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Original scientific paper 

CONTRIBUTION ON INVESTIGATING THE POSSIBILITY OF USING  

TWO-PARAMETER FREQUENCY ANALYSIS IN EXPERIMENTAL PARAMETER 

IDENTIFICATION OF TORQUE VIBRATIONS OF VEHICLE CARDAN SHAFTS 

Miroslav Demić 

Academy of Engineering Sciences, Belgrade 

demic@kg.ac.rs 

A b s t r a c t. During exploitation, motor vehicles are subjected to vibration loads that lead to fatigue of their 

users and materials of their aggregates. Therefore, vibrations must be studied from the earliest stage of development, 

using mathematical models, experiments, or their combinations. In theoretical studies, vibrations of concentrated 

masses are usually observed, although, with the development of numerical methods (especially finite element method), 

attention is paid to vibrations of elastic vehicle systems. Then, idealizations are usually made, especially regarding 

operational conditions and relationships between motor vehicle aggregates. In this paper, an attempt was made to de-

velop a method for identifying real vibration loads of elastic vehicle cardan shafts under operational conditions. 

Namely, 2D Fourier transformation was used for two-parameter frequency analysis. The possibility of the procedure's 

application was demonstrated on an idealized elastic cardan shaft. The research showed that two-parameter frequency 

analysis can be used to generate torsional vibrations of elastic vehicle cardan shafts in laboratory conditions. 

Key words: vehicle; elastic cardan shaft; torsional vibrations; two-parameter frequency analysis 

ПРИЛОГ КОН ИСТРАЖУВАЊЕ НА МОЖНОСТА ЗА КОРИСТЕЊЕ АНАЛИЗА  

НА ФРЕКВЕНЦИЈАТА СО ДВА ПАРАМЕТРА ЗА ЕКСПЕРИМЕНТАЛНА  

ИДЕНТИФИКАЦИЈА НА ПАРАМЕТРИТЕ НА ВРТЕЖНИОТ МОМЕНТ  

НА КАРДАНСКИТЕ ОСКИ НА ВОЗИЛОТО 

А п с т р а к т. За време на експлоатацијата, моторните возила се подложени на вибрациони оптоварувања 

што доведуваат до замор на материјалите на нивните агрегати. Затоа вибрациите мора да се проучуваат уште 

од најраната фаза на развој, користејќи математички модели, експерименти или нивни комбинации. Во теорет-

ските студии обично се разгледуваат вибрации на концентрирани маси, иако, со развојот на нумеричките ме-

тоди (особено методот на конечни елементи), им се посветува внимание и на вибрациите на еластичните 

системи на возилата. Потоа обично се прават идеализации, особено во однос на условите за работа и односите 

меѓу агрегатите на моторните возила. Во овој труд беше направен обид да се развие метод за идентификување 

на реалните вибрациони оптоварувања на еластичните кардански вратила на возилото при работни услови. 

Имено, за анализа на фреквенцијата со два параметра се користеше 2D Фуриеова трансформација. Можноста 

за примена на постапката беше демонстрирана на идеализирана еластична осовина. Истражувањето покажа 

дека анализата на фреквенцијата со два параметра може да се користи за да се генерираат торзиони вибрации 

на еластичните вратила на возилото во лабораториски услови. 

Клучни зборови: возило; еластично вратило; торзиони вибрации; анализа на фреквенција со два параметра 

1. INTRODUCTION 

During exploitation, motor vehicles are sub-

jected to vibration loads that lead to fatigue of their 

users and materials of their aggregates. Therefore, 

vibrations must be studied from the earliest stage of 

development, using mathematical models, experi-

ments, or their combinations.  

In theoretical studies, vibrations of concen-

trated masses are usually observed, although, with 

https://doi.org/10.55302/MESJ23412666075d%0d
https://doi.org/10.55302/MESJ23412666075d%0d
mailto:demic@kg.ac.rs
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the development of numerical methods (especially 

finite element method), attention is paid to vibra-

tions of elastic vehicle systems. Then, idealizations 

are usually made, especially regarding operational 

conditions and relationships between vehicle aggre-

gates [1]. 

The specificity of vehicle operational condi-

tions is their random character [1], which signifi-

cantly complicates theoretical considerations using 

models, so experiments are practical and irreplace-

able. Namely, despite significant progress in devel-

oping software for automatic vehicle design and cal-

culation [4], the final judgment on their characteris-

tics is based on experimental research. Therefore, 

experimental methods are still significant today.  

When it comes to elastic vehicle cardan shafts 

subjected to torsional vibrations, a problem often 

arises in identifying the parameters of these vibra-

tions. Methods for identifying them are developed, 

as is the case with modal analysis [5–10]. In practi-

cal terms, vibration modes are determined in labor-

atory conditions. However, a problem arises in the 

case when actual exploitation conditions are neces-

sary to generate the torsional loads of the cardan 

shaft on test benches, as the modal analysis does not 

provide sufficient opportunities for generating these 

signals in the time domain.  

Therefore, it was deemed useful to develop a 

procedure for identifying the parameters of tor-

sional vibrations of elastic vehicle cardan shafts, 

which would enable their generation in laboratory 

conditions.  

One possibility is frequency analysis using the 

Fourier transform, which enables the determination 

of the frequency content of signals by calculating 

the spectra magnitudes and phase angles [11, 12], 

that allow the generation of an original, time-de-

pendent signal using the inverse Fourier transform, 

which is routinely performed in cases where the sig-

nal depends only on time [11].  

However, vibrations of elastic systems depend 

on multiple parameters (dimensions and time), sug-

gesting that a multi-parameter Fourier transform 

must be used. In the case of an idealized cardan 

shaft (with other types of vibration ignored), tor-

sional vibrations change along the length of the 

shaft and depend on time, so the so-called two-pa-

rameter Fourier transformation (2D) must be ap-

plied [13, 14]. 

This paper will analyze the possibility of using 

a two-parameter Fourier transform to create condi-

tions for studying vibrations of elastic vehicle car-

dan shafts in laboratory conditions. 

Therefore, a general expression for the Fourier 

transform in case of multiple variables will be given 

[15]:  

𝐹(𝜉1, 𝜉2 … . 𝜉𝑛) = ∫ 𝑒 − 2𝜋𝑖(𝑥1𝜁1
𝑅𝑛

+  𝑥2𝜁2 + 

+ ⋯ 𝑥𝑛𝜁𝑛) ∗ 𝑓(𝑥1, 𝑥2 … . 𝑥𝑛)𝑑𝑥1𝑑𝑥2 ∗∗∗∗ 𝑑𝑥𝑛 (1) 

where:  

𝑓(𝑥1, 𝑥2. . . . 𝑥𝑛) – a function of n variables,  

𝑥1, 𝑥2, . . . . 𝑥𝑛     – variables,  

𝜉1, 𝜉2. . . . . . 𝜉𝑛  – circular frequency, and  

∫ – multiple integrals (double for 2D, triple for 3D, etc. )
𝑅𝑛

. 

2. METHOD 

As previously mentioned, this paper aims to 

investigate the possibility of using two-parameter 

frequency analysis (2D Fourier transformation) in 

identifying parameters of torsional vibrations of 

elastic vehicle cardan shafts. In the absence of ex-

perimental data on registered torsional vibrations of 

the shaft, the method is illustrated with data ob-

tained from a dynamic simulation using its mathe-

matical model. As is known, vibrations of elastic el-

ements are described by partial differential equa-

tions [13,14]. For further consideration, Figure 1 

will be observed.  

 
Fig. 1. The concept of transmission (1 a),  

partial scheme of cardan shaft (1 b),  

and  cardan shaft model (1c) 
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Figure 1 shows the concept of transmission of 

the observed commercial motor vehicle (1a). Given 

that this transmission concept is widely applied in 

practice, it has been deemed appropriate not to give 

any further explanations. The cardan shaft is in-

tended to transmit the torque from the gearbox to the 

drive axle in cases where their axes do not overlap, 

as illustrated in Figure (1b). A simplified model of 

an elastic cardan shaft is shown in Figure (1c).  

When defining the model to describe the tor-

sional vibrations of the elastic cardan shaft, the fol-

lowing assumptions were made:  

– the influence of its mass on the occurrence of 

transverse vibrations was neglected,  

– the shaft was cylindrical (tube) with a 

constant outer and inner diameter along its length,  

– the shaft was completely dynamically bal-

anced and the influence of clearance in the joints 

was neglected, but friction losses in the joints of the 

shaft were included.  

Given that the partial differential equations 

that describe torsion vibrations of elastic bodies, 

which also applies to the cardan shaft, is described 

in detail in [13, 14], it will not be done here, but its 

final form will be given. Given the assumptions 

made, forced torsional vibrations of the elastic car-

dan shaft [13,14] are described by the partial differ-

ential equation:  

 
𝜕2𝑢

𝜕𝑡2 = 𝑐2 𝜕2𝑢

𝜕𝑥2 + 𝑓(𝑥, 𝑡),  (2) 

where:  

u (x, t) – torsional vibrations of the cardan shaft,  

x          – coordinate along the length of the shaft,  

f (x, t)    – forced torque originating from unbalanced 

motor forces and the random character of 

micro-roughness,  

t           – time, and  

𝑐2 =
𝐺

𝜌
 , 

where: 

G – shear modulus, and 

ρ – density of the shaft material.  

As is known [13,14,16], to find the general in-

tegral of the partial differential equation (2), it is 

necessary to know the boundary and initial condi-

tions. As is known, the torsional torque caused by 

vibrations of the cardan shaft can be expressed [13, 

14, 16]:  

 𝑀 = 𝐺𝐼0
𝜕𝑢(𝑥,𝑡)

𝜕𝑥
. (3) 

where:  

I0  – a polar moment of inertia given by the ex-

pression for a circular ring cross-section:  

𝐼0 =
𝜋(𝑅4 − 𝑟4)

2
 

where:  

R – outer, and  

r – inner radius of the cardan shaft tube.  

The left boundary condition of the cardan shaft 

is defined by the equality of the output torque from 

the gearbox and the torsional torque transferred to 

it. The right boundary condition of the cardan shaft 

is defined by the equality of the torque that needs to 

be brought to the drive axle and the torsional torque 

of the shaft.  

For further consideration, Figure 1b will be ob-

served.  

Without delving into the theory of spherical 

motion of the universal joint, which is extensively 

explained in [17, 18], the vector of the angular ve-

locity of the output shaft of the gearbox is projected 

onto the axis of the cardan shaft, and the following 

relationship applies:  

𝜔𝑐 = 𝜔1 cos( 𝛾) 

where   is the angle of the universal joint.  

The opposite situation occurs at the right end, 

where the following relationship can be written for 

the angular velocity of the input shaft of the drive 

shaft:  

𝜔𝑐 = 𝜔2 cos( 𝛾), 

where 2  the angular velocity of the drive shaft.  

To define the boundary conditions, it is neces-

sary to calculate the output torque from the gearbox 

and the input torque to the drive axle. Based on the 

power equality that is transmitted from the gearbox 

to the left cross joint of the cardan shaft, we have:  

 𝑀1𝜔1 = 𝑀𝑐𝜔𝑐 = 𝑀𝑐𝜔1 cos( 𝛾). (4) 

The same can be written for the right cross 

joint of the cardan shaft (where the influence of fric-

tion is included in the joints of the cardan shaft via 

the efficiency factor c ):  

 𝑀𝑐𝜔𝑐𝜂𝑐 = 𝑀2𝜔2 = 𝑀2
𝜔𝑐

cos(𝛾)
. (5) 

where M2 is the input torque to the drive axle.  
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The torque M2 will be calculated from the trac-

tion balance during slow uniform motion of the ob-

served commercial motor vehicle on a road with a 

longitudinal slope defined by the longitudinal angle 

 . Given the conditions of the observed vehicle 

motion, the required moment on the input shaft of 

the drive axle M2 is defined by the expression [19]:  

 𝑀2 =
𝑚𝑔(𝑓 cos 𝛼+sin 𝛼)𝑟𝑑

𝑖0𝜂0
. (6) 

where: 

m  – the mass of the vehicle,  

g   – the acceleration due to gravity,  

  – the longitudinal slope angle,  

f    – the coefficient of rolling resistance,  

i0   – the gear reduction in the drive shaft,  

0 – the efficiency of the drive axle.  

Based on expressions (3), (4), and (6), the 

boundary condition for the left end of the cardan 

shaft is obtained:  

 
∂𝑢(𝑥,𝑡)

∂𝑥
=

1

𝐺𝐼0

𝑀1

cos(𝛾)
, (7) 

while based on expressions (3), (5), and (6), the 

boundary condition for the right end of the cardan 

shaft can be written:  

 
∂𝑢(𝑥,𝑡)

∂𝑥
=

1

𝐺𝐼0

𝑀2

𝜂𝑐 cos(𝛾)
. (8) 

For the left end of the shaft, x = 0 should be 

placed, and for the right end, x = L (where L is the 

length of the cardan shaft).  

