. A photo of ready products

Table 1. Components and materials needed to manufacture one expansion tank; MB – material bought, DC – delivered by custo-
mer, M – manufactured in the company, RP – ready parts bought

Figure 2. The structure of the product

Communication with customer and suppliers and working 
time

A customer orders 32 pcs of ready products which 
have to be delivered in 6 weeks. The products have 
to be delivered in containers. One container  includes 
4 pcs of ready products. 32 pcs of ready products are 
delivered to a customer every 6 weeks. The next order 
will concern a product of a different structure. The client 
orders products 8 weeks before the planned shipment. 
Therefore, the lead time cannot be longer than 8 weeks. 

Materials are delivered by the suppliers every 2 
weeks. Additionally, the customer delivers some parts 
which are assembled to a ready product. 

The company works 20 days in a month on two 
shifts (Production Department, Quality Department) and 
one shift (Design and Technology Department, Logistics 
Department and Marketing Department). One shift lasts 
8 hours with a 30-min-break. Therefore, the available 
working time per shift is 27,000 seconds. 

to manufacture the components, the company uses the 
following materials, i.e. round bars, stainless steel and 
seamless pipes. Table 1 presents a list of components, 
units and materials indicating their origin and quantity. 

The structure of the product shows its complexity. 
The uniqueness is not presented here. The products 
are differentiated by size or number of certain product 
components. This can influence the processing time.

No Component/material Origin Symbol Qty No Component/material Origin Symbol Qty

1 Bracket M BRA 1 pcs 13 Pre-assembled Product M PAP 1 pcs

2 Tee Tube M TTU 1 pcs 14 Round bar MB BAR 15.2 m

3 M12 sleeve M MSL 1 pcs 15 Stainless steel MB STE 15.05 m2

4 Threaded Sleeve M TSL 1 pcs 16 Seamless pipe MB PIP 0.6 m

5 Hose connection M HC 1 pcs 17 Sensor DC SE 1 pcs

6 Flange M FL 1 pcs 18 Oil level indicator DC OLI 1 pcs

7 Cylinder M CYL 1 pcs 19 Gasket DC GAS 1 pcs

8 Bottom M BOT 1 pcs 20 Radiator cap DC RAD 1 pcs

9 Top M TOP 1 pcs 21 Screws RP SCR 8 pcs

10 Ear M EAR 1 pcs 22 Washers RP WAS 6 pcs

11 Cylinder with bottoms M CB 1 pcs 23 Nuts RP NUT 2 pcs

12 Plate M PLA 1 pcs 24 Plastic caps RP CAP 2 pcs
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Table 2. Manufacturing processes; CT – cycle time, CO – changeover time, AVA - Availability

Figure 3. The structure of the manufacturing process

Manufacturing process description

Manufacturing is implemented within the processes 
presented in Table 2. One operator works in each process. 
Some processes are realized in co-operation and these 
are: Hot dip galvanizing (3E), 3D laser burning (6E), 
coiling (15E) and passivation (18E). Table 2 presents 
the data concerning the processes i.e. cycle time (CT), 
changeover time (CO), workstation/machine availability 
(AVA). Moreover, the information concerning inputs and 
outputs for each process is presented. In two processes 

(8 and 9) one additional piece is manufactured. This is 
due to the poor quality of the processes. Therefore, the 
need to produce one additional piece is determined in 
advance. The structure of the manufacturing process is 
presented in Figure 3.

On the basis of the present manufacturing process 
structure (Fig. 3) and the data presented in Table 2,  CS-
VSM was developed and it is presented in the next part 
of this work.

Current state of the value stream map development and pro-
blems identification

The current state of a value stream map (CS-
VSM) is presented in Figure 4. The scheme shows that 
some components are delivered from the outside of the 
company, directly to the assembly process, and some of 
them are manufactured in the company. Manufacturing 
processes of different components are realized in parallel. 
In the presented case study a time line is divided into 
a few parts. That is different from what was presented in 
the work [11]. The time line is situated directly under the 
processes. The authors consider that the map is easier 
to read this way.

No Input Process Output CT [s] CO [s] AVA 
[%]

1 BAR Deburring I BRA 180 0 80

2 BRA Bending BRA 60 480 90

3E BRA External service I: Hot dip 
galvanizing BRA Batch size: 4 pcs

Lead time: 1 day

4 BRA Deburring II – after  galvanizing BRA 120 0 100

5 PIP Shipment to a subcontractor TTU 3 600 0 80

6E TTU External service II: 3D laser burning TTU Batch size: 4 pcs
Lead time: 1 day

7 TTU Turning I – universal lathe TTU 360 600 90

8 BAR Cutting I – band saw (33 pcs) MSL  TSL 78 1 800 70

9 MSL  TSL Turning II – CNC lathe (33 pcs) MSL  TSL 2 073 7 860 80

10 BAR Cutting II – cut-off machines HC  FL 2 040 0 100

11 HC  FL Turning III – CNC lathe HC  FL 2 190 4 140 80

12 HC Turning IV – universal lathe HC 90 1 800 100

13 FL Milling – Centrum VZ-700 FL 960 2 160 80

14 STE Deburring III EAR  PLA  CYL  BOT  TOP  510 0 80

15E CYL External service III: Coiling CYL Batch size: 4 pcs
Lead time: 1 day

16 CYL BOT TOP Welding CBT  2 100 0 90

17 TTU  MSL TSL  HC  FL EAR  PLA CBT Assembly of components PAP 7 500 0 100

18E PAP External service IV: Passivation PAP Batch size: 4 pcs
Lead time: 1 day

19 BRA  PAP SCR  WAS  NUT  CAP Final assembly + Pressure test RP 6 300 7 200 100
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Figure 4. CS-VSM of an expansion tank manufacturing process

Figure 5. CS-VSM of an expansion tank manufacturing process time line

The lead time was calculated based on a time line 
(Fig. 5). For each parallel manufacturing process the lead 
time (LTP) was calculated (equation 1). A critical path 
defines the length of LT, and it was calculated with the 
use of equation (2). 

In the presented case study, in the current state, the 
lead time LTCS equals 67.33 days. The processing time 
equals to 28 161 s (469.35 min = 7.82 h). It is too long for 

LT considering that the processes are realized in parallel. 
Moreover, 67.33 days is too long taking into account that 
the company has 8 weeks to manufacture the products, 
i.e. it can start production at the earliest 40 days before 
delivery. Therefore, it is impossible to deliver the products 
on time without any problems despite the fact that the takt 
time (TT) equals to 15 hours and CTs of all processes are 
shorter than 15 hours.
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Figure 6. FS-VSM of an expansion tank manufacturing process time line

(1)

where: ILT – inventory lead time, CT – cycle time, LTP – lead 
time for a path, l – a number of process steps, k – a number of 
paths

(2)

The current state was studied and the following 
problems were discovered. The problems were analysed 
and proposals for improvement were offered.
Problem 1. Push system. In the current state the push 
system was applied. It was because different kinds of 
tanks being in the same product family were ordered 
by customers in different time periods. This way, in one 
period of time only one kind of expansion tanks was 
manufactured. Therefore, the company decided to push 
production to obtain this product which was ordered first 
to be ready. This way, the Lead Time (LT) was long. The 
implementation of a pull system with the introduction of 
FIFO lanes and supermarkets with kanbans can be the 
solution then.
Problem 2. Waiting for transport to collaborators and 
long preparation time. The manufacturing process 
cannot be realized fully in the company. Therefore, the 
company uses external services. This concerns four 
processes (3E-Hot dip galvanizing, 6E-3D laser burning, 
15E-Coiling and 18E-Passivation). Components and 
products have to be sent to collaborators. Sometimes 
it causes problems of waiting for transport and this, in 
turn, increases the inventory of the products waiting to 
be sent to collaborators who are currently responsible 
for the transport process. The solution proposed is that 
the company takes the responsibility for the transport 
process and an additional training for the employees who 
prepare transport in order to decrease the preparation 

time. The training additionally decreased the processing 
time of process 5 from 3 600 s to 600 s.
Problem 3. Long changeover time. The next problem 
concerns a long changeover time in the processes: 
Bending (2), Turning (7, 9, 11, 12), Cutting (8), Milling 
(13) and Final assembly (19). In order to decrease 
a changeover time the SMED method was recommended 
for the implementation.
Problem 4. Inadequate components waiting for a process. 
Another problem which was discovered was connected 
to inadequate components (e.g. bottoms) which were 
waiting for an assembly process. In order to solve this 
problem, 5S method is the best solution to be introduced. 
Other solutions of this problem include visualization or 
Poka Yoke implementation.
Problem 5. Long processing time.  Long processing 
times (PT) in the last processes (17). Assembly of 
components – 2.1 hours and 19. Final assembly – 1.75 
hours) are much longer than PTs of other processes, 
what additionally increases LT.  In these processes two 
operators could possibly work. That might shorten the 
processing times by half.
Problem 6. Component delivery delays. Delayed 
deliveries of components from the customer were 
another problem. The customer does not deliver the 
components together with an order but later, not always 
on time. Therefore, the company has to wait with the 
assembly process for the delivery. The implementation 
of supermarkets for the components from the customer 
should solve this problem.
Problem 7. High inventories. The problem is caused by the 
existing push system and the lack of the implementation 
of inventory limits. The solution is to introduce a pull 
system, supermarkets, and/or FIFO lanes.
Problem 8. Low workstations/machines availability. The 
last identified problem concerns workstations/machines 
availability. However, because the takt time (TT) is much 
longer than CTs. Currently, this problem does not influence 
the manufacturing process. The problem can become 
serious if the production volume increases. Therefore, 
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Figure 7. FS-VSM of an expansion tank manufacturing process

the problem was not analysed in this work. Moreover, in 
the current calculations some simplifications were made. 
Namely, an available working time for each process was 
assumed as 27 000 s.