The following initial conditions were assumed 

for the dynamic simulation:  

 𝑢(𝑥, 𝑡) = 0;     
∂𝑢(𝑥,𝑡)

∂𝑡
= 0 (9) 

for t = 0.  

It was deemed appropriate to use a forced 

torque (excitation function) in partial differential 

equation (2) that takes into account the imbalance of 

the engine's torque or the random nature of the lon-

gitudinal micro-roughness of the road.  

More precisely, in the absence of real data, it 

was assumed that the engine torque changes with 

twice the frequency of the number of revolutions 

(the so-called second harmonic), and that the effect 

of longitudinal road roughness can be represented 

by a random function [19], i.e.:  

𝑓(𝑥, 𝑡) = 𝑎𝑚 sin( 4𝜋𝑛𝑡) 

𝑓(𝑥, 𝑡) = 𝑎𝑚[(𝑟𝑛𝑑 − 0.5) + sin( 4𝜋𝑛𝑡)] 

where:  

am – amplitude,  

rnd – random numbers uniformly distributed 

in the interval 0,1,  

n – number of engine revolutions, and  

t – time.  

The partial differential equation (2), with 

boundary and initial conditions (7), (8), and (9), can 

be solved only in the case of harmonic excitation 

[13, 14], so an attempt was made to solve it using 

the Wolfram Mathematica 13.2 program [15]. How-

ever, difficulties arose with listing numerical data, 

so it was decided to solve the problem numerically 

[20], using the finite difference method. As this pro-

cedure is known from [20], it will not be discussed 

here, and the problem was solved using a developed 

program in Pascal.  

The dynamic simulation was performed for a 

steel elastic cardan shaft, using the following data: 

m = 22000 kg; i0 = 7.85; iI = 6.87; rd = 520 mm; 

0  = 0.90; c = 1; G = 8·104 N/mm2;  = 8·10–6 

kg/mm3; R = 125 mm, r = 100 mm; nx = 256; hx = 

5 mm; nt = 256; ht = 0.01 s; am = 20 Nm;  = 6 o.  

As torsional vibrations of the elastic cardan 

shaft depend on two parameters, 3D graphics are re-

quired to represent them graphically. For illustra-

tion, the results of the numerical integration of the 

partial differential equation (2) are shown for the 

used boundary and initial conditions in Figures 2 

and 3. 

 
Fig. 2. Torsional vibrations of the cardan shaft for the forced 

torque f(x, t) = am·sin(2nt)  
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Fig. 3. Torsional vibrations of the cardan  shaft for the forced 

torque f (x,t) = am[sin(2nt) + (rnd–0.5)] 

In Figure 2, harmonic waves along the length 

of the shaft can be observed due to the unbalanced 

second harmonic of the motor, which is following 

the theoretical solutions from [13, 14].  

Figure 3 shows the simultaneous effect of the 

unbalanced engine torque and road microroughness 

on the torsional vibrations of the elastic cardan 

shaft, but in this case, randomly-shaped waves ap-

pear.  

Since the torsional vibrations of the elastic car-

dan shaft depend on two parameters (displacement 

x and time t), it is necessary to apply 2D Fourier 

transformation. To implement it, the author devel-

oped software in Pascal. However, considering the 

available commercial software on the market, it was 

deemed appropriate to use Origin 8.5 [21] in further 

analyses, as potential users will have easier access 

to that software.  

Using the mentioned software, the spectra 

magnitudes and phases of the two-parameter Fou-

rier transformation were calculated, and, for illus-

tration purposes, the results are shown in Figures 4–

7.  

 
Fig. 4. The module spectrum of torsional vibrations  

of the cardan shaft for the forced torque  

f (x,t) = am*sin(2nt) 

 
Fig. 5. The phase angle of torsional vibrations of the cardan 

shaft for the forced torque f (x,t) = am*sin(2nt) 

 

Fig. 6. The module spectrum of torsional vibrations  

of the cardan shaft for the forced torque  

f (x,t) = am[sin(2nt) + (rnd–0.5)] 

 
Fig. 7. The phase angle of torsional vibrations of the cardan 

shaft for the forced torque  

f (x,t) = am[sin(2nt) + (rnd–0.5)] 
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3. DATA ANALYSIS  

Based on the data analysis shown in images 4-

7, it can be concluded that the spectra magnitude 

modules and phase angles describe the wave char-

acter of torsional vibrations of the elastic propeller 

shaft, which is consistent with the theoretical solu-

tions from [13, 14].  

The waves are more clearly visible in cases of 

harmonic disturbance of the form am·sin(2nt), while 

in the case of using a disturbance function 

am[sin(2nt) + (rnd – 0.5)], the waves are random, as 

expected.  

Based on previous analyses, it can be claimed 

that 2D Fourier transformation reliably enables data 

analysis of torsional vibrations of the elastic cardan 

shaft, which can have practical applications, as the 

inverse Fourier transformation enables laboratory 

generation of identical vibrations in operational 

conditions [22]. The inverse Fourier transformation 

can be realized using the aforementioned software 

Origin 8.5 [21].  

During operational testing, it is necessary to 

register torsional vibration parameters of the elastic 

cardan shaft (stress, angular displacement, speed, or 

acceleration) along its length, over longer periods. 

Minimum and maximum frequency values depend 

on the length of the shaft, i.e. length of the time sig-

nal and discretization step.  

First, it is necessary to adopt the maximum in-

teresting frequencies fxmax and ftmax, then the set-

ting step of the transducer and sampling of the time 

signal is defined based on the equation (Nyquist fre-

quency) [11]: 

ℎ𝑥  = 
1

2𝑓𝑥𝑚𝑎𝑥
      ℎ𝑡  = 

1

2𝑓𝑡𝑚𝑎𝑥
. 

The minimum interesting frequency is deter-

mined based on the length of the shaft (L = nx·hx) 

or the length of the time signal (T = nt·ht), according 

to the expressions:  

 𝑓𝑥𝑚𝑖𝑛
=

1

𝐿
        𝑓𝑡𝑚𝑖𝑛

 

It should be noted that there are no explicit pro-

cedures for calculating spectral analysis errors for 

two-parameter Fourier transforms, unlike in the 

case of one-dimensional Fourier transforms [11]. 

Taking this into account, as well as the fact that this 

paper aims to illustrate the possibilities of applying 

two-parameter frequency analysis in the study of 

torsional vibrations of elastic cardan shafts in vehi-

cles, analysis of statistical errors was not performed 

in detail.  

The developed procedure has created condi-

tions for analysis of the influence of the integration 

step on the accuracy and stability of partial differ-

ential equation (2) solutions, the influence of design 

parameters on torsional vibrations of elastic cardan 

shafts, the influence of forced torques, and so on. 

However, considering that the results of dynamic 

simulation in this paper served as a replacement for 

missing experimental results, it was evaluated that a 

more detailed analysis is not necessary. 

4. CONCLUSION 

Based on the conducted research, it can be 

stated that the two-parameter Fourier transform re-

liably enables the analysis of experimental data on 

torsional vibrations of elastic cardan shafts.  

The calculated spectra magnitudes and phase 

angles, with the application of inverse 2D Fourier, 

transform, enable the generation of identical vibra-

tions in the laboratory as well as in exploitation con-

ditions.  
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A b s t r a c t: Research on the energy characteristics of systems with ejector thermocompression applied in 

industrial concentrators is presented in this paper. Ejector thermocompression achieves a significant increase in energy 

efficiency. The heat pump cycle in ejectors is realized through the compression of a portion of the waste steam from 

the solution being concentrated, which, together with motive steam from a boiler or another heat generator, is used as 

the driving steam for the concentration process. Thermocompression realized with thermal energy can represent a sig-

nificant advantage over mechanical thermocompression. A setup for the production of concentrated sodium hydroxide 

(NaOH) solution with two ejector thermocompressors is presented, as well as a polygeneration system with a gas engine 

– electricity generator, and an ejector thermocompression system. The proposed solutions have high energy efficiency. 

By implementing thermocompression systems in the production of concentrates, the energy production costs are sig-

nificantly reduced, which positively affects the cost of the produced concentrate. The surplus of electrical energy, as 

well as steam not used in the thermocompression processes, is used to supply energy for the needs of consumers in the 

production facilities. 

Key words: industrial concentrators; NaOH solution; polygeneration thermal systems; energy efficiency;  

gas engine – electricity generator; thermocompression 

ЕНЕРГЕТСКА ЕФИКАСНОСТ НА ИНДУСТРИСКИ КОНЦЕНТРАТОРИ  

СО ЕЈЕКТОРСКА ТЕРМОКОМПРЕСИЈА 

А п с т р а к т: Во трудот се презентирани истражувања на енергетските карактеристики на системи со 

ејекторска термокомпресија применети во индустриски концентратори. Со ејекторска термокомпресија се 

постигнува значително зголемување на енергетската ефикасност. Топлинскиот пумпен циклус кај ејекторите 

се реализира со термокомпресија на еден дел од отпадната водна пареа од растворот кој се концентрира, која 

заедно со примарна пареа од котел или друг генератор на топлина се користи како погонска пареа за процесот 

на концентрирање. Термокомпресијата реализирана со топлинска енергија може да претставува значајна пред-

ност во однос на механичката термокомпресија. Презентирана е постројка за производство концентриран раст-

вор на натриумов хидроксид (NaOH) со два ејекторски термокомпресора, како и полигенеративен систем со 

гасен мотор – електрогенератор, и систем со ејекторска термокомпресија. Предложените решенија овозможу-

ваат постигнување висока енергетска ефикасност. Со имплементација на термокомпресорски системи во 

производството на концентратот значително се намалуваат производните трошоци за енергија, што позитивно 

влијае врз цената на произведениот концентрат. Вишокот на електричната енергија, како и на пареата која не 

се користи во процесите на термокомпресија, се користи за снабдување со енергија за потребите на потрошува-

чите во производните погони. 

Клучни зборови: индустриски концентратори; раствор на NaOH; полигенеративни термички системи; 

енергетска ефикасност; гасен мотор – генератор; термокомпресија

1. INTRODUCTION 

The decrease in traditional energy resources, 

their increasing prices, as well as the current issues 

related to global warming and ozone layer deple-

tion, have necessitated the development of technical 

solutions for rational energy use and increased uti-

lization of alternative energy sources. Increasing 

energy efficiency is a vital component of sustaina-

ble development, and it is a particularly relevant 

https://doi.org/10.55302/MESJ23412667083j%0d%0d
https://doi.org/10.55302/MESJ23412667083j%0d%0d
mailto:aleksandar.gerasimovski@mf.edu.mk
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topic that has sparked numerous research and deve-

lopment activities in the field of thermotechnics and 

thermoenergetics. 

Thermocompression systems, presented in this 

paper, are considered as high-energy efficiency 

thermal systems. Ejector thermocompression sys-

tems utilize thermal energy, and their implementa-

tion in modern technologies represents a significant 

component in the energy sector research [1, 2, 3]. 

Energy consumption during the production of 

a specific product significantly contributes to the 

product's cost. Therefore, achieving a high-quality 

product while minimizing energy costs per unit of 

product is a top priority in the industrial processes. 

This work presents research focused on increasing 

the energy efficiency of industrial concentrators 

through the use of ejector thermocompression sys-

tems. Industrial concentrators find applications in 

various technological processes across the process 

industry (food, pharmaceutical, chemical, inor-

ganic, and other industrial sectors). They are char-

acterized by high energy consumption. Hence, it is 

essential to find solutions aimed at reducing energy 

consumption. 

In ejector thermocompression systems, pri-

mary steam from a boiler or another heat generator 

(waste heat from industrial processes, solar, geo-

thermal energy, etc.) is utilized. Using thermal en-

ergy to realize the thermocompression process can 

be highly advantageous compared to mechanical 

thermocompression, especially when waste heat is 

employed in the production of primary steam [4]. 

The use of high-temperature heat pumps with ejec-

tor thermocompression, where waste heat (water va-

por from the solution) from the concentrator plant is 

elevated to higher pressure and temperature using 

primary steam from the boiler (or other heat gener-

ator) and is used as a driving steam for realization 

of the concentration process is a promising technical 

solution [5]. Utilization of waste heat in high tem-

perature heat pumps with mechanical and ejector 

thermocompression in the process industry and also 

for HVAC&R of buildings is subject of many re-

search and development activities in recently pub-

lished papers [6, 7, 8, 9]. 

The evaporation temperature is a crucial pa-

rameter for the production of concentrates of certain 

products since maintaining the material's essential 

properties during concentration requires treatment 

at proper temperatures. In concentrators using ejec-

tor thermocompression, this requirement represents 

an alternative advantage over classical systems. The 

implementation of ejector thermocompression sys-

tems results in significant energy savings, contrib-

uting to the reduction of the production cost of con-

centrates. 