Future state of the value stream map

The presented solutions allowed proposing the 
future state of a value stream map (FS-VSM).The 
implementation of the FIFO lanes and supermarkets 
allowed to decrease LT. A lead time for the future state 
was calculated based on a time line (Fig. 6). FS-VSM is 
presented in Figure 7.

For each parallel manufacturing process a lead 
time (LTP) was calculated (equation 3). The critical path 
defines the length of LT. It was calculated with the use of 
equation (4).

(3)

(4)

The pull system with kanbans, supermarkets and 
FIFO lanes, proposed in FS-VSM, allowed decreasing 
LT to LTFC that equalled 34.3 days. Since the customer 
is asked to make an order 8 weeks (40 working days) 
before the shipment of a product, it is enough time to 
deliver the products on time. Finally, the improvements 
were assessed with the use of LTI (equation 5) and VAI 
(equation 6).
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(5)

(6)

On the basis of LTI and VAI it can be concluded that 
LT decreased by 49% and the processing time decreased 
by 10%. It is known that the processing time of the current 
state (PTCS) equals to 28 161 s and the processing time 
of the future state (PTFS) equals to 25 161 s. In order 
to achieve this improvement, the presented proposals 
for the problem elimination have to be implemented. If 
not, the achievement might not be obtained or it might 
be smaller.

Summary

In the presented case study the manufacturing 
process of an expansion tank was analysed. On the basis 
of the collected data, the current state of a value stream 
map was developed and then analysed. The identified 
problems were discussed and some solutions were 
proposed. Next, the future state of a value stream map 
was created taking into account the proposed solutions. 
The lead times for CS-VSM and FS-VSM were calculated. 
The goals set for the work have been achieved. LT for the 
future state equals to 38.52 days and it is lower than the 
maximal (40 days).

The presented work has some limitations. In the 
calculations, the workstations/machines availability was 
assumed as 100%. It means that the time of 27,000s 
was taken as an available working time for each process. 
However, in reality the availability was lower and equalled, 
in the presented case study to 100%, 90%, 80% to even 
70% in case of a cutting process (7). The availability 
reduction was not taken into consideration because in 
the analysed case study TT was much higher than CTs 
of the manufacturing processes. However, in other cases 
the decreased availability has to be considered and it will 
be discussed in the future studies.
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ANALYSIS OF THE GRINDING FORCE COMPONENTS AND SURFACE 
ROUGHNESS IN GRINDING WITH THE USE OF A GLASS-CRYSTALLINE 
BONDED GRINDING WHEEL

Analiza składowych siły szlifowania oraz chropowatości powierzchni podczas 
szlifowania z użyciem ściernicy ze spoiwem szklanokrystalicznym 

Marcin ŻÓŁKOŚ       ORCID: 0000-0003-0377-1428 DOI: 10.15199/160.2020.1.7

Introduction

Grinding is a process of subtractive machining, which 
may have the character of a precise finishing machining or 
highly efficient subtractive machining [22, 23]. There are 
many types of grinding, such as, among others, surface 
peripheral and face grinding, longitudinal shafts grinding, 
hole grinding [23, 26]. In order to carry out the grinding 
process, it is necessary to use appropriate machine tools 
and grinding wheels.

Grinding is still one of the basic processes for 
finishing operations, where peripheral grinding is widely 
used for precise surface grinding. Grinding wheel wear, 

A b s t r a c t: The article concerns an investigation of 100Cr6 steel surface peripheral grinding process with glass-crystalline 
bonded grinding wheels. More precisely the investigation of surface roughness parameters and grinding force components in 
relation to different dressing overlap ratio, feed rate and grinding depths values. Seven different values of dressing overlap ratio 
have been used to determine influence of dressing overlap ratio to grinding force and surface roughness. After determining the 
stable range of dressing overlap ratio, other tests were conducted with eleven different values of feed rate and two values of 
grinding depth to determine how they shape the grinding force components and surface roughness parameters. The machining 
has been performed using a CNC surface grinding machine, together with a surface grinding wheel and up grinding strategy. 
Additional NI equipment was used for grinding force data acquisition. The surface roughness was assessed using two parame-
ters (Ra, Rz). The contact measurements of surface roughness were carried out using the MarSurf PS 10 profilometer. The 
dresser effective width was measured with the use of AM7515MZT Dino-Lite microscope to ensure consistent values of dressing 
overlap ratio throughout the entire experiment. Significant impact of the dressing overlap ratios, feed rate and grinding depths on 
the grinding force components Fn and Ftas well as the roughness parameters Ra and Rz were obtained.
K e y w o r d s: grinding, grinding force components, surface roughness, dressing overlap ratio, glass-crystalline bond

S t r e s z c z e n i e: Artykuł dotyczy badań procesu szlifowania obwodowego stali 100Cr6 za pomocą ściernic o spoiwie 
szklanokrystalicznym. Dokładniej dotyczy badań parametrów chropowatości powierzchni i składowych siły szlifowania 
w odniesieniu do różnych wartości wskaźnika pokrycia przy obciąganiu, posuwu i głębokości szlifowania. Siedem różnych 
wartości wskaźnika pokrycia przy obciąganiu zostało wykorzystanych do określenia wpływu wskaźnika pokrycia na siłę 
szlifowania i chropowatość powierzchni. Po określeniu stabilnego zakresu wskaźnika pokrycia przy obciąganiu przeprowadzono 
kolejne badania z jedenastoma różnymi wartościami posuwu i dwiema wartościami głębokości szlifowania, aby określić ich 
wpływ na składowe siły szlifowania i parametry chropowatości powierzchni. Obróbka została wykonana przy użyciu szlifierki CNC 
do płaszczyzn wraz ze ściernicą obwodową i strategią szlifowania przeciwbieżnego. Dodatkowo do pomiarów siły szlifowania 
zostało wykorzystane oprzyrządowanie NI. Chropowatość powierzchni została oceniona za pomocą dwóch parametrów (Ra, 
Rz). Pomiary stykowe chropowatości powierzchni przeprowadzono przy użyciu profilometru MarSurf PS 10. Czynna szerokość 
obciągacza była mierzona przy użyciu mikroskopu Dino-Lite AM7515MZT, aby zapewnić stałe wartości wskaźnika pokrycia przy 
obciąganiu w trakcie wszystkich wykonywanych badań. W efekcie uzyskano istotny wpływ wskaźnika pokrycia przy obciąganiu, 
posuwu i głębokości szlifowania na składowe siły szlifowania Fn i Ft oraz na parametry chropowatości Ra i Rz.
S ł o w a  k l u c z o w e: szlifowanie, składowe siły szlifowania, chropowatość powierzchni, wskaźnik pokrycia przy obciąganiu, 
spoiwo szklanokrystaliczne

geometric accuracy and surface quality of workpiece are 
greatly influenced by grinding forces [25]. The ability to 
predict grinding force components is important in many 
aspects of grinding process optimization, monitoring and 
control [4]. In this context, research into the modeling and 
calculation of grinding forces is current, necessary and 
constantly being developed.

The main directions of the development of grinding 
processes can be divided into three main groups, 
such as hybrid processes, new kinematic varieties and 
modifications of grinding wheel structure. The development 
of abrasive tools is a complex issue including, among 
others, works on new abrasive materials and binders, 
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which together define the structure of grinding wheels. 
The possibility of influencing on the structure of a grinding 
wheel is also a modification of the existing types of 
binders or abrasive materials [15, 17, 18]. 

The basic task of the binder is to bond the abrasive 
grains in the abrasive tool. It determines the properties 
of the tool, proper maintenance of the abrasive grains, 
proper porosity, maintaining the shape accuracy of the 
grinding wheel and determines the dressing method [13, 
26]. The bond therefore has a decisive influence on the 
grinding wheel active surface (GWAS), which is shaped 
both in the dressing process and in the grinding wheel self-
sharpening process. One of the most widely used types of 
binders in tools with conventional abrasives are ceramic 
bonds [13, 15]. One of the variations of these binders 
is glass-crystalline binders, which are characterized by 
a different mechanism of propagation of cracks in the 
bridges of the binder in relation to glass binders. That 
characteristic translates into the ability of the binder to 
micro-chipping in a similar manner as it takes place in 
grains of microcrystalline sintered corundum [7, 9, 19].

Herman [5] and Herman et al. [6, 8] conducts research 
on the construction, production and physical proper-ties 
of glass-crystalline binders and the manufacturing of 
new varieties of glass-crystalline binders. Nadolny et 
al. [16, 19 ꟷ 21] conducts technological research on 
grinding wheels with glass-crystalline bond and grains of 
microcrystalline sintered alumina in the process of holes 
grinding. Other research on the production of different 
varieties of glass-crystalline binders [2, 10, 11, 14, 24] 
do not include extended and accurate technological 
research of abrasive tools with such binders in the 
process of peripheral surface grinding. This state of 
affairs determines the necessity of conducting research 
on glass-crystalline binders in the process of peripheral 
grinding of surfaces and their improvement.

Conducted experimental tests concerned the 100Cr6 
surface peripheral grinding process with the use of 
innovative grinding wheels with glass-crystalline bond. 
Their goal was to determine the influence of dressing 
overlap ratio, feed rate, grinding depth on grinding force 
components and surface roughness parameters. So it 
would be possible to specify the dressing overlap value. 
Also to select feed rate and grinding depth values ranges 
for further more extended experiments.

Research methodology and experimental conditions

To accomplish that goal samples in the form of 
cuboids (length of 50 mm and width of 30 mm), made of 
100Cr6 steel, were prepared and used as the workpieces 
in the conducted experiments. The samples were through 
hardened and tempered to 60 ±2 HRC hardness. The 
workpieces were machined on the test stand described 

in the subsection „The grinding process” and shown in 
Figure 1.

As the machining tool the Andre Abrasive Articles 
grinding wheel (type 7), was used, with a two-sided 
cylindrical recess A. The tested grinding wheel with 
designation M3X60H8VTHE-35 had medium sized 
abrasive grains (average grain size - 275 µm) made 
of monocrystalline corundum, with a 30% share of 
microcrystalline electro-corundum. The tool that was used 
for research was bonded with modified vitrified binder that 
has glass-crystalline structure.

The abovementioned material samples were 
machined and measured using the machining and 
measurement parameters, which are presented in  
Table 1. As the results of conducted experiments the 
grinding force components (normal Fn and tangential 
Ft) and surface roughness parameters (Ra and Rz) 
were acquired. Based on that results correlations 
between grinding force components/surface roughness 
parameters and dressing overlap ratio/feed rate/grinding 
depth were obtained.

• The grinding process

The experimental part of the research (mechanical 
machining) was carried out using the CNC test stand.
The test stand (see Figure 1) was developed for the 
needs of the research revolved around grinding wheels 
with modified vitrified binders [3, 27]. The Geibel & Hotz 
GmbH FS 640 Z surface grinding machine was the main 
part of this test stand. The stand has been equipped 
with Kistler type 9121 piezoelectric dynamometer, Kistler 
Type 5019 A amplifier, NI CompactDAQ system and 
LabVIEW SignalExpress software that together allowed 
the measurement of grinding force components. 

The stand was also equipped with a high pressure 
cooling system, in which a coolant in the form of a 5% 
synthetic emulsion was fed into the grinding zone, over the 
entire width of the grinding wheel, by means of a needle 
nozzle at a pressure of 1 MPa, which corresponded to 
a volumetric flow rate of 22 l/min [1, 12]. For coolant 
pressure readout and control there was pressure sensor 
installed and DC power supply with desktop multimeter 
added to the test stand.

The tests were carried out in the surface peripheral 
up grinding setup with constant grinding speed value and 
varying values of feed rate, grinding depth and dressing 
overlap ratio (refer to Table 1). Before each measure-
ment pass, the dressing of the grinding wheel with single 
grain diamond dresser was performed with specific set 
of parameters, which are presented in Table 1. After 
dressing one machining pass was made with grinding 
depth 0.002 mm and feed rate 20000 mm/min to remove 
loose grains remaining after the sharpening process of 
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the grinding wheel. Afterwards a machining pass took 
place, for which values of the normal and tangential 
component of the grinding force were recorded. After 
the measurement pass, ten sparking passes were made 
to provide a constant machining allowance for the next 
pass. Grinding was performed with specific technological 
parameters whose values are shown in the Table 1. 
Values of the grinding force components were recorded 
for each machining pass, which were repeated three 
times for one set of technological parameters.

• Measurements of surface roughness parameters

The measurements of surface roughness parameters 
were performed with the use of the MarSurf PS 10 

profilometer directly at the surface grinding machine 
without removing workpieces from dynamometer (refer 
to Figure 1). Measurements were performed for all 18 
different combinations of technological parameters 
values. Parameters of every roughness measurement 
are listed in Table 1. Three measurements replications of 
the analyzed surface roughness parameters Ra and Rz 
were carried out. They were done after every repetition 
of the machining pass with different set of technological 
parameters values. The surface roughness measurements 
were executed in perpendicular direction to the feed 
rate. A total number of 162 single surface roughness 
measurements were made for all the investigated 
technological parameters values combinations.

Table 1. Parameters of machining and measurement processes

Fig. 1. Configuration of the test stand: 1 – G+H FS 640 Z surface grinding machine, 2 – mounting holder for profilometer drive 
unit,3 - MarSurf PS 10 profilometer drive unit, 4 - main unit of MarSurf PS 10 profilometer, 5 – diamond dresser, 6 – grinding wheel, 
7 – workpiece, 8 – dynamometer, 9 – needle nozzle for coolant distribution, 10 – machine control panel, 11 – DC power supply, 
12 – desktop multimeter for coolant pressure readout, 13 – NI CompactDAQ system, 14 – Kistler 5019 A amplifier, 15 – computer 
with LabVIEW SignalExpress software

Parameters of grinding process Parameters of dressing process Parameters of surface roughness measurement

Andre Abrasives Articles surface grind-
ing wheel- 7-300x50x76.2 P150;F10;G10 
M3X60H8VTHE-35
5% synthetic coolant mixed with water
cutting fluid pressure, p = 1 MPa
cutting fluid volumetric flow, q = 22 l/min
grinding speed, vc = 40 m/s
feedrate, vf = 4000 / 7000÷35000 mm/min
grinding depth, ae = 0.02 / 0.03 m

single-grain diamond dresser

dressing peripheral speed, vd = 25 m/s

dressing depth, aed = 0.02 mm

dressing overlap ratio, ud = 1.5÷10 /4

dressing passes - 5

traversing length, lt = 4.8 mm
evaluation length, ln = 4.0 mm
max. probe tip radius, rtip = 2 µm
sampling length, lr = 0.8 mm
scanning speed, vt = 1.0 mm/s
measurement resolution - 8 nm
number of repetition - 3
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Fig. 2. Test stand configuration for diamond dresser measurements: 1 – grinding wheel, 2 – grinding vise, 3 – diamond dresser, 
4 – AM7515MZT Dino-Lite portable microscope, 5 – adjustable holder, 6 – microscope diamond dresser view with width measure-
ment result

Fig. 3. The results of Fn/ Ft grinding force component measure-
ments vs. dressing overlap ratio

• Measurements of dresser effective contact width

In order to achieve the specified Ud values, the 
width of the dresser was measured before each dressing 
process to adjust the feed rate of the grinding wheel 
at dressing to maintain the specified Ud value. Also, in 
some tests, where the Ud parameter remained constant, 
it was necessary to continuously check the width of the 
dresser. This was required to keep the value of this 
ratio constant. Therefore, the AM7515MZT Dino-Lite 
portable microscope was used to measure the width of 
the dresser before each dressing pass. The microscope 
was calibrated to read the correct width values before 
the measurements were taken. The microscope, when 
properly placed in the holder attached to the grinding 
wheel housing, allowed the evaluation of the condition 
of the dresser and measurements of the active dresser 
width in the grinding machine working area (see Figure 
2). This eliminated the need to remove the dresser from 
the machine and to repeat after each measurement the 
setup steps on the machine.

The results and discussion

On figure 3 there are presented average values of the 
normal Fn and tangential Ft grinding force components in 
relation to dressing overlap ratio Ud.

Calculated confidence intervals for 3 measurement 
repetitions (per each of the grinding force component) 
executed at each different dressing overlap ratio value 
are shown on the graph. The applied significance 
level was 0.05. The obtained values of the Fn and Ft 
components indicate significant differences in grinding 
force components among different values of dressing 
overlap ratio. The lowest values were obtained for the 
smallest Ud value, which were 68 N for normal component 
and 31 N for tangential component. The highest values 

were obtained for the largest value of Ud ratio: 197 N and 
83 N respectively. This corresponds to 190% increase 
for Fn component and 168% increase for Ft component. 
In both cases for normal and tangential components the 
positive correlation to dressing overlap ratio can be seen 
on the graph below. In addition, the local minimum of the 
force component values for a dressing overlap ratio of 3 
can be observed.

For the smallest Ud ratio the lowest forces occur, 
because we get the most aggressive GWAS due to 
higher pulling forces in the dressing process. They 
are caused by the higher dressing feed rate (the lower 
the Ud ratio, the higher the dressing feed rate vd). This 
results in a smaller contact area between the grains 
and the workpiece surface during cutting. While the 
dressing overlap ratio increases the dresser smoothes 
the grain surface by blunting rather than pulling it out 
or chipping. This translates into increased forces due to 
the increased contact area between the grains and the 
machined surface. For Ud ratio, we can indicate a stable 
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range of values from 2 to 4. Smaller values should be 
ignored, as it will be difficult to maintain its exact value 
in this range (inaccuracy in measuring the width of the 
dresser), which can translate into cutting a helix line into 
a GWAS that will affect the quality of the grinded surface. 
In addition, in the range below 2 there is definitely the 
fastest wear of the dresser. On the other hand, values 
above 4 contribute to higher forces in the process, which 
can cause surface damage. Larger values of Ud ratio also 
increase significantly the time of the dressing process, 
which results in a longer total machining time.