Depending on the required temperature lift to 
be achieved by the thermocompression process and 
the ratio between the amount of heat (waste steam 
from the solution being concentrated) and the pri-
mary steam from the boiler, relatively high coeffi-
cients of thermotransformation (COPe) can be ob-
tained. COPe is the most relevant parameter for the 
plant's efficiency.  

The concept of dispersed electricity generation 

using a natural gas engine – electricity generator, 

and the implementation of an ejector thermocom-

pression system for the production of technological 

steam and hot water, using the energy from the com-

bustion products and engine cooling, represents a 

highly energy-efficient solution. 

2. EJECTOR THERMOCOMPRESSION HEAT 

PUMP PROCESS IN INDUSTRIAL 

CONCENTRATORS 

Thermocompression in ejector systems is achi-
eved using steam from a steam boiler. Steam pro-
duction from a boiler relies on thermal energy, 
which can provide a significant advantage over me-
chanical thermocompression, especially when 
waste heat is used for steam production. 

A scheme of a concentrator with ejector ther-
mocompression is presented in Figure 1. The figure 
also includes a pressure-enthalpy (p – h) chart show-
ing the thermocompression processes, as well as the 
supersonic steam/steam ejector. 

In the main heat exchanger (evaporator/con-
denser) of the concentrator, the water content in the 
concentrator solution evaporates, utilizing the ener-
gy from the driving steam from the ejector. Pre-
heating of the solution to the evaporation tempera-
ture occurs in the subcooler using the heat from the 
cooling condensate. The heat pump cycle is imple-
mented by thermocompressing a portion of the 
waste steam contained in the solution, from the eva-
poration pressure pe and temperature Ter = Te + ΔTr, 
to a higher pressure pc (corresponding to the con-
densation temperature Tc), to achieve an effective 
temperature difference ΔTe between the temperature 
of the driving steam Tc, that condenses inside the 
pipes, and the solution's evaporation temperature Ter 
(ΔTe = Tc – Ter). The increase in the boiling (evapo-
ration) temperature of the solution (Ter) above the 
boiling (evaporation) temperature of water (Te), for 
a given pressure (pe), (ΔTr = Ter – Te) depends on 
the thermodynamic and thermos-physical properties 
of the solution. For higher concentrations of dry 
matter x in the solution, ΔTr is larger. 



Energy efficiency of industrial concentrators with ejector thermocompression 85 

Маш. инж. науч. спис. 41 (2) 83–88 (2023) 

 

Fig. 1. Ejector thermocompression concentrator, p – h chart and ejector

The increase in the boiling temperature of the 

solution ΔΤr from sodium hydroxide (NaOH) de-

pending on the concentration of dry matter x is 

given in Table 1. 

T a b l e  1 

Dependence of the increase in boiling temperature 

of the solution ΔΤr from the concentration  

of dry matter x [11] 

x (kg/kg) 10 15 20 25 50 

ΔTr (K) 3.5 7.5 11.5 15 40 

 

The temperature difference ΔTe has a signifi-

cant impact on the consumption of boiler motive 

steam in the ejector thermocompression and on the 

optimization of the main heat exchanger (evapora-

tor/condenser). Additional optimization criteria can 

be defined based on the properties of the concen-

trate. For certain concentrates, low-temperature 

treatment in the concentration process is crucial for 

obtaining a high-quality product. Moreover, high 

temperatures can cause issues on the heat exchange 

processes related to fouling of the heat exchanger 

surfaces, increased aggressive and corrosive prop-

erties of the solution, and more. 

In some concentration processes, it's necessary 

to install a vacuum pump to achieve and maintain a 

vacuum in the concentrator. 

The energy efficiency of ejector thermocom-

pression heat pumps is estimated using the coeffi-

cient of thermotransformation Ψe, or COPe. 

𝛹𝑒 = 𝐶𝑂𝑃𝑒 =
𝑄𝑐
𝑄𝑝

=
𝑀𝑐

𝑀𝑝
 

The coefficient of thermotransformation Ψe 

represents the ratio between the obtained thermos-

transformed heat Qc and the consumed heat Qp for 

the production of primary boiler steam Mp, by which 
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a portion of the waste steam (waste steam Me') in the 

ejector is transformed from pressure pe and temper-

ature te to higher pressure pc and temperature tc. The 

obtained driving steam Mc, which condenses while 

performing the thermal concentration process, is 

calculated as: 

𝑀𝑐 = 𝑀𝑒′ + 𝑀𝑝. 

The performance of the ejector highly depends 

on the operating conditions of the thermocompres-

sor system in the concentrator. The compression ra-

tio Π and the temperature lift ΔT = Tc – Te, achieved 

by the ejector thermocompressor, primarily depend 

on the entrainment ratio ω. 

𝜔 =
𝑀𝑠

𝑀𝑝𝑟
=
𝑀𝑒′

𝑀𝑝
. 

The coefficient of thermotransformation Ψe 

(COPe) of the ejector's heat pump cycle is approxi-

mately: 

𝛹𝑒 = 𝐶𝑂𝑃𝑒 = 1 + 𝜔. 

For various operating conditions, i.e., different 

values of the temperature lift ΔTe, different ω values 

are obtained, resulting in varying Ψe or COPe. With 

optimal design of the flow field of the ejector com-

ponents (primary nozzle, secondary nozzle, mixing 

chamber, diffuser, etc.), high Ψe or COPe can be 

achieved under given design operating conditions. 

3. INDUSTRIAL SODIUM HYDROXIDE 

(NAOH) CONCENTRATOR 

Scheme of a two-stage industrial concentrator 

for sodium hydroxide (NaOH) with an ejector ther-

mocompression system is provided in Figure 2. An 

original technical solution is implemented by the 

authors [3]. This system is installed at Zeolite Inc. – 

Probishtip, a company primarily involved in the 

production of various zeolites and water glasses. In 

one phase of the technological process, a 5% NaOH 

solution is obtained as a by-product, while a 25% 

NaOH solution is used in another phase, necessitat-

ing concentration of the solution.  

The concentration of the 5% solution takes 

place in two stages, within two plate heat exchang-

ers located in a cylindrical vessel. Thermocompres-

sion is achieved with ejector thermocompressors 

TC1 and TC2 for the first and second stages of the 

concentrator, respectively. 

Based on defined parameters of the concentra-
tion process, calculations, dimensioning, and manu-
facturing of the two ejector thermocompressors 
have been carried out. The facility is equipped with 
industrial measurement instruments. The data pro-
vided in Figure 2, as well as the calculated coeffi-
cients of thermotransformation Ψe, correspond to a 
steady-state operation of the concentrator. The sig-
nificant impact of raising the boiling point tempera-
ture (evaporation) of sodium hydroxide (above the 
corresponding boiling point temperature of water) 
on the performance of the thermocompression sys-
tem and the concentrator has been highlighted. 

 

Fig. 2. Scheme of industrial NaOH concentrator 
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The total temperature lift achieved with TC1 is 

ΔT = 16 K, but only ΔTe = 9 K is an effective 

temperature difference, while ΔTer ≈ 7 K (for a con-

centration of x = 14%) is lost due to the elevated 

boiling point temperature. The total temperature lift 

achieved with TC2 is ΔT = 23 K, but ΔTer = 15 K 

(for a concentration of x = 25%) is lost, and only 

ΔTe = 8 K is an effective temperature difference. 

The thermotransformation coefficients are Ψe1 = 1.8 

and Ψe2 = 1.6. The evaporated water in the concen-

trator (reboiler) that is not thermocompressed is 

used as process steam. A proposed additional third 

stage, a vacuum concentrator, is suggested where 

the NaOH solution is concentrated to 50%. During 

the concentration process, fouling of the heat ex-

change surfaces occurs, negatively affecting the 

heat transfer process and the concentrator's lifespan. 

Cleaning procedures according to appropriate meth-

ods are planned to address this issue. 

4. SYSTEM FOR PRODUCTION  

OF ELECTRICITY AND TECHNOLOGICAL 

WATER VAPOR WITH EJECTOR 

In the industrial systems in the process indus-

try, steam is typically produced in steam boiler 

facilities. With the development of clean production 

concepts and strategies to increase energy efficiency 

in thermal processes and technologies, alternative 

methods for steam production are proposed, 

utilizing waste heat from industrial thermal systems, 

and applying new technologies like high-tempera-

ture heat pumps and thermal steam compression / 

recompression. This topic has sparked special sci-

entific interest and research activities [10]. Using 

thermal energy to realize the thermocompression 

process can offer a significant advantage over me-

chanical thermocompression, especially when 

waste heat is employed for primary steam produc-

tion. Compared to classic systems that use motive 

energy from a steam boiler for the realization of 

ejector thermocompression, this solution uses waste 

energy from a motor-generator. 

Below is the presentation of an original tech-

nical solution of a polygeneration system for pro-

duction of electrical energy, technological water va-

por with defined parameters (pressure and tempera-

ture) and technological and sanitary hot water, that 

uses a gas engine – electricity generator, for electri-

cal energy production and ejector thermocompres-

sion (Figure 3). 

The input energy from the natural gas (NG) 

(100% HHV – Higher Heating Value of natural gas) 

in the gas engine is transformed into mechanical en-

ergy (GEN) at 34% and thermal energy at 66%. In 

the electric generator (ELG), 32% of the input en-

ergy from natural gas is converted into electrical en-

ergy (power). 

 
Fig. 3. Gas engine – electricity generator, and ejector thermocompression system
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Approximately 4% represents heat losses to 

the environment, including heat losses in the turbo-

charger-intercooler (ACHL). 

In heat exchanger EX1 (27% HHV), waste 

heat from engine cooling jacket (JC) is used to pro-

duce low-pressure, saturated water vapor with a 

pressure of 0.7 bar and a temperature of approxi-

mately 90°C, which is then thermally compressed to 

the required pressure using ejector thermocompres-

sion. 

In heat exchanger EX2 (25% HHV), waste 

heat from engine exhaust gases (EG) is used to gen-

erate saturated water vapor with a pressure of 8 bar 

and a temperature of approximately 170°C, which is 

used as primary steam in ejector thermocompressor 

EJ. With the implemented ejector thermocompres-

sion, 52% HHV saturated water vapor at a required 

pressure of 2.5 bar and a temperature of approxi-

mately 130°C is produced. 

In heat exchanger EX3 (10% HHV), waste 

heat from engine exhaust gases is used to produce 

sanitary and technological hot water STTW (7% 

HHV) and to prepare supply water SW (3% HHV). 

CONCLUSIONS 

The significance of the new concept in sustain-

able development in the energy sector lies in ther-

mocompression systems and their optimal imple-

mentation in high-energy efficiency thermal tech-

nologies, such as industrial concentrators. Solutions 

for energy-efficient concentrators are presented, uti-

lizing ejector thermocompression systems. Ejector 

thermocompression is achieved using primary 

steam from a boiler or another heat generator, 

which, along with waste steam from the solution, 

serves as the driving steam. The use of ejector ther-

mocompression systems results in high values of the 

coefficient of thermotransformation, which posi-

tively impacts energy consumption and the produc-

tion of high-quality products at lower costs. Ther-

mal characteristics of a sodium hydroxide (NaOH) 

concentrator, consisting of two ejector thermocom-

pressors, are presented. A concept of an energy-ef-

ficient system with a gas engine-electric generator 

and ejector thermocompression is introduced, 

which ensures independent power supply for manu-

facturing facilities' electricity needs and provides 

thermal energy for the concentrator and other ther-

mal energy consumers. 
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A b s t r a c t: Today, when the world is facing an increasing need for energy, and therefore, the exploitation 

of natural resources is increasing, the problem of environmental pollution and global warming grows. The question of 

finding and using alternative and clean energy sources, imposes itself. The problem of environmental pollution and the 

need for renewable energy sources have increased the interest in allocating more funds for scientific research work for 

the use of biodegradable waste, so that in many countries more and more plants are being built that use biomass for 

biogas production. Biogas is a very interesting and important source of energy. All organic matter originating from 

mowing the lawn, cutting branches, farm waste, plant biomass from agricultural production, can be used as raw material 

for biogas production. Macedonia has large quantities of this type of waste, so there is a good precondition for eco-

nomical use of them and to get electricity and heat from them. The paper focus is on assessment of the economic 

viability for utilization of biogas in pigs farms in Macedonia through integration of cogeneration power plant. The 

economic analysis is performed with method of benefit to cost ratio. Also sensitivity analysis is performed as a function 

of levelized cost of energy in regard of 7 critical factors: capital cost (amount of capital investment cost), interest rates 

(D is equal to 0%, 5%, 10 % and 15%), capacity factor (plant size), fuel cost (cost of procurement, preparation and 

transport of the substrate), cost of capital, debt ratio and net plant efficiency. The results indicate that the payback 

period could be in less than 9 years. 