Figure 4 indicates average values of the grinding 
force components in relation to feed rate vf. 

This may be caused by the higher strength of the glass-
crystalline bond compared to the traditional ceramic 
bond. The glass-crystalline bond requires higher forces 
to tear out and chip out the blunted grain. Therefore, in 
the range of vf up to 20000 mm/min, dulled grains are 
kept in the binder all the time, causing an increase in 
forces. On the other hand, above vf 20000 mm/min there 
are enough large forces that allow to occur the grinding 
wheel selfsharpening process and reduction of the forces 
value gradient for higher feed rates.

Figure 5 presents average values of the normal Fn 

and tangential Ft grinding force components in relation to 
grinding depth ae.

Fig. 4. The results of Fn / Ft grinding force component measu-
rements vs. feed rate

Fig. 5. The results of Fn and Ft grinding force component me-
asurements vs. grinding depth

In the case of measurements of the impact of feed 
rate on the components of grinding forces, the conditions 
were adopted as for previous tests. The obtained values 
of the Fn and Ft components indicate significant differ-
ences in grinding force components among different 
values of feed rate. The lowest values were obtained 
for the feed rate of 4000 mm/min and the highest for 
the 35000 mm/min feed rate. The lowest values of Fn 
component and Ft component were 100 N and 44 N. The 
highest values were 183 N and 84 N accordingly. That 
corresponded to 83% increase for normal component 
and 91% for tangential component. As in figure 3, the 
above graph shows a small break of the normal grinding 
force component for a feed rate of 8000 mm/min. For 
both grinding force components the positive correlation 
to feed rate can be observed on the Figure 4.

The obtained graph of dependence of the grinding 
force component values confirms their dependence on 
the feed rate in grinding processes - increase of the 
forces values together with the feed rate increase. What is 
interesting, however, above the feed rate value of 20000 
mm/min there does not occur a significant increase in 
grinding forces, which takes place in the range from 4000 
to 20000 mm/min. This indicates that grinding wheels 
with this bond perform better in tougher conditions. 

On the graph are also marked the calculated 
confidence intervals for 3 measurement repetitions (per 
each of the grinding force component) executed at two 
grinding depth values. The applied significance level was 
the same as in previous tests. The obtained values of 
the Fn and Ft components indicate significant differences 
in grinding force components among different values 
of grinding depth. The lower values were obtained for 
the ae equal to 0.02 mm, which were 183 N for normal 
component and 84 N for tangential component. The 
higher values were obtained for the 0.03 mm value of 
ae: 275 N and 124 N respectively. This corresponds to 
50% increase for Fn component and 48% increase for 
Ft component. In both cases for normal and tangential 
components their values are bigger while grinding depth 
increases.

The graph above thus confirms the same dependence 
of forces from the grinding depth for grinding wheels with 
glass-crystalline bond and ceramic bond. However, in 
order to fully confirm this statement, additional research 
will be required in a wider range of grinding depth values.

Figure 6 presents average values of the Ra and Rz 
parameters in relation to overlap dressing ratio Ud.
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The calculated confidence intervals for 7 different 
dressing overlap values (3 machining passes per each 
Ud value and 3 measurement repetitions per each 
machining pass) are shown on the graph. The applied 
significance level was 0.05. The obtained values of the 
Ra and Rz parameters indicate significant differences in 
surface roughness among different dressing overlap ratio 
values. The lowest roughness parameters values were 
obtained for the biggest Ud values, and the highest ones 
for the lowest Ud values.

On the above chart it can be observed that for 
smaller values of the dressing overlap ratio there are 
larger confidence intervals. It is especially visible for the 
obtained values of the roughness parameter Ra. For the 
results of the parameter Rz, the spread of results values 
is greater for the vast majority of measurement points. 
Due to the characteristics of this roughness parameter, 
the Rz parameter is more sensitive to single defects in 
the measured profile that interfere with the final result. 
This is confirmed by the previously determined stable Ud 
ratio range for the dressing overlap ratio dependence on 
the grinding force components. Of course, the surface 
roughness for higher values of the dressing overlap 
ratio is lower, but this results in a significant increase 
in the grinding force value. The obtained roughness 
dependence on the dressing overlap ratio allows us to 
determine the best value for further research. For value 4 
we obtain the smallest spread of values for a given stable 
range of dressing overlap ratio. This may indicate a more 
stable process of dresser wear and reduced wear value 
for this exact value Ud.

Figure 7 presents average values of the Ra and Rz 
parameters in relation to feed rate vf.

On the graph are also marked the calculated 
confidence intervals in the same way as in previous 
tests. The obtained values of the Ra and Rz parameters 
indicate significant differences in surface roughness 
among different feed rate values. The lowest roughness 
parameters values were obtained for the lowest vf  values, 
and the highest ones for the biggest vf values.

In the graph above it can be observed that for Ra 
and Rz parameters from 9000 mm/min, the gradient of 
change of Ra and Rz values depending on the change of 
the feed rate is significantly reduced. This leads to very 
similar results for surface roughness parameters above 
the feed rate thresholds values given above. It may be 
associated with the phenomenon of micro-chipping of 
abrasive grains and glass-crystalline binder, which en-
sures stabilization of the GWAS profile, translating into 
stabilization of the roughness parameters Ra and Rz. 
Similarly as in the graph 6 for the results of the parameter 
Rz confidence intervals are larger for the vast majority of 
measurement points, compared to the results of the Ra 
parameter.

Figure 8 presents average values of the Ra and Rz 
parameters in relation to grinding depth ae.

Fig. 6. The results of Ra / Rz parameter measurements vs. 
dressing overlap ratio

Fig. 7. The results of Ra / Rz parameter measurements vs. 
feed rate

Fig. 8. The results of Ra / Rz parameter measurements vs. 
grinding depth

The calculated confidence intervals (the same 
significance level as stated before) for 3 measurements 
executed for each machining pass repetition at two 
grinding depth values are marked on the graph. The 
obtained values of the Ra and Rz parameters indicate 
no significant differences in surface roughness among 
different grinding depth values. The Ra roughness 
parameter values were practically the same for both 
grinding depth values. It was similar in the case of Rz 
parameter, but for grinding depth equal to 0.03 mm there 
was bigger confidence interval.
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From the above obtained dependence of roughness 
parameters on grinding depth for grinding wheels with 
glass-crystalline bond it can be concluded that the 
grinding depth does not influence the roughness value. 
However, in order to confirm this thesis, it is necessary to 
perform more thorough research for a larger number of 
measuring points.

Conclusions

As the results of the study, the impact of the dressing 
overlap ratios, feed rate and grinding depths on the 
grinding force components Fn and Ft, as well as the 
roughness parameters Ra and Rz were obtained. The 
obtained results allow stating the following conclusions:
• For investigated grinding process the stable range for 

dressing overlap ratio is Ud = 2.0÷4.0.
• For further research, the ratio Ud = 4.0 have been 

selected due to the more stable process of dresser 
wear and smaller wear value during the grinding 
wheel sharpening process, which manifests itself in 
a smaller spread of Ra and Rz surface roughness 
parameter values as well as comparable grinding 
force components values compared to Ud values 2 
or 3.

• Increase of dressing overlap ratio Ud from the lowest 
to the highest considered value results in 190% in-
crease of normal force Fn and a 168% increase of 
tangential force Ft. In addition dressing overlap ratio 
increase results in increasing the surface roughness 
parameters Ra and Rz.

• Increase of feed rate from the lowest to the highest 
value results in 83% increase of normal force Fn 
and a 91% increase of tangential force Ft. For Ra 
and Rz parameters the increase of feed rate results 
in an initial increase in their value, but later on the 
stabilization of the surface parameters values occur.

• Increase of grinding depth by 0.01 mm results in 50% 
increase of normal grinding force component Fn and 
a 48% increase of tangential component Ft. Grinding 
depth increase does not significantly affect the change 
of surface roughness parameters.

• The selected overlap dressing value, for all the 
analyzed feed rates and grinding depths values, 
allowed Ra parameter values below 1.4 μm, Rz below 
6.8 μm and normal grinding force components Fn 
values below 278 N, tangential component Ft below 
130 N, to be obtained.
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THE POSSIBILITIES TO REDUCE SURFACE ROUGHNESS IN PRE-ASSEMBLY 
FACE MILLING WITH WIPER INSERTS

Możliwości obniżenia chropowatości powierzchni w przedmontażowym frezowaniu 
czołowym z wykorzystaniem płytek typu Wiper

Adam FRĄCZYK ORCID: 0000-0002-3056-3141 DOI: 10.15199/160.2020.1.8

A b s t r a c t: In the paper, the results of the comparative studies of the surface roughness, as obtained after face milling, with 
the application of standard cutting inserts and Wiper inserts, have been discussed. The presented results of the studies show in 
what technological conditions it is possible to obtain the best effects of reducing the surface roughness.
K e y w o r d s: face milling, surface roughness, cutting plates, Wiper inserts

S t r e s z c z e n i e: W artykule przedstawiono wyniki badań porównawczych chropowatości powierzchni, uzyskanych po obróbce 
frezowania czołowego, przy wykorzystaniu standardowych płytek skrawających oraz płytek typu Wiper. Zaprezentowane rezultaty 
badań pokazują, w jakich warunkach technologicznych obróbki można uzyskać najlepsze efekty obniżenia chropowatości 
powierzchni.
S ł o w a  k l u c z o w e: frezowanie czołowe, chropowatość powierzchni, płytki skrawające, Wiper

Introduction

Milling is one of the most frequently employed methods 
of machining. Nowadays, owing to a wide application of 
CNC machine tools and modern too materials, we may 
replace grinding with milling as a finishing in technological 
process of manufacture. To this end, we should optimally 
choose the technological machining parameters to the 
applied tool and the treated material. On the grounds 
of, inter alia, literature analysis [4, 6, 7, 9, 16] it may be 
observed that there are many studies concerning the 
effect and optimization of the technological machining 
parameters on the quality of the treated surface in the 
case of different metal alloys. 

The utilization of smoothing Wiper inserts in the 
machining process, recommended by tool producers, is 
another method for improvement of the treated surface 
quality.

The mentioned aspect inclined the author of the paper 
to check to what degree the application of Wiper inserts 
affects the lowering of the surface roughness parameters 
in the case of treatment of two different species of steel.

The methodology of the studies 

To examine the advantages resulting from the 
application of Wiper inserts, two types of steel were 
subjected to treatment: low-alloy steel S355JR (acc. to 
PN-18G2A) and tool alloy steel for hot work X40CrMoV511 
(acc. to PN-WCLV).

The machining was carried out in 3-axial vertical 
milling machine CNC Mori Seiki DURA VERTICAL 5080. 

Face milling cutter by Mitsubishi Materials marked as 
ASX445-063A05R, with number of edges=5, was used 
as a tool. The mentioned device employs cutting inserts 
with a positive geometry and rake angle 20o; the major 
cutting-edge angle is 45o. According to the producer’s 
information, the mentioned head has a universal 
application – it is intended for rough and finishing (end) 
face milling of the alloys of light metals, cast iron, carbon 
steel and alloy steel, stainless steel and hardened steels 
[11].

On the conducted experiment, two types of inserts 
produced by Mitsubishi were used. The standard 
cutting inserts marked as SEMT13T3AGSN-JM, 
VP15TF type and the smoothing inserts of WIPER type 
– WEEW13T3AGER8C were applied. The both types of 
the inserts had a coverage (Al, Ti) N [12]. In the case of 
smoothing Wiper inserts, it is sufficient to install one insert 
in the milling head on order to improve the quality of the 
treated surface. It is important to ensure that the feed per 
revolution is not greater than the width of the smoothing 
edge of the insert [10].

The treatment was performed in two variants of 
technological parameters:
• Variable feed per tooth fz, constant cutting speedVc, 

constant depth of cutting αp,
• Variable cutting speed Vc, constant minute feed f, 

constant depth of cutting αp.
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For the needs of the experiment, it was decided to 
extend the range of the feed by value of fz =0.05 mm/
tooth in relation to the parameters, recommended by the 
producer. The comparison of the parameters, employed 
in the studies has been presented in Table 1.

Additionally, the following assumptions were adopted 
for each treatment:
• Down milling operations,
• Incomplete milling at the width αe =0.6 D,
• Cooling of the tool with the compressed air.

The measurements of the roughness were carried out 
using the contact profilometer Mitutoyo SJ-210 (Fig.1). 
The conditions of the measurements were based, inter 
alia, on the recommendations of standards PN-ISO 4288 
and PN-ISO 3274:
• The employed filter – ISO 11562,
• Length of travel – lt = 4.8 mm 
• Sample length (Cutoff) – λc = 0.8 mm,
• The measuring range – 360 μm,
• Velocity of the needle travel – Vt = 0.50 mm/s

To determine the necessary number of the 
measurements n, the preliminary studies were carried 
out. There were adopted: significance level α = 0.05 
and the number of preliminary measurements n0 = 10; 
the level of estimate error was assumed as d = 0.1. For 
the adopted values, the coefficient tα = 2.262 [12] was 
read out. Then, the arithmetical mean y¯ of Ra and Rz, 
standard deviation S were calculated and the number 
of measurements n from the following relationship was 
estimated [8, 12]: 

where:
n0 = size of the preliminary test,
tα   = value of T-Student variable,
s2 = variance from the preliminary test,
d – maximum estimate error, equal to the measurement error 

Tab.1. Variants and technological parameters of machining 

Variant I of the machining Variant II of the machining 

ap [mm] fz [mm/z] Vc [m/min] ap [mm] f [mm/min] Vc [m/min]

0,4

0.05

160 0,4 606

80

0.1 120

0.15 160

0.2 200

0.3 240

Fig. 1. A view of Mitutoyo SJ 210 profilometer 

Tab. 2. The results of the measurements of the preliminary te-
sts 

n0

Steel S355

Ra [mm] Rz [mm]

1. 1,521 8,545

2. 1,741 8,378

3. 1,813 8,265

4. 1,673 8,234

5. 1,579 7,965

6. 1,685 8,251

7. 1,668 8,344

8. 1,643 8,434

9. 1,454 8,314

10. 1,585 8,515

ӯ 1,636 8,325

S 0,15090 0,165538

S2 0,011043956 0,027402944

n 5,65 14,021
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Tab. 2 shows the results of the preliminary 
measurements of roughness of steel S355 subjected 
to the machining by head, equipped in standard cutting 
inserts with the following parameters: cutting speed Vc = 
160 m/min., feed per tooth fz = 0.05 mm/tooth.

On the grounds of the conducted statistical analysis, 
based upon the results of the preliminary measurements 
for parameter Rz, the number of the measurements was 
adopted with a certain reserve n = 16. 

The results of the tests 

Fig. 2 ꟷ 9 show the change in parameters 2 D of the 
surface roughness Ra and Rz as a function of changes in 
feed Fz and cutting speed Vc for standard cutting inserts 
and Wiper inserts. Standard deviation was given as 
dispersion. 

The results of the surface roughness measurements 
for steel S355JR as illustrated in Fig. 2-5 indicate the 

improvement of the quality of the surface after cutting 
with the Wiper insert. 

During the milling with the feed fz = 0.5 mm/tooth, 
the difference in the surface roughness, resulting from 
the application of Wiper insert is practically invisible. We 
should however remember that the mentioned value of 
feed fz is not recommended by the producer of the inserts. 
The highest differences in the surface roughness were 
obtained during the treatment with the feed fz = 0.1 mm/
tooth. It may be observed that the surface roughness as 
obtained after the treatment with the use of Wiper insert 
demonstrates a slightly declining trend together with the 
increase of the value of feed fz. 

The increase of the cutting velocity Vc causes 
a reduction in the surface roughness of steel S355JP; it 
is especially visible after the machining with the standard 
inserts and at higher cutting speed Vc >140 m/min – Fig. 
4÷5.

Fig. 2. The changes in the roughness parameter Ra for steel 
S355 in function of feed fz after milling with standard inserts 
and Wiper inserts

Fig. 3. The changes in the roughness parameter Rz for steel 
S355 in function of feed fz after milling with standard inserts 
and Wiper inserts 

Fig. 4. The changes in the roughness parameter Ra for steel 
S355 in function of  cutting speed Vc  after milling with standard 
inserts and Wiper inserts 

Fig. 5. The changes in the roughness parameter Rz for steel 
S355 in function of cutting speed Vc after milling with standard 
inserts and Wiper inserts 
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In the case of the machining of steel X40CrMoV511, 
the advantages resulting from the application of Wiper 
inserts are most visible – Fig. 6-8. The increase of the 
feed fz in the case of the standard inserts use leads to 
a distinct increase of the parameters Ra and Rz – Fig. 
6-7. The situation is different in the case of treatment 
with Wiper insert. Together with the increase of feed fz, 
the increase of the roughness parameters is practically 
not recorded. The most significant differences between 
the obtained parameters were found for feed fz = 0.2 
mm/tooth. After cutting with the Wiper insert, there was 
obtained five times lower parameter Ra as compared to 
the surface, treated by the standard inserts. 

The effect of cutting speed of steel X40CrMoV511 
on the surface roughness after the machining is visible 
in Fig. 8÷9. Together with the increase of cutting speed 
Vc, a small declining tendency of parameters Ra and Rz 
is observed.

The situation visible in Fig. 2-3 requires a separate 
explanation as well as in Fig. 6-7 where the increase 

of feed fz caused a decline in the roughness. It results 
probably from the fact that at lower feed velocities, the 
roughness becomes independent on the feed velocity 
and is only a function of the radius of the insert rounding 
and the type of the treated material [3]. It causes a higher 
micro-roughness, i.e. the overlapping uneven roughness 
on the produced grooves when removing the chips. In 
the area of edge, relatively more plastic flowing of the 
machining material is generated. Similarly when the feed 
is high and the corner of the insert has a small radius, 
the roughness of the surface is mainly dependent on the 
feed. The mentioned plastic flowing of the material is 
directed opposite to the direction of the feed and leads to 
formation of higher unevenness [1]. A similar phenomenon 
was presented in the paper [2] where a lower surface 
roughness occurred at higher feed due to “a clear cut” 
of the material and a relative lack of plastic deformations 
in the area of the blade work. The discussed theory 
may be supported by the fact that in the case of Wiper 
inserts, having a completely different cutting edge and the 
corner, the mentioned above phenomenon is practically 
not observed – Fig. 6-7.