Key words: biogas; renewable energy sources; biogas plants; combined heat power plants 

ЕНЕРГЕТСКА И ЕКОНОМСКА АНАЛИЗА ЗА ИСКОРИСТУВАЊЕ БИОГАС  

ОД ФАРМИ ЗА СВИЊИ ВО СЕВЕРНА МАКЕДОНИЈА 

А п с т р а к т: Денес, кога светот се соочува со зголемена потреба од енергија, со што се зголемува и 

експлоатацијата на природните ресурси, расте проблемот со загадувањето на животната средина и глобалното 

затоплување. Се наметнува потребата од изнаоѓање и користење на алтернативни и чисти извори на енергија. 

Проблемот со загадувањето на животната средина и потребата од обновливи извори на енергија го зголемија 

интересот за издвојување повеќе средства за научноистражувачка работа за искористување на биоразградли-

виот отпад, така што во многу земји се градат сè повеќе постројки кои користат биомаса за производство на 

биогас. Биогасот е многу интересен и важен извор на енергија. Целата органска материја која потекнува од 

косење трева, сечење гранки, отпад од фарми, растителна биомаса од земјоделско производство, може да се 

користи како суровина за производство на биогас. Македонија располага со големи количества на овој вид 

отпад, така што има добар предуслов за негово економично искористување во производството на струја и 

топлинска енергија. Фокусот на трудот е процена на економската исплатливост на производство и искорис-

тување на биогасот од свињарските фарми во Македонија преку интегрирање на когенеративна постројка. 

Економската анализа се врши со методот на сооднос корист/трошок. Исто така, анализата на сензитивноста се 

врши како функција на нивелираните трошоци на енергија во однос на 7 критични фактори: капитални трошо-

ци (износ на трошоците за капитални инвестиции), каматни стапки (D е еднаква на 0%, 5%, 10% и 15%), фактор 

на капацитет (големина на постројката), трошок за гориво (трошок за набавка, подготовка и транспорт на под-

логата), трошок на капитал, коефициент на долг и нето ефикасност на постројката. Резултатите покажуваат 

дека периодот на враќање може да биде покус од 9 години.  

Клучни зборови: биогас; обновливи извори на енергија; постројки за биогас;  

комбинирани постројки за топлинска и електрична енергија

https://doi.org/10.55302/MESJ23412668089a%0d%0d
https://doi.org/10.55302/MESJ23412668089a%0d%0d
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1. INTRODUCTION 

The rapid development of society that emerges 
as a consequence of the technical and technological 

revolution that is always ongoing, is based on the 
ability to meet the growing needs for energy. Due to 

the mismatch of energy needs and opportunities for 
its provision, energy crises occur, and as a conse-

quence is the increased interest in better and more 

rational use of existing and new renewable energy 
sources. Encouraging the use of renewable energy 

sources is a strategic goal of the EU, as it is in line 
with the Sustainable Development Strategy and en-

ables the achievement of the goals of the Kyoto Pro-
tocol in terms of reducing greenhouse gas emissions 

and protecting the environment [1]. Renewable or 
alternative energy sources are already in use, but 

some are in development and their application is yet 
to be developed. Along with the energy crises, there 

is another crisis in the world, the global environ-
mental crisis, which is created as a result of waste 

disposal problems, because uncontrolled and irre-
sponsible waste disposal endangers human health 

and the environment. Through the processes of an-
aerobic fermentation of biodegradable waste, bio-

gas is obtained which mostly contains methane as 

an energy resource, then carbon dioxide, and less 
hydrogen, oxygen, ammonia and others. Various 

technologies for the use of biomass as a renewable 
energy source for obtaining electricity and heat, as 

well as fuels for vehicles have already been widely 
established in the world. Hundreds of larger and 

smaller installations for production of  biogas have 
been made in the European Union which are sup-

pling biogas for power plants, steam boilers, vehi-
cles and more. The process of decomposition is 

called anaerobic digestion and occurs naturally in 
many environments with limited oxygen presence: 

for example, in ponds and swamps, in rice fields, but 
also in the stomachs of ruminants. This natural pro-

cess can be used in biogas plants where organic ma-
terial is placed. The basic part of the plant is a closed 

chamber or hermetically sealed container (or often 

called a reactor – digester) in which the reaction of 
digestion takes place. The end product of decompo-

sition is a combustible gas called biogas and organic 
residue in a mineral-containing digester that is suit-

able for use as a liquid or solid biofertilizer. Biogas 
is mostly composed of methane which contains the 

energy of combustion. Biogas, depending on the 
conditions at the time of creation, contains from 

45% to 85% methane and 15% to 45% carbon diox-
ide. Biogas also contains small amounts of hydro-

gen sulphite, ammonia, and nitrogen. Biogas often 

also contains water vapor [2].  

Biomass means biodegradable materials ob-

tained from agriculture, animal husbandry and re-

lated industries and activities, as well as biodegrada-

ble part of industrial and municipal waste. Biomass 

is an organic material derived from living organ-

isms; plants, animals, humans and microorganisms, 

which contain stored energy from the Sun, where 

they bind solar energy through the process of pho-

tosynthesis. Biomass by its characteristics is a very 

quality fuel with the fact that for its use activities 

should be undertaken for: collection, transport, stor-

age, treatment and the like. Anaerobic decomposi-

tion processes can vary according to the content of 

the substrate and the number of reactors or stages of 

the process in which the process is performed. In a 

single-stage process, different phases of anaerobic 

decomposition are performed in one digester, while 

in a multi-stage process, two or more digesters are 

performed in which the phases of anaerobic decom-

position are separated from each other. Due to the 

flow of the substrate through the reaction system, 

there are a number of different designs of anaerobic 

decomposition digesters, and a choice can be made 

between three basic types of digesters: boiler, flow 

boiler and tubular digester. Complete mixing pro-

cesses in the field of agricultural biogas production, 

mainly reactors with complete mixing of cylindri-

cal, vertical shape are used. Fermenters consist of a 

tank with a concrete bottom and walls made of steel 

or reinforced concrete. The reservoir may be com-

pletely or partially buried in the ground or may be 

built entirely above ground. A gas-tight cover is up-

graded on the tank, which can be performed in dif-

ferent ways depending on the requirements and the 

construction. Membrane roofs and concrete roofs 

are most commonly used. The complete mixing is 

realized with the help of mixers placed in the reac-

tor, i.e. on the reactor. 

In the implementation of the anaerobic de-

composition process, the basic criteria related to the 

selection of the digester are the composition of the 

reaction medium (substrate), the kinetics of decom-

position of the substrate and the growth of biomass, 

as well as the shape of the biocatalyst. The time re-

quired to digest the material in the reactor before be-

ing removed from it is called the storage time. Stor-

age time varies, depending on the properties of the 

substrate and how much methane can be extracted 

from it. Storage time is sometimes expressed as hy-

draulic retention time (HRT), which usually varies 

between 10 and 80 days [3]. If a temperature of 10 

to 20 oC is maintained in the digester, the reactions 

are called psychrophilic, and the material should be 

processed for 90 days. If a temperature of 37 oC is 
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maintained in the digester, the reactions are called 

mesophilic and the material should be processed for 

30 days, and if a temperature of about 55 oC is main-

tained, the reactions are called thermophilic, and the 

reaction ends in 10 days [4]. The largest producers 

of raw material for biogas plants are: animal farms, 

slaughterhouses, restaurants, hospitals and all other 

entities that produce organic waste. These types of 

waste represent huge amounts of raw material for 

anaerobic fermentation installations and production 

of biogas as energy and compost as quality ferti-

lizer. Biomass of animal origin – animal manure, is 

a useful energy source only for livestock breeding. 

Among the most compatible substrates for biogas 

production is fertilizer, solid or liquid, because it is 

most often used by a farm and is free. Energy plants 

are also often used as the basis for the operation of 

a biogas plant for higher biogas yields. The rest of 

the fermentation is a by-product of biogas produc-

tion and is commonly used as fertilizer. Energy 

plants mean purposefully cultivated agricultural bi-

omass, which usually reinforces the substrate.  

As can be concluded from examples in previ-

ous plants and from the waste yields themselves, 

waste characteristics and waste quantities, the com-

position of the substrate is generally defined from 

the available resources, i.e. each substrate composi-

tion is defined as a single plant. There is no exact 

rule as to what the substrate must be, but the com-

position of the substrate depends on the yield of bi-

ogas from a certain amount of substrate, and thus 

the profit. 

2. EXAMPLE OF BIOGAS PLANT WITH CHP 

Slurry coming from a pig farm may have a rough 

screening before entering the anaerobic digester 

with 30 days of hydraulic retention time (20–50 days 

recommended). The proposed anaerobic digests 

would have a depth of 3.0 meters. The anaerobic di-

gester has a mixing system to improve the efficiency 

of the digester, to optimize the production of biogas 

and to avoid (as much as possible) sedimentation 

and accumulation of solids in the digester. The effi-

ciency of biochemical removal of oxygen demand 

in anaerobic lagoons is 50–85% [5]. Schematic plan 

of the whole plant should be defined before the 

calculations, as shown in Figure 1. 

 

Fig. 1. Plant schematic plan [5] 

The composition of the substrate would look 

like this: 

– 27.5 tons of liquid pig waste (46%), 

– 16.5 tons of solid pig waste (28%), 

– 15 tons of corn silage (26%). 

In the considered case it can be concluded that 

the most compatible mode of operation in meso-

philic mode. From the above data it can be seen that 

the psychrophilic regime does not give a sufficient 

yield of biogas over time and it takes a very long 

time to retain the substrate which is not compatible 

for us given the large amount we have to process. 

The thermophilic operating mode of the digester is 

not recommended for animal waste. Therefore, as in 

most examples so far, it has been decided to use the 

mesophilic operating mode, because it offers con-

sumption of a medium (reasonable) amount of heat 

energy and a reasonable retention time. on the sub-

strate. Cogeneration using internal combustion en-

gines is commonly used in biogas plants. Electricity 

efficiency is high, and investments are lower. A gas 

turbine and an internal combustion engine can also 

be used as a cogeneration device in a combined heat 
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and power plant. To determine which unit to choose, 

the characteristic dimensions of a combined plant 

such as heat generated, and electricity must be con-

sidered also and daily biogas production. So, biogas 

produced in the anaerobic digestor and the one re-

leased in the solid deposition digestor department 

can be collected and transported by pipes to a treat-

ment system. The corresponding amount of biogas 

from pig farm waste would be 1646 m3/d approxi-

mately, with 58% methane shown in the following 

calculations:  

Methane produc. = 3180 
kg

d
·300

Nm3CH4

kg
 = 954 

Nm3CH4 

d
 

(2.1) 

Biogas production = 954 
Nm3CH4

d
 ·

1

0.58
 
Nm3biogas

d
   

(2.2) 

Biogas should be burned (released) when the 

biogas pressure exceeds a certain level, and the 

combustion engine does not work due to mainte-

nance or if there is an additional tank to be stored. 

The production of electricity from biogas exceeds 

the consumed electricity on the farm, the remaining 

electricity will be sold in the national grid, to the 

national electricity company. The purchase price for 

electricity produced from biogas in Macedonia now 

is 180 euros/MWh [6]. Pig production does not have 

constant heat requirements, so biogas is not recom-

mended to be used exclusively for combustion in a 

boiler for heat production. The production of fuel 

for vehicles is not evaluated in this study and is 

relevant only if the entire fleet of vehicles is sup-

plied with gas. The only reasonable use of biogas is 

the production of electricity, and as a by-product is 

the thermal energy. Thus, the biogas produced in the 

anaerobic digester and the one released in the di-

gester storage compartment of the solids can be col-

lected and transported by pipes to a treatment sys-

tem. In this example it is defined to be used as a co-

generation device by an internal combustion engine, 

due to the smaller initial investment and due to the 

larger selection of powers available for sale. The 

sizing of the plant will be based on the production 

of electricity, it will be based on the maximum uti-

lization of biogas and main production of electric-

ity, and as a by-product will appear thermal energy. 

A small part of the electricity (12%) will be used for 

the needs of the farm while the remaining part will 

be sold to the electricity distribution company and 

will be given to the electricity network. Part of the 

thermal energy (47%) will be used for heating the 

substrate and the fermenter and technical water, and 

in the winter for heating the premises of the farm 

itself. Before economical calculations we must de-

fine schematic representation of a CHP cogenera-

tion plant, as shown in Figure 2. 