Fig. 6. The changes in the roughness parameter Ra for steel 
X40CrMoV511 in function of feed fz after machining with stan-
dard inserts and Wiper inserts

Fig. 7. The changes in the roughness parameter Rz for steel 
X40CrMoV511 in function of feed fz  after machining with stan-
dard inserts and Wiper inserts

Fig. 8. The changes in the roughness parameter Ra for steel 
X40CrMoV511 in function of cutting velocity Vc after machining 
with standard inserts and Wiper inserts  

Fig. 9. The changes in the roughness parameter Rz for steel 
X40CrMoV511 in function of cutting speed Vc after machining 
with standard inserts and Wiper inserts  
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It should be remembered that vibrations, generated 
during the treatment are the reason for the changes in 
the surface roughness. They may cause “flattening” of the 
traces after the machining due to the relative vibrations of 
the tool’s work [14].

Summary and concluisions

The conducted tests allowed carrying out the general 
verification of advantages coming form the application of 
smoothing inserts during the process of face milling as 
affected by the variable technological parameters Vc and 
fz. On the grounds of the above, it is possible to formulate 
the following conclusions:
1. The application of cutting Wiper inserts in the process 

of face milling allows obtaining the lower surface 
roughness as compared to the machining with the 
standard inserts.

2. The decline in the surface roughness after the 
machining with the application of a single Wiper insert 
is dependent on the type of the steel. A considerable 
improvement of the surface quality is observed after 
the machining of the alloy steel.

3. In the case of using Wipert inserts, the increase in 
the feed value allows maintaining a low value of 
roughness what may be manifested in the increase of 
productivity, especially in the conditions of series and 
mass manufacture of the products.

4. The increase of the feed value in certain circumstances 
of the blade work may also lead to the lowering of the 
roughness of the surface after machining. 
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ABSTRACTS:

1. Design and analysis of output feedback constraint 
control for antilock braking system based on 
Burckhardt’s model
Authors: Youguo He, Chuandao Lu, Jie Shen, 
Chaochun Yuan

The purpose of this study is to improve vehicles’ 
brake stability, the problem of constraint control for an 
antilock braking system (ABS) with asymmetric slip ratio 
constraints is concerned. A nonlinear control method 
based on barrier Lyapunov function (BLF) is proposed not 
only to track the optimal slip ratio but also to guarantee 
no violation on slip ratio constraints.

A quarter vehicle braking model and Burckhardt’s tire 
model are considered. The asymmetric BLF is introduced 
into the controller for solving asymmetric slip ratio 
constraint problems.

The proposed controller can implement ABS zero 
steady-state error tracking of the optimal wheel slip 
ratio and make slip ratio constraints flexible for various 
runway surfaces and runway transitions. Simulation and 
experimental results show that the control scheme can 
guarantee no violation on slip ratio constraints and avoid 
self-locking.

The slip rate equation with uncertainties is established, 
and BLF is introduced into the design process of the 
constrained controller to realize the slip rate constrained 
control.

2. Combination modeling of auto body assembly 
dimension propagation considering multi-source 
information for variation reduction
Authors: Yinhua Liu, Shiming Zhang, Guoping Chu

This paper aims to present a combination modeling 
method using multi-source information in the process 
to improve the accuracy of the dimension propagation 
relationship for assembly variation reduction.

Based on a variable weight combination prediction 
method, the combination model that takes the mechanism 
model and data-driven model based on inspection 
data into consideration is established. Furthermore, 
the combination model is applied to qualification rate 
prediction for process alarming based on the Monte 
Carlo simulation and also used in engineering tolerance 
confirmation in mass production stage.

The combination model of variable weights considers 
both the static theoretical mechanic variation propagation 
model and the dynamic variation relationships from the 
regression model based on data collections, and provides 
more accurate assembly deviation predictions for process 
alarming.

A combination modeling method could be used 
to provide more accurate variation predictions and 
new engineering tolerance design procedures for the 
assembly process.

3. Numerical and experimental investigation of 
bulk stress distribution in edge under different 
clamping sequence
Authors: Hua Wang, Hailong Wang

The edge is a typical aero-structural compliant part, 
whose length-width ratio is about 60:1 and height-
thickness ratio is about 30:1. Distortion of the edge is 
mainly caused by the bulk stresses which come from the 
manufacturing process of the plates. This paper aims to 
investigate the effect of clamping sequence on the bulk 
stress distribution in the edge.

The paper conducts the numerical and experimental 
investigations to predict the bulk stress distribution in the 
edge under different clamping sequences. A finite element 
model of the plate with residual stress after quenching 
and stretching is constructed. The edge is milled from the 
plate numerically and is ready for clamping. The contact 
model between the clamper and the edge is constructed 
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to simulate the clamping process. Then the edge is 
virtually clamped in different clamping sequences, and 
different deformations and bulk stresses are obtained. An 
experimental edge milled from the plate and a designed 
clamping platform are used to precisely control clamping 
force to verify the effect of clamping sequence on the bulk 
stress distribution in the edge. The experimental edge’s 
distortions, relative displacements between the edge and 
the clamper and clamping forces validate the proposed 
numerical model.

4. A flexible resource investment problem based on 
project splitting for aircraft moving assembly line
Authors: Yifei Ren, Zhiqiang Lu

This paper represents a new extension of the 
resource investment problem based on aircraft moving 
assembly line. An effective integrated nested optimization 
algorithm is proposed to specify station splitting scheme, 
job scheduling scheme and resources allocation in 
the assembly lines, which is significant for practical 
engineering applications.

In response to the station design and flexible 
resources allocation of the aircraft moving assembly 
line, a new problem named flexible resource investment 
problem based on project splitting (FRIP_PS), which 
minimizes total cost of resources with a given deadline 
are proposed in this paper.

First, a corresponding mathematical model 
considering project splitting is constructed, which needs 
to be simultaneously determined together with job 
scheduling to acquire the optimized project scheduling 
scheme and resource configurations. Then, an integrated 
nested optimization algorithm including project splitting 
policy and job scheduling policy is designed in this paper. 
In the first stage of the algorithm, a heuristic algorithm 
designed to get the project splitting scheme and then 
in the second stage a genetic algorithm with local 
prospective scheduling strategy is adopted to solve the 
flexible resource investment problem.

5. The coupling mechanism of reassembly quality 
with uncertainty of remanufactured parts
Authors: Cuixia Zhang, Conghu Liu, Jianqing Chen, 
Qiang Li, Kang He, Mengdi Gao, Wei Cai

This study provides practical implications by developing 
a multivariate nonlinear mapping model for reassembly 
quality based on entropy to determine the uncertainty 
factors that affect the reassembly quality significantly and 
then correct the reassembly operation to better optimize 
the allocation of remanufacturing production resources. 
The study also theoretically contributes to reveal the 

coupling mechanism of reassembly quality with the 
uncertainty of remanufactured parts.

The uncertainty of remanufacturing parts is a key 
factor affecting the quality of remanufactured products. 
Therefore, the purpose of this paper is to measure 
the uncertainty of remanufactured parts and study the 
coupling mechanism of reassembly quality.

First, uncertainty of remanufactured parts is analyzed, 
and the uncertainty measure model for remanufacturing 
parts based on entropy is constructed. Second, the 
nonlinear mapping model between the uncertainty and 
reassembly quality were studied using Gauss-Newton 
iterative method to reveal the coupling mechanism 
between uncertainty of remanufacturing parts and 
reassembly quality. Finally, the model is verified in the 
reassembly process of remanufacturing cylinder head.

The method can guide reassembly operations to 
improve the reassembly quality with uncertainty of 
remanufactured parts.

6. A 3D assembly model retrieval method based on 
assembly information
Authors: Hu Qiao, Qingyun Wu, Songlin Yu, Jiang Du, 
Ying Xiang

The purpose of this paper is to propose a three-
dimensional (3D) assembly model retrieval method based 
on assembling semantic information to address semantic 
mismatches, poor accuracy and low efficiency in existing 
3D assembly model retrieval methods.

The paper proposes an assembly model retrieval 
method. First, assembly information retrieval is performed, 
and 3D models that conform to the design intention of 
the assembly are found by retrieving the code. On this 
basis, because there are conjugate subgraphs between 
attributed adjacency graphs (AAG) that have an assembly 
relationship, the assembly model geometric retrieval is 
translated into a problem of finding AAGs with a conjugate 
subgraph. Finally, the frequent subgraph mining method 
is used to retrieve AAGs with conjugate subgraphs.

The method improved the efficiency and accuracy of 
assembly model retrieval.

The examples illustrate the specific retrieval process 
and verify the feasibility and reasonability of the assembly 
model retrieval method in practical applications.

The assembly model retrieval method in the paper is 
an original method. Compared with other methods, good 
results were obtained.
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7. A study on product assembly and disassembly 
time prediction methodology based on virtual 
maintenance
Authors: Kaijun Cai, Weiming Zhang, Wenzhuo Chen, 
Hongfei Zhao

Based on virtual maintenance, this paper aims to 
propose a time prediction method of assembly and 
disassembly (A&D) actions of product maintenance 
process to enhance existing methods’ prediction 
accuracy, applicability and efficiency.

First, a framework of A&D time prediction model is 
constructed, which describes the time prediction process 
in detail. Then, basic maintenance motions which can 
comprise a whole A&D process are classified into five 
categories: body movement, working posture change, 
upper limb movement, operation and grasp/placement. 
A standard posture library is developed based on the 
classification. Next, according to motion characteristics, 
different time prediction methods for each motion 
category are proposed based on virtual maintenance 
simulation, modular arrangement of predetermined 
time standard theory and the statistics acquired from 
motion experiment. Finally, time correction based on the 
quantitative evaluation method of motion time influence 
factors is studied so that A&D time could be predicted 
with more accuracy.

This paper proposes a more accurate, efficient and 
applicable product A&D time prediction method. It can 
help designers predict A&D time of a product maintenance 
accurately in early design phases without a physical 
prototype. It can also provide basis for the verification 
of maintainability, the balance of the design of product 
structure and system layout.

8. An efficient algorithm for U-type assembly line re-
balancing problem with stochastic task times
Authors: Faruk Serin, Süleyman Mete, Erkan Çelik

In this paper, a genetic algorithm is proposed to solve 
approach for U-type assembly line re-balancing problem 
using stochastic task times.

Changing the product characteristics and demand 
quantity resulting from the variability of the modern market 
leads to re-assigned tasks and changing the cycle time 
on the production line. Therefore, companies need re-
balancing of their assembly line instead of balancing. The 
purpose of this paper is to propose an efficient algorithm 
approach for U-type assembly line re-balancing problem 
using stochastic task times.

The performance of the genetic algorithm is tested 
on a wide variety of data sets from literature. The task 
times are assumed normal distribution. The objective 

is to minimize total re-balancing cost, which consists of 
workstation cost, operating cost and task transposition 
cost. The test results show that proposed genetic 
algorithm approach for U-type assembly line re-balancing 
problem performs well in terms of minimizing total re-
balancing cost.

Demand variation is considered for stochastic U-type 
re balancing problem. Demand change also affects cycle 
time of the line. Hence, the stochastic U-type re-balancing 
problem under four different cycle times are analyzed to 
present practical case.

9. Precise on-line non-target pose measurement for 
cylindrical components based on laser scanning
Authors: Jieyu Zhang, Yuanying Qiu, Xuechao Duan, 
Changqi Yang

Thus, this paper aims to provide a precise on-line 
non-target scanning method based on 3D vision.

Cylindrical components are common in industry 
assembly areas. It is necessary to obtain their precise 
positions and orientations for their assemblies. But some 
measurement approaches relying on measuring targets 
are not allowed, as they may not meet the efficiency 
requirement of on-line measurement or may cause 
surface damages to the components.

First, a laser profile sensor is used to acquire point 
cloud of the side surface of the measured cylindrical 
component. Then a composite process is conducted to 
estimate the pose and position of the axis. Aiming at 
this purpose, two fitting approaches, i.e., axis fitting and 
generatrix fitting, are tried respectively to estimate the 
pose parameters from the point cloud.

The results of Monte Carlo simulations demonstrate 
that neither the axis fitting nor the generatrix fitting 
could solely obtain the needed accuracy and precisions 
roundly. Thus, a new synthesis method is presented. And 
the results of prototype experiments validate the excellent 
accuracy and precision of the synthesis method.

This proposed new synthesis method combines the 
advantages of both the above fitting methods and can 
be easily integrated into the assembly line to guide 
the automation assembly process of the cylindrical 
components precisely.

10. Classification, representation and automatic 
extraction of adhesively bonded assembly 
features
Authors: Shantanu Kumar Das, Abinash Kumar Swain
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This paper aims to present the classification, 
representation and extraction of adhesively bonded 
assembly features (ABAFs) from the computer-aided 
design (CAD) model.

The ABAFs are represented as a set of faces with 
a characteristic arrangement among the faces among 
parts in proximity suitable for adhesive bonding. The 
characteristics combination of the faying surfaces and 
their topological relationships help in classification of 
ABAFs. The ABAFs are classified into elementary and 
compound types based on the number of assembly 
features exist at the joint location.

A set of algorithms is developed to extract and identify 
the ABAFs from CAD model. Typical automotive and 
aerospace CAD assembly models have been used to 
illustrate and validate the proposed approach.

New classification and extraction methods for ABAFs 
are proposed, which are useful for variant design.

11. Precise on-line non-target pose measurement for 
cylindrical components based on laser scanning
Authors: Hui Wang, Jingsong Peng, Bing Zhao, Xin-
Dong Zhang, Jie Yu, Yuan Li, Mao-Min Wang

This paper aims to present a fundamental approach 
on modeling and performance analysis of the blade–
fixture system.

Near-net-shaped processes of jet engine blade 
have better performance in both reducing the material 
waste during production and improving work reliability 
in service, while the geometric features of blade, both 
sculptured surface and thin-walled shape, make the 
precise machining of blade challenging and difficult owing 
to its dynamics behaviors under complex clamping and 
machining loads. 

A computerized framework on the complex blade–
fixture dynamic behavior has been developed. Theoretical 
mechanic analysis on blade fixturing and machining is 
proposed with an especial emphasis on the boundary 
conditions of the blade–fixture system. Then the finite 
element analysis (FEA) method is used to simulate the 
variation trend of preloads, stiffness and blade distortion. 
The strong influence of parameters of workpiece–fixture 
configuration on blade distortion and machining error is 
investigated.

The adaptive machining of near-net-shaped jet 
engine blade is a new high-performance manufacturing 
technology in aerospace production. This study provides 
a fundamental methodology for the performance analysis 
of blade-fixture system, to clear the variation law of blade 
distortion during preloading and machining, which will 

contribute to minimize the machining error and improve 
productivity.

12. Structure-function correlations analysis and 
functional semantic annotation of mechanical 
CAD assembly model
Authors: Zhoupeng Han, Rong Mo, Haicheng Yang, 
Li Hao

This paper aims to find an approach for structure-
function correlations analysis and functional semantic 
annotation of mechanical CAD assembly model before 
functional semantic-based assembly retrieval.

Three-dimensional computer-aided design (CAD) 
assembly model has become important resource for 
design reuse in enterprises, which implicates plenty 
of design intent, assembly intent, design experience 
knowledge and functional structures. To acquire quickly 
CAD assembly models associated with specific functions 
by using product function requirement information in the 
product conceptual design phase for model reuse.

An approach for structure-function correlations 
analysis and functional semantic annotation of CAD 
assembly model is proposed.

The correlation between structure and function 
is analyzed effectively, and functional semantics 
corresponding to structures in CAD assembly model are 
labeled. Additionally, the relationships between functional 
structures, assembled parts and functional semantics can 
be described explicitly and formally.

The paper proposes a novel approach for structure-
function correlations analysis and functional semantic 
annotation of mechanical CAD assembly model. 
Functional structures in assembly model are extracted 
and analyzed from the point of view of assembly structure 
and function part structure. Furthermore, the correlation 
relation between structures, assembled parts and 
functional semantics is expressed explicitly and formally 
based on polychromatic sets.

13. RFID-based tracking and monitoring approach of 
real-time data in production workshop
Authors: Xixing Li, Baigang Du, Yibing Li, Kejia 
Zhuang

This paper aims to develop a novel RFID-based 
tracking and monitoring approach of real-time data in 
production workshop (TMrfid) to solve them.

In practical workshop production process, there are 
many production emergencies, e.g. new manufacturing 
tasks, facilities failure and tasks change. On one hand, 
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it results in poor timeliness and reliability of real-time 
production data collection, acquisition and transmission; 
on the other hand, it increases the difficulty of real-time 
data tracking and monitoring. At first, a three-layer model 
of real-time data based on RFID has been constructed, 
which contains RFID-based integrated acquisition center; 
“RFID & Cloud-service-rules”-based calculation and 
analysis center; and “RFID & Ontology-knowledge-base”-
based monitoring and scheduling center. Then, a targeted 
analysis and evaluation method of TMrfid with feasibility, 
quality and performance has been proposed. Finally, 
a prototype platform of a textile machinery manufacturing 
enterprise has been built to verify the effective of TMrfid.

The effectiveness of TMrfid is verified by applying 
two groups of actual experimental data from the case 
enterprise, the results show that TMrfid can promote 
the efficiency, reliability and feasibility of tacking and 
monitoring of real-time data in production workshop.

RFID-based tracking and monitoring approach of real-
time data in production workshop has been developed 
to solve the data information transmission and sharing 
problem. Three analysis and evaluation approaches have 
been introduced to solve the un-standardized evaluation 
problem of RFID application. A prototype platform of 
a textile machinery manufacturing enterprise has been 
constructed.

14. Integrated design environment for reusable 
modular assembly systems
Authors: Pedro Ferreira, Paul Danny Anandan, 
Ivo Pereira, Vikrant Hiwarkar, Mohmed Sayed, 
Niels Lohse, Susana Aguiar, Gil Gonçalves, Joana 
Gonçalves, Fabian Bottinger

This paper aims to provide a service-based integrated 
prototype framework for the design of reusable modular 
assembly systems (RMAS) incorporating reusability of 
equipment into the process. It extends AutomationML 
(AML) developments for an engineering data exchange 
to integrate and standardize the data formats that support 
the design of RMAS.

The approach provides a set of systematic procedures 
and support tools for the design of RMAS. This includes 
enhanced domain knowledge models that facilitate the 
interpretation and integration of information across the 
design phases.