 
Fig. 2. CHP schematic plan [10] 

Modern internal combustion engines have a 

degree of utilization of over 40%, but even then, a 

large amount of heat is available. Cogeneration is 

achieved by using the heat energy of the coolant and 

combustion products. The heat energy obtained 

from the coolant is at a low temperature, so it can 

only be used to heat water up to about 90 °C. Hot 

water can be used to heat fermenters or nearby work 

or residential premises. Suitable heat exchangers are 

required to achieve cogeneration, utilization of 

coolant heat energy and combustion products. The 

electrical efficiency of a cogeneration plant is cal-

culated as the product of the efficiency of the engine 

and the efficiency of the generator. To dimension a 

plant, it is necessary to make an energy balance that 

graphically shows the distribution of energy.  

The generator – engine technical data in the 

analysis is for the MTU 6R500 GS [7]. This genset 

has consumption at full power of 70 m3/h and the 

available biogas in the plant is 68 m3/h. The idea is 

to have genset that can consume the whole amount 

of produced biogas. A cogeneration plant is instal-

led with an assumed electrical efficiency of 42%. In 

terms of annual load hours, the starting point is 8000 

hours. The capacity of the gas tank is sufficient so 

that the produced gas can be used in its entirety and 

does not have to be burned through a torch. The 

lower thermal power of methane is 9.97 kWh/m3 

[8]. Every producer of CHP plants must supply 

energy balance of theirs generator – engine set, as 

shown in Figure 3. 
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Fig. 3. Example – energy balance and efficiency of a CHP [7] 

For the considered digestor it is assumed mes-

ophilic temperature mode of working, with 37 °C 

degrees in the digester. From the existing biogas 

plants it can be derived value of about 50 kWh of 

thermal energy, required per ton of substrate to heat 

the substrate and maintain the temperature in the di-

gester or a maximum level of up to 20 percent of the 

produced heat energy [9]. Additional 5.4 kwh/ton 

substrate, electrical energy for mixers, pumps and 

equipment in the biogas plant [10]. The daily net 

amounts of produced energy are: 

Electricity = 6000 kwh – 319 kwh – 356 kwh = 5325 kwh 

(= daily electricity production – daily consumer for the opera-

tion of the equipment of the plant – daily average consumer for 

the needs of the farm itself = residual electricity) 

Thermal energy = 6912 kwh – 2950 kwh – 667 kwh = 3295 kwh 

(= daily heat production – daily consumption of heat for diges-

ter and substrate – average daily consumption of heat for space 

heating and technical water = residual heat) 

The average consumption of electricity for the 
needs of the farm can be taken as a constant value, 
while the average consumption of heat varies de-
pending on outside temperatures, in winter we have 
increased consumption while in summer we have 

reduced consumption. The remaining electricity 
will be sold to the electricity distribution company. 
From the genset we have three options for heat re-
covery with temperatures of 180, 90 and 40 оC. All 
heat requirements are satisfied like heating digester 
and administration offices and farm. From this we 
have left 3295 kwh daily of heat energy. Lot of this 
energy can be sold to outside company or we can 
heat one small neighbourhood. There it is a lot of 
option to do with the extra heat energy.  

3. ECONOMIC ASSESMENT – CASE STUDY 

The purpose of this analysis is to determine 
whether the combined plant is technically properly 
selected and whether it will offer significant poten-
tial economic benefit to the company in order for the 
company to decide whether to fund a more compre-
hensive study. It is analyzed the existing electrical 
and thermal needs of the company, collected data 
related to the operation of the company and the per-
manent equipment and data on the produced waste. 
To perform an economic analysis of a system with 
this level of data, the use of assumptions and aver-
ages is required. Therefore, this preliminary analy-
sis should be considered as an indicator only for 
technical and economic potential. This analysis pri-
marily refers to the marginal production costs, plant 
maintenance costs and credit costs for CHP plant or 
the various options considered. The specific invest-
ments, both in relation to the whole plant and in re-
lation to the cogeneration unit, are in principle 
higher compared to the larger plants. It is also rela-
tively noticeable that the workload of a smaller plant 
is generally higher, especially if larger amounts of 
solids are to be used as a liquid fertilizer additive. 
All costs are calculated by already existing exam-
ples, as kw/$. Investment prices are defeined by ex-
isting plant examples, usually they are called as 
CAPEX. Investment prices for our project are de-
fined and shown in Table 1. 

T a b l e  1 

Prices by sector (CAPEX) 

Investition Anaerobic Sludge Aerobic Sumary 

Description USD USD USD USD 

Electromechanical gear 154 225 69 614 88 476 312 306 

Constructions work 192 300 73 500 94 455 360 255 

Electrical installations 125 952 43 256 47 288 216 496 

Pipelines and mechanical installations  140 000 100 125 240 225 

Engineering project 56 411 84 616 28 205 169 235 

Start up 39 215  78 430 117 645 

Summary 794 279 92 386 161848 1 416 162 
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For complete economic analysis we must show 

and operational costs or OPEX costs. OPEX cost are 

defined by producers of the equipment used and by 

already existing examples of plants. In the OPEX 

cost are included all operational costs which can be 

fixed and variable costs per year, as shown in Table 2.

       T a b l e  2  

OPEX costs, fixed and variable costs by sectors 

Operational costs Anaerobic Sludge Aerobic Summary 

Fixed costs USD/year USD/year USD/year USD/year 

Working costs 14 331 7 850 11 230 33 411 

Depreciation 29 352 5 033 10 000 44 385 

Interest rate and insurance 12 121 12 121 12 121 36 363 

Summary fixed costs 55 804 25 004 33 351 116 159 

Variable costs USD/year USD/year USD/year USD/year 

Sludge 0 83 240 0 83 240 

Maintenance 15 000 9 252 7 925 32 177 

Chemical reagents/ Biogas treatment 7 406 0 1 763 9 169 

Summary variable costs 22 406 92 492 9 688 134 586 

Summary OPEX 78 210 117 496 43 039 238 745 

The project would have some cost savings due 

to energy production and the use of part of that en-

ergy for own needs. Calulation of the saving are one 

of the key faktor to calculate the payback period, 

savings for our project are shown in Table 3. 

T a b l e  3 

Savings 

Moto-generator kW 221 

Working hours h/yr. 8 000 

Production electricity kWh/yr. 1 775 000  

Price for electricity $/kWh 0.21 

Savings electricity for pig’s farm USD/yr. 372 750 

Consumption diesel fuel for heating Lit./yr. 20 000 

Price diesel fuel USD/lit. 2 

Savings for diesel fuel USD/yr. 40 000 

Summary savings USD/yr. 392 750 

Finally, the surplus electricity from the anaer-

obic system with a motor generator in a farm of 

10,000 pigs is approximately 221 kW. Another cost 

savings included in the savings is diesel fuel used 

for combustion in the boiler and to obtain heat en-

ergy and for combustion in a generator in cases 

where there is no electricity. To estimate this cost 

savings, it is necessary to know the historical con-

sumption of diesel, the number of hours per year 

that farms need to operate a diesel generator due to 

lack of electricity. 

Payback period 

Payback period is one of the key factors to de-

cide if we want to invest or not. In payback period 

we do not consider the inflation rates or interest 

rates associated with bank loans. 

In Table 4 is shown summary of the payback 

period for our project.  

In Figure 4 it is shown graph of the payback 

period, with years horizontally and USD vertically. 
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T a b l e  4 

Summary – payback period 

CAPEX USD 1 416 162 

OPEX USD/yr.    238 745 

Savings USD/yr.    392 750 

Payback period Year        9.19 

Net present value 

The NPV (net present value) of the project is 

calculated by subtracting the present value of the 

savings from the present value of the investment and 

the cost. With this calculation we can define the 

value of the plant in future, as shown in Figure 5. 

NPV values are calculated by next formula: 

NPV = ∑
𝐹𝑛

(1 + 𝑑)𝑛
+

𝐹1

(1 + 𝑑)1
+

𝐹2

(1 + 𝑑)2
+ ⋯ +

𝐹𝑁

(1 + 𝑑)𝑛

𝑁

𝑛=0

 

       (3.1) 

where is: 

NPV – Net present value 

Fn    – Net cash flows in year n 

d       – Intrest rate 

n      – Year 

 
Fig. 4. Payback period graph 

 

Fig. 5. Cash flow – net present value (NPV) 
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The net present value (NPV) of the project is 

the net savings from its life cycle. It is the absolute 

monetary value of the project. A positive NPV (net 

present value) indicates how much money a project 

will earn over its lifetime. NPV shows the total po-

tential earnings of the project. The NPV considers 

the effect of interest rates on future net savings. 

NPV is a major decision-making tool for project 

owners. If NPV > 0, the project is profitable (eco-

nomically feasible). 

Benefit/cost ratio 

The relative value, BCR (ratio of savings and 

investments) of the project is calculated by divi-

ding the present value of the savings / the present 

value of the investments. If benefit / cost ratio is 

bigger than 1.0, then the project is profitable. 

 BCR = 𝑃𝑉AS / 𝑃𝑉I, (3.2) 

where is: 

𝑃𝑉𝐴S – benefits present value 

𝑃𝑉I – costs present value 

Example:  

BCR = 2 443 030 / 2 112 511 = 1.13 

Internal rate of return 

Internal rate of return (IRR) is a hypothetical 

discount rate at which BCR = 1.0 or NPV = 0. IRR 

requires a recurring, computer-friendly calculati-

on. If the IRR ≥ discount rate used in the analysis, 

the investment is worthwhile (economically 

feasible). High IRR earns more profit per dollar 

invested. IRR is a major decision-making tool for 

lenders, usually the first question they ask. Each 

investor can arbitrarily set their own acceptable 

IRR. 

In our example IRR = 11%, this value is 

calculated using the equation in excel. 

Levelized cost of electricity 

Levelized cost of electricity (LCOE) is the 

value that must be obtained for each unit of energy 

produced to ensure that all costs and reasonable 

profits are incurred. The profit is provided by dis-

counted (decreasing) future income at a reduced 

rate equal to the rate of return that can be obtained 

for other investments with comparable risk, i.e. the 

possible cost of capital. The specific production 

price of energy is calculated with an excel calcula-

tion, and it is 0.076 $/kWh. 

Levelized cost of heat energy (LCOE) 

The LCOE method is also applied to thermal 

energy which can also be called LCOH. The calcu-

lation is performed according to the next formula 

(3.3). The specific production price of energy is 

calculated with an excel calculation, which is 0.058 

$/kWh (Table 5).  

 ∑
LCOE∗𝑄𝑡

(1+𝑑′)𝑡

𝑡=𝑁

𝑡=1
= ∑

𝐶𝑡

(1+𝑑)𝑡

𝑡=𝑁

𝑡=0
  (3.3) 

T a b l e  5 

Current $ level annual cost (LAC) 

Cost of money 0.0500 

Net current value (year) 224464 

Net current value 1 555 485 

Capital recovery factor (current) 0.0802 

Current $ level annual revenue requirements ($/y) 103016 

Current $ LAC of Heat Energy ($/kWh) 0.058 

Sensitivity analysis 

Sensitivity analysis is a method for consider-

ing uncertainty that does not require probability es-

timates. Sensitivity of economic tests the perfor-

mance to alternative numbers of key uncertainty 

factors. The sensitivity analysis always provides 

multiple answers in economic terms, and  it shows 

decision points such as the economic viability of a 

renewable energy project, downside rates, time ho-

rizons and other critical factors. 

In Figure 6 it is illustrated the sensitivity of 

fuel savings, i.e. the specific energy price achieved 

by the combined plant with 7 critical factors: 

capital cost (amount of capital investment cost), 

interest rates (D is equal to 0%, 5%, 10 % and 

15%), capacity factor (plant size), fuel cost (cost of 

procurement, preparation and transport of the 

substrate), cost of capital, debt ratio and net plant 

efficiency. 

In the considered case, the main impact of the 

escalation of the energy price is with a relative 

change in the net efficiency of the plant. A big 

change can also be seen in the relative change in 

the loan-to-equity ratio. In these two factors 
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sharper changes can be noticed, compared with the 

other factors, which have milder reflections on the 

specific price of energy with their change. 

This example graphically illustrates the situa-

tion often encounter in the economic viability of 

energy efficiency and renewable energy projects.

 

Fig. 6. Sensitivty analysis project

4. CONCLUSION 

In the paper is analyzed techno-economic pos-

sibility for integration of anaerobic system and the 

biogas system in pig farms in Macedonia. The in-

vestment costs are assumed as 1.416.162 USD and 

the simple payback period for the considered finan-

cial conditions is less than 9 years. 

According to the economic assessment results, 

it can be concluded that investment in cogeneration 

power plants in pig farms can be sustainable solu-

tion. With investing in biogas plant there are in gen-

eral two main benefits: financial and ecological. Be-

side the financial and ecological benefits, the pig 

farms with CHP units has independent electricity 

and heat supply and as a byproduct-benefit are the 

fertilizers.   