The inclusion of reusability aspects in the design phase 
improves the sustainability of future assembly systems, 
by ensuring equipment use until its end-of-life. Moreover, 
the integrated support tools reduce the design time, while 
improving the quality/performance of the system design 
solution, as it enables the exploration of a larger solution 

space. This will result in a better response to dynamic 
and rapidly changing system requirements.

This work provides a sustainable approach for the 
design of modular assembly systems (MAS), which 
will ensure better resource utilization. Additionally, 
the standardization of the data and the support of low 
cost tools is expected to benefit industrial companies, 
particularly the small- and medium-sized enterprises.

15. A multimedia case-based reasoning framework 
for assembly sequence planning
Authors: Junhao Chen, Xiaoliang Jia

Assembly sequence planning (ASP) is a crucial job 
during assembly process design. However, it is still 
difficult to reuse the existing solution to solve a new ASP 
problem. In particular, with the rapid development of 
digital technologies, the reusable assembly information of 
an existing solution is not concentrated in one multimedia 
but dispersed in multiple heterogeneous multimedia, 
e.g. text, three-dimensional graphics, even images and 
videos. This paper aims to propose a multimedia case 
(MC)-based reasoning framework to solve ASP by 
reusing the existing solution whose assembly information 
is dispersed in multimedia.

The proposed framework is designed with the 
introduction of the MC. An MC seamlessly integrates the 
dispersed assembly information of an existing solution. 
Under the proposed concept and architecture, the 
assembly information of an existing solution is extracted to 
build assembly descriptors of multimedia. Therefore, the 
MC is captured by organizing the assembly descriptors of 
corresponding multimedia.

By means of the framework proposed, it is possible to 
reuse the existing solution whose assembly information 
is dispersed in multimedia to solve ASP. Moreover, the 
extraction method of assembly information can flexibly 
parse most of the multimedia. Finally, the MC has the 
capability to represent the existing solution by collecting 
dispersed assembly information.

The proposed framework can discover the similar 
existing solution and avoid the potential failures 
confronted in the past so that the feasibility of ASP result 
can be improved as much as possible.

16. An MBD based framework for relative position 
accuracy measurement in digital assembly of 
large-scale component
Authors: Guijiang Duan, Zhibang Shen, Rui Liu

This paper aims to promote the integration of the 
relative position accuracy (RPA) measurement and 
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evaluation in digital assembly process by adopting the 
model-based method. An integrated framework for RPA 
measurement is proposed based on a model-based 
definition (MBD) data set. The study also aims to promote 
the efficiency of inspection planning of RPA measurement 
by improving the reusability and configurability of the 
inspection planning.

The works have been carried out on three layers. In 
the data layer, an extended MBD data set is constructed 
to describe the objects and data for defining RPA 
measurement items; In definition layer, a model based and 
hierarchical structure for RPA item definition is constructed 
to support quick definition for RPA measurement items. 
In function layer, a toolset consisting three modules is 
constructed in a sequence from measurement planning to 
RPA value solving to visualized displaying again. Based 
on this framework, a prototype system is developed.

The paper provides an identified practice of model-
based inspection. It suggests that MBD is valuable in 
promoting both the integration and efficiency of digital 
inspection.

The templates and constructed geometry objects 
given in this paper are still limited in a scenario of aircraft 
assembly. The integrity and universality of them still need 
follow-up works.

The paper includes implications for the model based 
digital inspection, the digital assembly and the extended 
application of MBD.

17. Complementary projector for null-space stiffness 
control of redundant assembly robot arm
Authors: Nikola Lukic, Petar B. Petrovic

Stiffness control of redundant robot arm, aimed at 
using extra degrees of freedom (DoF) to shape the robot 
tool center point (TCP) elastomechanical behavior to 
be consistent with the essential requirements needed 
for a successful part mating process, i.e., to mimic part 
supporting mechanism with selective quasi-isotropic 
compliance (Remote Center of Compliance – RCC), with 
additional properties of inherent flexibility.

Theoretical analysis and synthesis of the 
complementary projector for null-space stiffness control 
of kinematically redundant robot arm. Practical feasibility 
of the proposed approach was proven by extensive 
computer simulations and physical experiments, based 
on commercially available 7 DoF SIA 10 F Yaskawa 
articulated robot arm, equipped with the open-architecture 
control system, system for generating excitation force, 
dedicated sensory system for displacement measurement 
and a system for real-time acquisition of sensory data.

A novel complementary projector was synthesized 
based on the adopted objective function. Practical 
verification was conducted using computer simulations 
and physical experiments. For the needs of physical 
experiments, an adequate open-architecture control 
system was developed and upgraded through the 
implementation of the proposed complementary projector 
and an adequate system for generating excitation and 
measuring displacement of the robot TCP. Experiments 
demonstrated that the proposed complementary projector 
for null-space stiffness control is capable of producing 
the task-space TCP stiffness, which can satisfy the 
essential requirements needed for a successful part-
mating process, thus allowing the redundant robot arm 
to mimic the RCC supporting mechanism behavior in 
a programmable manner.

18. Design and human–machine compatibility 
analysis of Co-Exos II for upper-limb rehabilitation
Authors: Leiyu Zhang, Jianfeng Li, Shuting Ji, Peng 
Su, Chunjing Tao, Run Ji

Upper-limb joint kinematics are highly complex and 
the kinematics of rehabilitation exoskeletons fail to 
reproduce them, resulting in hyperstaticity and human–
machine incompatibility. The purpose of this paper is to 
design and develop a compatible exoskeleton robot (Co-
Exos II) to address these problems.

The configuration synthesis of Co-Exos II is completed 
using advanced mechanism theory. A compatible 
configuration is selected and four passive joints are 
introduced into the connecting interfaces based on optimal 
configuration principles. A Co-Exos II prototype with 
nine degrees of freedom (DOFs) is developed and still 
owns a compact structure and volume. A new approach 
is presented to compensate the vertical glenohumeral 
(GH) movements. Co-Exos II and the upper arm are 
simplified as a guide-bar mechanism at the elevating 
plane. The theoretical displacements of passive joints are 
calculated by the kinematic model of the shoulder loop. 
The compatible experiments are completed to measure 
the kinematics of passive joints.

The compatible configuration of the passive joints 
can effectively reduce the gravity influences of the 
exoskeleton device and the upper extremities. The 
passive joints exhibit excellent compensation effect for 
the GH joint movements by comparing the theoretical 
and measured results. Passive joints can compensate 
for most GH movements, especially vertical movements.

Co-Exos II possesses good human–machine 
compatibility and wearable comfort for the affected upper 
limbs. The proposed compensation method is convenient 
to therapists and stroke patients during the rehabilitation 
trainings.
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19. A survey on data-driven process monitoring and 
diagnostic methods for variation reduction in 
multi-station assembly systems
Authors: Yinhua Liu, Rui Sun, Sun Jin

Driven by the development in sensing techniques and 
information and communications technology, and their 
applications in the manufacturing system, data-driven 
quality control methods play an essential role in the 
quality improvement of assembly products. This paper 
aims to review the development of data-driven modeling 
methods for process monitoring and fault diagnosis in 
multi-station assembly systems. Furthermore, the authors 
discuss the applications of the methods proposed and 
present suggestions for future studies in data mining for 
quality control in product assembly.

This paper provides an outline of data-driven process 
monitoring and fault diagnosis methods for reduction 
in variation. The development of statistical process 
monitoring techniques and diagnosis methods, such as 
pattern matching, estimation-based analysis and artificial 
intelligence-based diagnostics, is introduced.

A classification structure for data-driven process 
control techniques and the limitations of their applications 
in multi-station assembly processes are discussed. From 
the perspective of the engineering requirements of real, 
dynamic, nonlinear and uncertain assembly systems, 
future trends in sensing system location, data mining 
and data fusion techniques for variation reduction are 
suggested.

This paper reveals the development of process 
monitoring and fault diagnosis techniques, and their 
applications in variation reduction in multi-station 
assembly.

20. Assembly variation analysis of compliant 
mechanisms by combining direct linearization 
method and Lagrange’s equations
Authors: Zhihua Niu, Zhimin Li, Sun Jin, Tao Liu

This paper aims to carry out assembly variation 
analysis for mechanisms with compliant joints by 
considering deformations induced by manufactured 
deviations. Such an analysis procedure extends the 
application area of direct linearization method (DLM) 
to compliant mechanisms and also illustrates the 
dimensional interaction within multi-loop compliant 
structures.

By applying DLM to both geometrical equations 
and Lagrange’s equations of the second kind, an 
analytical deviation modeling method for mechanisms 
with compliant joints are proposed and further used for 
statistical assembly variation analysis. The precision of 
this method is verified by comparing it with finite element 
simulation and traditional DLM.

A new modeling method is proposed to represent 
kinematic relationships between joint deformations and 
parts/components deviations. Based on a case evaluation, 
the computational efficiency is improved greatly while the 
modeling accuracy is maintained at more than 94% rate 
comparing with the benchmark finite element simulation.

The Equilibrium Equations of Incremental Forces 
derived from Lagrange’s equations are proposed to 
quantitatively represent the relationships between 
manufactured deviations and assembly deformations. 
The present method extends the application area of DLM 
to compliant structures, such as automobile suspension 
systems and some Micro-Electro-Mechanical-Systems.
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