Summary variable and fixed costs are around 

238.745 USD per year. 

On annual basis compared with the existing 

system there are several main benefits: saved 20.000 

liters light oil and production of 3295 MWh elec-

tricity. 

The results from the NPV calculations, indi-

cate that the whole project after the technical life-

time period of 20 years will be in economical posi-

tive with 540 770 USD with payback period of less 

than 9 years for the whole plant. 

The LCOE method is applied in order to define 

the energy price for electricity and heat energy and 

compare with the market prices. 

With the sensitivity analysis we could see all 

important factors or decision makers. One relative 

change to one factor can affect in direction of big 

cost of one amount energy. It should be noted, that 

each of the considered factors in the sensitivity anal-

ysis is important and need to be taken into account 

in the decision process. In the sensitivity analysis 

for the considered conditions, the electricity market 

price, the loan to equity ratio and cogeneration 

power plant efficiency have the main impact on the 

plant economic feasibility.  The world trends which 
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are indicating potential price escalations in electric-

ity and fossil fuels, will positively reflect on the eco-

nomic viability of biogas power plants.  
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OF AN ACOUSTICALLY ISOLATED BOOTH USING  

THE ISO 23351-1:2020 STANDARD 
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Simona Domazetovska Markovska, Maja Anačkova 

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje, 
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A b s t r a c t: An acoustically isolated meeting booth is a specially designed structure used to isolate and reduce 

the level of speech. This pod is made in order to create a sound-isolated space, where you can work, record or perform 

sound in conditions of minimal noise and interference. Acoustically isolated pods are used for various applications such 

as music recording studios, movie theaters, conference rooms, and wherever it is important to limit sound transmission 

and ensure a quality acoustic environment. In this type of acoustically isolated rooms, acoustic characterization of all 

types of sound sources, as well as sound receivers, usually sound sensors, is carried out. The main objective of this 

research is to develop a methodology using the ISO 23351-1:2020 standard and test the performance of an acoustically 

isolated cabin. In addition to the primary goal of research, an additional goal is the analysis of the accuracy of the 

results obtained from a low-cost noise sensor through its comparison with a class 1 sound meter. The obtained results 

provide an opportunity for research and application of standardization that enables the development of a methodology 

for measurement and assessment of the characteristics of an acoustically isolated booth. In particular, the focus is on 

applying the methodology, measuring and comparing the results of noise measurements between a class 1 sound meter 

and a low-cost sensor unit. 

Key words: acoustically isolated environment; sound sensors; measurement methodology;  

ISO 23351-1:2020 standard; acoustic measurements 

РАЗВОЈ НА МЕТОДОЛОГИЈА И ТЕСТИРАЊЕ НА ПЕРФОРМАНСИ  

НА АКУСТИЧНО ИЗОЛИРАНА КАБИНА КОРИСТЕЈЌИ ГО СТАНДАРДОТ ISO 23351-1:2020 

А п с т р а к т: Акустично изолираната кабина е специјално дизајнирана структура или простор што се 

користи за изолација и редуцирање на нивото на говор. Оваа кабина се изработува со цел да се креира звучно-

изолиран простор, каде може да се работи, снима или изведува звук во услови на минимален шум, бучава и 

интерференции. Акустично изолираните кабини се користат за разни примени како што се студијата за снима-

ње музика, кино-салите, просториите за конференции, и секаде каде што е важно да се ограничи преносот на 

звук и да се овозможи квалитетна акустична околина. Основна цел на ова истражување е развој на методологија 

користејќи го стандардот ISO 23351-1:2020 и тестирање на перформансите на развиена акустично изолирана 

кабина. Покрај примарната цел на истражување, како дополнителна цел е анализа на точноста на резултатите 

добиени од нискобуџетен сензор за бучава преку негова споредба со звукомер од класа 1. Добиените резултати 

даваат можност за истражување и примена на стандард кој овозможува развој на методологијата за мерење и 

процена на карактеристиките на акустично изолирана кабина. Фокусот е насочен кон примена на методоло-

гијата, мерење и споредба на резултатите од мерењата на бучава помеѓу звукомерoт од класа 1 и нискобуџет-

ната сензорска единица. 

Клучни зборови: акустично изолирана средина; сензори за звук; методологија за мерење;  

стандард ISO 23351-1:2020; акустични мерења

1. INTRODUCTION 

An increasing number of individuals now 

work in open-plan and activity-based offices [1], 

while schools, hospital wards, and public spaces 

like libraries and lounges are increasingly adopting 

open architecture [2]. In such open environments, 

studies have shown that those trying to focus on in-

dividual tasks fail due to the disturbing noise caused 

by nearby intelligible conversations and frequent 

https://doi.org/10.55302/MESJ2341266????j%0d%0d
https://doi.org/10.55302/MESJ2341266????j%0d%0d
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phone ringing [3, 4, 5]. Additionally, effective com-

munication often requires a certain level of speech 

privacy, which can be challenging to maintain in a 

bustling open space [6]. This has led to the need for 

a silent space, where individuals can finish im-

portant tasks when needed, as well as make phone 

calls, without disturbing the rest of the group.  

Fully isolated rooms with enhanced sound iso-

lation can be a big investment for large institutions 

[7], so this study has a primary focus on developing 

a methodology for testing compliance of a modular 

furniture setup with a chosen standardization. The 

setup is consisted of a portable enclosure that users 

can easily assemble and position within open spaces, 

offering both accessibility and a means to monitor 

occupancy. A secondary focus is using the booth to 

later compare low-cost and high-grade standardized 

Class 1 sound sensors, as well as hypothesize that a 

low-cost sensor can be used in standardized experi-

ments to define a space’s acoustic classification. For 

this, the ISO 23351-1:2020 standardization guide-

lines [8] were defined as the most suitable standard 

for developing the measurement methodlogy.  

In the field of acoustics, research in cutting-

edge materials [9] and understanding the im-

portance of investing in sound-isolating environ-

ments has been growing [10]. Using the right mate-

rials and dimensions for the cabin results in better 

isolation quality and a better sound environment in 

the cabin [11]. To define the effectiveness of these 

environments, proper standardization is necessary 

[12], as well as developing cost-effective methodol-

ogies for its testing [13, 14]. Similar studies on such 

environments have been created in the past for in-

dustry-based working areas [15], as well as offices, 

where the focus was the speech privacy when mak-

ing phone calls [16]. These enclosures are entirely 

enclosed and typically come equipped with essen-

tials such as doors, electrical outlets, lighting, win-

dows, and ventilation fans [17, 18].  

The primary performance indicator for this 

type of acoustically isolated booths in terms of 

sound reduction, according to existing standardiza-

tion, is the class division indicator. The class divi-

sion of acoustically isolated cabins depends on the 

level of noise prediction and sound pressure and is 

usually expressed by classes A+, A, B, C, and D 

[19], as shown in Table 1. 

The Class 1 sound level meter has high accu-

racy and allows several analyses in time and fre-

quency domain, while the low-budget sensor unit 

can only show the sound level and will be used in 

this paper to explore its performance, but testing this 

sensor is crucial in making acoustic testing available 

for lower budgets. The results of this paper are part 

of a student project financed by the University of Ss. 

Cyril and Methodius in Skopje, North Macedonia. 

T a b l e 1 

Class division of acoustically isolated 

 cabins according to speech level reduction,  

thus speech privacy guarantee, following  

the ISO 23351-1:2020 standard guidelines 

Class 
Speech level reduction 

(dB) 

Speech privacy 

guaranteed? 

А+ > 33 Yes 

А 30 – 33 Yes 

В 25 – 30 Yes 

С 20 – 25 Depends on background 

noise level 

D 15 – 20 Depends on background 

noise level 

Unclassified < 15 No 

2. METHODOLOGY 

Proper definition of standardized measure-

ments is of vital importance for this study. Initially, 

using the ISO 23351-1:2020 standard allows us to 

develop a methodology and select an appropriate 

experimental measurement protocol, including the 

choice of suitable sound sensors. With its assis-

tance, it is defined and precisely determined which 

sound characteristics will be measured, which aids 

in a comprehensive segmentation and analysis of 

the sounds received in the isolated environment. 

First, defining an environment where the iso-

lation cabin will be placed is essential. The estab-

lished standard acoustic conditions that largely pre-

vent the penetration of external sources of noise 

must also be defined. If the room in which this cabin 

is located has windows, it needs to be positioned at 

least one meter away from the wall with the window 

and minimizing the number of objects in the room 

is necessary to reduce sound reflection [20]. 

The room in which the measurement is con-

ducted should be a reverberation room that complies 

with the ISO 3741:2010 standard. One of the main 

criteria for accommodating an acoustically isolated 

environment is the size of the chosen room, which 

should have a minimum volume of 150 m3 to be able 

to register a frequency of 125 Hz, while the volume 
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of the cabin should be up to 5% of the volume of the 

room where the measurement will be performed 

[21]. 

According to the standard ISO 23351-1:2020 

for analyzing the performance of acoustically iso-

lated spaces, the measurement methodology is di-

vided into four phases shown on Figure 1: 

• Phase 1: Selection of hardware equipment. 

• Phase 2: Defining 3 case studies. 

• Phase 3: Defining measurement points and 

duration. 

• Phase 4: Analysis, comparison, and valida-

tion of results. 

 
Fig. 1. Different phases of the measurement methodology following the ISO 23351-1:2020 standard 

According to Figure 1, phase 1 is related to the 

hardware equipment, where Class 1 hand-held ana-

lyser is used for measuring the sound level, while 

the omnidirectional sound source is used for gener-

ating pink noise. To be able to do additional analy-

sis, a low-cost budget sensor is used for seeing its 

performance. 

The 2nd phase defines three case studies while 

performing the measurements, in order to be able to 

classify the booth. The initial referent measurement 

is performed in an open space, and in order to cal-

culate the classes according to the speech level re-

duction, additional measurements in three case stud-

ies are performed. In the 1st case study, the measure-

ment is performed while the sound source is in the 

booth without acoustically isolated materials, while 

in the 2nd and 3rd study cases, the booth is isolated. 

The difference between the 2nd and 3rd case study is 

the open and closed ventilation gap that is located 

on the top of the cabin.  

The 3rd phase defines 6 measurement points, 

while at each measurement point the measurement 

is performed with time duration of 20 seconds and 

it is repeated 3 times. The 4th phase is related to anal-

ysis, comparison and validation of the gained re-

sults. According to the above defined phases, the ex-

perimental testing is done in the following section. 

3. EXPERIMENTAL WORK 

For better performance testing of the acous-

tically isolated booth, the sound level in the working 

environment was first measured without any iso-

lating material and then various acoustic absorbers 

to improve sound absorption were added. This 

allowes obtaining multiple case studies with more 

results for analytical comparisons. The designed 

acoustically isolated environment shown in Figure 

2 is designed to be used as a booth for a single 

occupant, while remaining more cost-effective than 

the currently available commercial cabins. 
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Fig. 2. Proposed prototype design of acoustically isolated 

booth for testing with dimensions of 2.2 × 1.5 × 1.5 m 

Effective acoustic isolation is required to 

achieve good performance of the acoustically iso-

lated booth. To implement this, several factors are 

taken into account, such as materials, construction, 

and sound transmission reduction [22]. When 

designing an effective acoustically isolated cabin, 

the following characteristics need to be considered: 

the chosen suitable acoustic materials should have 

good sound absorption and sound blocking pro-

perties, the room or object design with double or 

triple walls, floors, or roofs with air gaps between 

them should increase the space for sound isolation, 

and the use of acoustic materials that absorb sound 

would help reduce sound reflection in the space 

[23]. To achieve improved sound absorption, acous-

tic absorbers are of great importance. An absorptive 

material called “z-line” was used, made of high-

quality polyester with a high coefficient of sound 

absorption for middle and high frequencies. Due to 

its open-cell structure and specific geometry, this 

corrugated absorber possesses exceptional sound 

isolation properties [24].  

The designed booth was tested according to the 

developed methodology based on the standard ISO 

23351-1:2020, while the measurement was carried 

out with 6 steps as shown on Figure 3. 

 

Fig. 3. Six steps of conducting the sound isolation measurements

Omnidirectional sound source with an ampli-

fier according to ISO 3382-1, is a sound source that 

generates pink noise with a defined height of 1.2 m 

(from the floor) adapted for acoustic measurement 

tests made in cabins for a sitting position [25]. Sound 

level meters from Class 1 are the main indicator when 

doing measurements and obtaining valid results for 

the goals of this paper. On the other hand, the low-

budget sensor can obtain results, but they cannot be 

verified according to the standard. The data collected 

from the low-cost sensor unit is compared with the 

results of a B&K Class 1 sound meter which is taken 

as a reference device with greater accuracy and 

precision in obtained values. Their working principle 

for the sound level meter Class 1 and the low-budget 

sensor is shown on Figures 4 and 5, respectively. 
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Fig. 4. Measuring experiments using the 1st class hand-held analyzer 

 

Fig. 5. Measuring experiments using the low-cost sensor unit 

The B&K 2250 audiometer detects pink noise 

generated by the omnidirectional sound source and 

performs octave spectrum measurements, which 

means that it divides the entire audio spectrum into 

octave frequency bands. Specifically for this case, 

the frequency ranges are determined in accordance 

with the standard and are between 125 Hz and 8000 

Hz with an A weighting curve. This analysis aims to 

determine how the intensities of different frequen-

cies in the sound signal are distributed. The results 

are mean values from the 3 measurements. The low-

cost sensor unit is consisted of Gravity Sound Sen-

sor and sends the values to the ESP32 microcontrol-

ler, while the results that are sent to the Arduino IDE 

are average values of the sound level in dB(A) for 

20 second interval, which means that 20 measured 

values (samples) enter this interval. The average 

equivalent sound value is calculated according to 

the formula: 

 𝐿𝑒𝑘𝑣 = 10 × log
∑ 1010

𝑘𝑖𝑛
𝑖=0

𝑛
, (1) 

where ki is the ith measured value in dBA, while n is 

the number of measurements. 

4. RESULTS AND DISCUSSION 

4.1. Analysis of the performance of the acoustically 

isolated booth 

In order to perform an analysis of the perfor-

mance of the acoustically isolated booth in the three 

case studies, it is necessary to calculate the differ-

ence between these sound levels or subtract their 

values to determine the reduction in speech levels. 

The measurement was done using the Class 1 hand-

held analyzer for the three case studies as shown in 

the methodology, while the results are shown on Ta-

ble 2. 

The sound power level (SWL) emitted by a 

loudspeaker is measured according to ISO 3741 in 

two phases: (1) without the product for a bare om-

nidirectional sound source, and (2) with the product 

including the omnidirectional sound source at the 

centrally defined position. 

The mathematical principle of determining 

speech level reduction is presented below. First, the 

level reduction is determined in octave bands 125–

8000 Hz. Level reduction, Di (dB), is the difference 
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between the sound power level measured in the two 

phases mentioned before. 

 𝐷𝑖 = 𝐿𝑤,𝑃,1,𝑖−𝐿𝑤,𝑃,2,𝑖, (2) 

where 𝐿𝑤,𝑃,1,𝑖  (dB) is the sound power level radi-

ated by the sound source without furniture ensem-

ble, and 𝐿𝑤,𝑃,2,𝑖 (dB) is the sound power level radi-

ated by the specimen when the sound source is in-

side the booth. The octave band is denoted with i 

and P indicates pink noise.  

Second, the speech level reduction, 𝐷𝑠,𝐴 [dB], 

is calculated. 𝐷𝑠,𝐴 is a single-number quantity that 

expresses the corresponding reduction in Aweigh-

ted sound power level of standard effort speech 

within 125–8000 Hz. The value of 𝐷𝑠,𝐴 is calculated 

by  

 𝐷𝑠,𝐴 = 𝐿𝑤,𝑠,𝐴,1 − 𝐿𝑤,𝑠,𝐴,2 (3) 

 𝐷𝑠,𝐴 = 𝐿𝑤,𝑠,𝐴,1 − 𝐿𝑤,𝑠,𝐴,3 (4) 

where 𝐿𝑤,𝑠,𝐴,1 is the sound power level from case 

study 1 which is the referent state (Non-isolated 

closed booth) from who we are subtracting 𝐿𝑤,𝑠,𝐴,2 

(sound power level of study case 2- Isolated booth 

with silenced ventilation) and 𝐿𝑤,𝑠,𝐴,3 (sound power 

level of study case 3 – Isolated booth without silen-

ced ventilation. 

From the results it can be seen that the differ-

ence between the first case study with an open cabin 

and the second case study is approximately 9 dB. 

Furthermore, when comparing the difference be-

tween the first and third case study, there is a 3 dB 

difference measured. 

The most significant comparison observed is 

between case study 2 and case study 3, which shows 

a 7dB difference. This difference effectively high-

lights the effects of ensuring a quality soundproof 

ceiling and silenced ventilation, resulting in the 

maximum difference that grants the cabin a higher 

classification (in this case Class A with а potential 

for A+). Cabins in this class have the highest effi-

ciency in noise isolation. They are able to isolate 

even the most audible noises and sound pressures, 

which makes them ideal for applications where the 

highest quality of isolation is most important. 

Although the second case study provides the 

best results, it is not a realistic solution due to the 

need for proper air exchange in the cabin. Therefore, 

the most optimal solution is to upgrade the cabin 

with a ventilation system that facilitates air circula-

tion and exchange between the cabin and the exter-

nal environment while providing maximum sound 

attenuation. 

T a b l e  2 

Results from the measurements for defining the speech level reduction of the booth in the three case studies 

Measurement 

point 

Case study 1 Case study 2 Case study 3 

Speech level reduction of 

the non-isolated booth 

Speech level reduction of the isolated 

booth with silenced ventilation 

Speech level reduction of the isolated 

booth without silenced ventilation 

dB(A) dB(A) dB(A) 

1 25.1 31.7 26.7 

2 24.0 30.9 26.9 

3 24.1 33.8 26.4 

4 23.8 33.7 26.9 

5 22.6 31.6 25.5 

6 22.9 32.2 26.4 

 

4.2. Frequency analysis 

The frequency analysis serves for further ana-

lysing and observing at which frequency range there 

is the most significant noise mitigation. From the 

analysis of the results in Figure 6, at the representa- 

tive point with distance of 4.5 m, the highest sound 

levels measured in the open state without sound-

proofing material are observed at frequencies of 

1000, 2000 and 4000 Hz. The most significant re-

duction (difference) of 46.3 dB is observed at a fre-

quency of 8000 Hz. The highest sound level occurs 

at a frequency of 2000 Hz, with a value of 70.76 dB.  
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Fig. 6. Frequency data collected from representative measurement point 3 

It can be noted that after isolating the cabin, the 

highest sound levels are found in the frequency 

range of 500 to 2000 Hz. Based on this, if further 

sound reduction is desired when selecting sound-

proofing materials, it is necessary to choose a mate-

rial that provides attenuation in these frequencies 

between 500 Hz and 2000 Hz. 

4.3. Comparison between the results of the low-

cost sensor unit and Class 1 hand-held analyzer 

The results of the low-cost sensor unit com-

pared with the sound level meter are analyzed. 

Table 3 shows the results where the smallest 

difference in measurements is between the Class 1 

sound level meter and the low-budget sensor unit. 

This value is between 0,4 and 1 dB, meanwhile the 

highest difference is 3.3 dB. The results from the 

low-budget sensor unit can serve as a good indicator 

for representing the noise level but cannot be used 

when measuring according to a standard. 

It can be noticed that the low-cost sensor unit 

gives higher values of the measured sound level 

than the 1st class hand-held analyzer. The results 

from the low-budget sensor unit can serve as a good 

indicator for representing the noise level but cannot 

be used when measuring according to a standard. 

T a b l e  3 

Results from differences between noise level of the low-cost sensor and the Class 1 hand-held analyser  

 Measurement point 1 Measurement point 2 Measurement point 3 

 Difference in dB(A) Difference in dB(A) Difference in dB(A) 

Case study 1 1 2.2  0.4 

Case study 2 4.4 2.7  0.9 

Case study 3 1.2 2.8 0.4 

 Measurement point 4 Measurement point 5 Measurement point 6 

 Difference in dB(A) Difference in dB(A) Difference in dB(A) 

Case study 1 1  0.3 2.1  

Case study 2 1.4 2.8 1.3 

Case study 3 1  1.2  0.4 
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5. CONCLUSIONS 

The developed methodology enabled an acous-

tic study of the acoustically isolated booth. From the 

obtained results and their analysis, it can be esti-

mated that the booth exhibits adequate performance 

in terms of acoustic isolation, potentially allowing it 

to be Class B or Class A. Additional measurements 

and research are needed to accurately determine the 

class to which the acoustically isolated booth be-

longs. Using the equipment, a measurement of 

sound levels was performed, as well as a frequency 

analysis that could provide guidance for selection of 

materials for additional sound isolation for the 

cabin. 

As part of the conducted measurements, an ad-

ditional analysis included the evaluation of the ac-

curacy of the low-budget sensor unit, which was en-

hanced with software that directly records results 

according to the requirements for this testing. The 

results from the low-budget sensor unit were com-

pared with results obtained from a Class 1 instru-

ment, indicating that the low-budget sensor unit can 

be a good indicator for assessing sound levels. How-

ever, for these types of analyses, a Class 1 sound 

level meter is still required for precise measure-

ments. 

Through this paper, a methodology has been 

developed in accordance with the ISO 23351-

1:2020 standard, which can serve as a basis for test-

ing various acoustically isolated cabins in the future. 

In addition, there is an opportunity to improve the 

standard’s acoustic conditions in order to improve 

the class placement itself, as well as the opportunity 

to enrich the hardware equipment, application of 

new sensor technology, automation of measure-

ments and generation of results, testing of other 

measuring instruments and thus to obtain better re-

sults. 
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A b s t r a c t: In this research paper, an investigation was conducted into the development of mechatronic systems 

for two-wheeled vehicles, with a primary focus on a self-balancing motorcycle. The self-balancing motorcycle, which 

is currently in the developmental phase, has a primary objective of enhancing traffic safety by eliminating the require-

ment for external assistance. The study delves into its design, programming, and potential for further enhancement and 

eventual commercial utilization. Fundamental equations of bicycle dynamics were derived, and a PID controller, guided 

by MEMS sensor data, was employed for steering control. The paper encompasses the presentation of experimental 

tests and refinements to the feedback system, providing valuable insights into the system's overall performance. The 

research embarks on the intersection of technology, vehicle dynamics, and safety, laying the groundwork for future 

developments in these interconnected domains. 

Key words: self balancing motorcycle; equations of motion; PID control; Matlab Simulink 

ДИЗАЈН И ИМПЛЕМЕНТАЦИЈА НА САМОБАЛАНСИРАЧКИ МОТОЦИКЛ 

А п с т р а к т: Во овој истражувачки труд е спроведено истражување за развој на мехатронички системи 

за возила на две тркала, со примарен фокус на самобалансирачки мотоцикл. Мотоциклот со самобалансирање, 

кој моментално е во фаза на развој, има примарна цел да ја зајакне безбедноста во сообраќајот преку елимини-

рање на потребата од надворешна помош. Студијата навлегува во неговиот дизајн, програмирање и потенцијал 

за понатамошно подобрување и евентуално комерцијално искористување. Изведени се равенки на динамиката 

на мотоциклот, а PID-контролер е употребен за контрола на управувањето. Трудот опфаќа презентација на 

усовршувања на системот за повратни информации, обезбедувајќи и прикажувајќи добиени резултати во 

севкупните перформанси на системот. Истражувањето започнува со почетокот на развојот на технологијата, 

динамиката на возилата и безбедноста. 

Клучни зборови: самобалансирачки мотоцикл; равенки на движење; PID-контрола; Matlab Simulink

1. INTRODUCTION 

In the rapidly evolving technological land-

scape the advancements of self-balancing vehicles 

marks a significant transformation in the field of 

transportation. As we observe this progression, it 

becomes increasingly important to delve into the de-

velopment of smaller, energy-efficient vehicles, 

specifically focusing on two-wheeled self-driving 

motorcycles. The authors of [1, 2, 3] have delved 

into the study of the stability and dynamics of bicy-

cles and how they affect its balance. In [4], a com-

prehensive review of dynamic modeling for single-

track vehicles is presented. Some straightforward 

second-order dynamic models are introduced in [5] 

to examine the stability of balance in a bicycle. Con-

versely, certain researchers have delved into motor-

cycle dynamics using a multi-body approach [6, 7, 

8], which, due to its complexity, is less suitable for 

control system design. 

These compact vehicles offer distinct ad-

vantages in terms of space utilization and energy ef-

ficiency for individual transportation. To make 

these vehicles truly practical, the implementation of 

an effective balancing system is crucial. This re-

search project primarily revolves around the devel-

opment of a self balancing motorcycle (SBM) con-

trolled by a microcontroller-based PID controller, 

https://doi.org/10.55302/MESJ23412670109v%0d%0d
https://doi.org/10.55302/MESJ23412670109v%0d%0d
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aimed at enhancing its stability and navigational ca-

pabilities. While two-wheeled commercial human 

vehicles such as SEGWAY, NBot, and JOE have al-

ready entered the market, their high-tech, high-qual-

ity components have rendered them scarce, costly, 

and largely inaccessible. In contrast, this research 

project seeks to build a prototype using off-the-shelf 

components, thereby reducing costs and increasing 

accessibility. The scope of this research encom-

passes the assembly of the SBM robot, its mathe-

matical kinematic modeling, and the design and im-

plementation of an Arduino-based PID controller on 

the assembled robot. This scientific paper is part of 

an undergraduate thesis with the topic "Develop-

ment of a concept of a mechatronic self-balancing 

motorcycle".  

2. DERIVING EQUATIONS OF MOTION  

FOR A BALANCING MOTORCYCLE 

The motorcycle balancing issue can be as-

sumed as an inverted pendulum with an attached in-

ertia wheel. The two primary assumptions are that:  

A pendulum rod that is fixed to the ground via 

a revolute joint, thereby possessing one degree of 

freedom. For modeling purposes, it is assumed that 

the pendulum rod takes the form of a cylinder char-

acterized by a radius denoted as 'r' in further equa-

tions.  

An inertia wheel that is linked to the pendulum 

rod through an additional revolute joint. Similar to 

the pendulum rod, the inertia wheel is also repre-

sented as a cylinder, with a radius designated as 'R' 

in further equations. Notably, the axes of rotation 

for the two considered revolute joints are parallel to 

each other. 

The model of the SBM which will be used in 

the following equations is represented in Figure 1, 

where A represents the rotation axis of the revolute 

joint connecting the pendulum rod to the ground and 

has a length 𝑙𝐴𝐷, which corresponds to the length of 

the motorcycle frame. B signifies the center of mass 

of the pendulum rod. It's important to note that for 

our modeling purposes, we assume that the pendu-

lum rod possesses a uniform density, which implies 

that point B is positioned at the midpoint between 

points A and D. C denotes the rotation axis of the 

revolute joint connecting the pendulum rod to 

the inertia wheel.  

In this paper the system under consideration 

has two degrees of freedom and its state can be char-

acterized using two coordinates: the angle θ, corre-

sponding to the pendulum rod’s lean angle, and the 

rotational speed of the inertia wheel ω. 

 
Fig. 1. Scheme of self-balancing motorcycle 

The inertia wheel rotates around point C. and 

is in rotational movement about point A in conjunc-

tion with the pendulum rod. The parallel axis theo-

rem is used in order to calculate the moment of in-

ertia of the inertia wheel concerning point A, de-

noted as 𝐼𝑊
𝐴   

   𝐼𝑤
𝐴 = 𝐼𝑤

𝐶 + 𝑚𝑤𝑙𝐴𝐶
2 = 0.5𝑚𝑤𝑅2 + 𝑚𝑤𝑙𝐴𝐶

2 =

        = 𝑚𝑤(0.5𝑅2 + 𝑙𝐴𝐶
2 ),                                   (1) 

where 𝑚𝑤  is the mass of the inertia wheel and 𝑙𝐴𝐶  

is the distance between the points A and C. 

Тhe pendulum rod rotates around point A, not 

its center of mass B, and its moment of inertia is 

given by the following equation: 

𝐼𝑟
𝐴 = 𝐼𝑟

𝐵 + 𝑚𝑟𝑙𝐴𝐵
2 =

1

12
𝑚𝑟(3𝑟2 + 𝑙𝐴𝐷

2 ) + 𝑚𝑟𝑙𝐴𝐵
2 ,

    (2) 

where 𝑚𝑟  is the mass of the rod and 𝑙𝐴𝐵  is the 

distance between points A and B and 𝑙𝐴𝐷 is the dis-

tance between points A and D.  

The torque 𝜏𝑚 of the inertia wheel is given by 

the following two equations: 

 𝜏𝑚 = 𝐼𝑤
𝐶 (𝜔˙ + 𝜃¨)   (3) 

 𝜏𝑚 = 0.5𝑚𝑤𝑅2(𝜔˙ + 𝜃¨)  (4) 

Next step is bringing the above equations of 

motion to state-space format which is defined as: 

𝑥˙(𝑡) = (𝜃˙ 𝜃¨ 𝜔˙ ) =  

= (𝜃˙ (𝜃) (𝑚𝑟𝑙𝐴𝐵+𝑚𝑤𝑙𝐴𝐶)−𝜏𝑚

𝑚𝑤(0.5𝑅2+𝑙𝐴𝐶
2 )+

1

12
𝑚𝑟(3𝑟2+𝑙𝐴𝐷

2 )+𝑚𝑟𝑙𝐴𝐵
2

 
𝜏𝑚

𝐼𝑤
𝐶 − 𝜃 ˙) (5) 
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Finally this equation is used in the software to 

model the dynamic behavior of the system and in 

designing the feedback controller  

3. BLOCK-BASED MODELING  

OF THE MOTORCYCLE MOTION 

The programming the motorcycle's motion is 

done through the use of block-based modeling. The 

modeling process is organized in design phases with 

a specific objective, ultimately leading to the attain-

ment of the Final Code. In the initial phase of pro-

gramming within Matlab Simulink, the emphasis is 

on parameter configuration to facilitate the creation 

of a simulation model for the motorcycle's motion. 

Additionally, an algorithm is devised to maintain 

the vehicle's balance under varying external condi-

tions. Within this phase, a proportional-derivative 

(PD) controller is implemented to determine the 

motorcycle's lean angle and its rate of change over 

time. These parameters are leveraged to construct a 

Simulink model aimed at regulating the flywheel's 

speed, thereby contributing to the motorcycle's bal-

ance. To achieve this a Simulation Data Inspector 

(SID) shown in Figure 2 is implemented. 

 
Fig. 2. Control terms in the Simulation Data Inspector (SDI) 

The second phase focuses on developing Sim-

ulink models to govern the motorcycle's hardware 

components. Custom algorithms are introduced, en-

abling direct deployment to the controller from Sim-

ulink and the necessary connections with the PD 

control algorithm are established.  

Within the next phase a wireless connection is 

established and the motorcycle is balanced while 

moving in a straight path, either forward or back-

ward. To accomplish this, a Wi-Fi connection is es-

tablished between the controller and the computer, 

allowing remote monitoring of the motorcycle's sta-

tus and computer signals without physical linkage. 

The actuation of the motorcycle is through the rear 

wheel and the balancing is achieved by the flywheel 

and gyroscope information from the IMU sensor.  

The final phase incorporates the control of the 

steering servo-motor, enabling left and right maneu-

vers. This phase tests the ability of the control algo-

rithm to maintain balance while the motorcycle un-

dergoes turns. The act of turning introduces an ad-

ditional torque component along the wheel-ground 

axis, necessitating compensation by the flywheel. 

Altering the steering angle prompts the servo motor 

to swiftly shift the steering column from its initial 

angle to the target angle. 

4. RESULTS AND DISCUSSION 

The final results of the undergraduate thesis 

are the construction and real time control of a self 
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balancing motorcycle using Matlab Simulink. Hav-

ing modeled the dynamics of the system and derived 

the equations of motion the final proportional deriv-

ative control could be designed and implemented in 

order to achieve a stable system. The prototype of 

the self balancing motorcycle can be seen in Figure 

3. 

The control of the motorcycle is done through 

a wireless, Wi-Fi, connection between the MKR1000 

controller on the motorcycle and Matlab Simulink. 

This control allows the motorcycle to move inde-

pendently without the need of being connected to a 

computer which will hinder its movements and 

affect its capabilities. The final code that is used in 

order to control and balance the motorcycle is given 

in Figure 4. 

  
Fig. 3. Prototype of a self-balancing motorcycle 

 
Fig. 4. Schematic of the Final matlab code 

The code has multiple aspects which incorpo-

rate all of the hardware components on the motor-

cycle. The IMU sensor gives three-dimensional ac-

celeration, yaw rate and magnetic field strength data 

in 3 perpendicular axes. This data is used to get the 

angle and speed at which the motorcycle is leaning 

in order for the flywheel to stabilize the system. The 

information from the IMU sensor is fed into the con-

troller which calculates the torque needed for the in-

ertia wheel in order to balance the motorcycle. The 

PD control is used in order to control the flywheel 

based on the data from the IMU sensor in order to 

achieve balance of the motorcycle while the other 

movements, such as speed of the actuating wheel 

and the steering are done by user input. Тhe rear 

wheel speed is commanded as a fractional duty cy-

cle with positive values indicating forward motion 

and a manual switch is provided to enable or disable 

the rear wheel motor. While steering of the motor-

cycle is done by manually inputting the angle at 

which the motorcycle should turn.  



Design and implementation of self-balancing motorcycle 113 

Маш. инж. науч. спис. 41 (2) 109–113 (2023) 

5. CONCLUSION 

Within this paper the dynamics of a self bal-

ancing motor were presented and its equations of 

motion have been derived.With the use of Arduino 

hardware components have been used in the con-

struction of the prototype of the self balancing mo-

torcycle and matlab simulink in its operation. Tun-

ing of the PD controller has been made in order to 

stabilize the system and ensure it will not fall over 

while riding. Future work will encompass the addi-

tion of extra weight to the motorcycle which will 

shift position to simulate a rider. Scaling the motor-

cycle to a bigger version and seeing the hardware 

needs and costs for such a solution. Finally the work 

will be done in automating the full system not just 

the balancing of the motor, this will incorporate au-

tomating the steering and the speed of the motorcy-

cle so that they are no longer user input defined but 

defined based on a task. 
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A b s t r a c t: This research paper describes robot welding programming and different approach of three appli-

cations in manufacturing processes by welding. It gives an overview of robot manipulator and its main components. 

For the experimental work a 6-axis robot arm is used and three different welds are made. Detailing of programming for 

every example with or without synchronization with the positioner and the trajectory is discussed. The paper presents 

steps of software development for online programming of a robot arm with or without synchronization. 

Key words: robot; welding; programming 

ПОСТАПКИ НА ЗАВАРУВАЊЕ МЕТАЛНИ ПРОИЗВОДИ  

СО РОБОТСКOТО ЗАВАРУВАЊЕ МИГ/МАГ 

А п с т р а к т: Овој труд го опишува програмирањето на роботското заварување и различниот пристап 

на три апликации во производните процеси со заварување. Даден е преглед на робот манипулатор и неговите 

главни компоненти. Во експерименталниот дел се користи роботска рака со 6 оски и се направени три различни 

завари. Дискутирани се деталите на програмирањето за секој пример со или без синхронизација со позицио-

нерот и траекторијата. Во трудот се претставени чекорите на развој на софтвер за онлајн програмирање на 

роботска рака со или без синхронизација. 

Клучни зборови: робот; заварување; програмирање

1. INTRODUCTION TO ROBOTIC WELDING 

Robots are very important equipment in today 

modern industry. The international standard ISO 

8373:2012 defines a robot as “an actuated mecha-

nism programmable in two or more axes with a de-

gree of autonomy, moving within its environment, 

to perform intended tasks” [1]. Robot refers to any 

device or mechanism that performs intended tasks 

and meets three conditions at the same time: sense, 

think and act. Depending on the application area the 

classification in ISO 8373:2012 is accepted as in-

dustrial robots and service robots. 

Welding plays a significant role in manufac-

turing, particularly in industries that use complex 

metal components and structures. One of the ad-

vantages of welding is the creation of joint with high 

strength but as disadvantage is the heating of the 

metal up to temperature of recrystallization and 

creating changes in thermos-deformation cycle [2]. 

To perform a quality weld requires experi-

enced personnel who can control the process of 

welding. With the development of technology, cre-

ating a quality weld in short time and low cost for 

manufacturer become a need. With the development 

of Industry 3.0 and Industry 4.0 the automation of 

physical production processes is a key component 

for improving productivity and robots have played 

an important role in the automation of various oper-

ations, simultaneously enhancing the quality of 

manufactured products [3]. 

There are a huge number of products that re-

quire welding operations in their assembly pro-

cesses and that is why industrial robots are most 

https://doi.org/10.55302/MESJ23412671115k%0d%0d
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popular applications of robotics worldwide [4]. The 

car industry is probably the most important exam-

ple, with the Metal Inert Gas (MIG) / Metal Active 

Gas (MAG) welding operations in the car body 

workshops of the assembly lines [5]. Nevertheless, 

there are an increasing number of smaller busi-

nesses, client oriented, manufacturing small series 

or unique products designed for each client. These 

users require a good and highly automated welding 

process in a way to respond to client needs in time 

and with high quality. 

2. MIG/MAG ROBOT WELDING 

Welding is the key factor in the development 

of industry, of every new construction made with 

metallic materials produced or used in construc-

tions. In assembly processes every product requires 

welding operations with a good and highly auto-

mated welding process and to respond to client 

needs in time and quality. 

MIG/MAG weldings, according to ISO 4063, 

proceses number 131 and 135 [6], respectively are 

widely used welding processes in industrial sector 

[7]. Uses heat created from an electric arc between 

a consumable metal electrode and a workpiece, cre-

ating a weld pool and fusing them together, forming 

a joint. The weld pool and the arc are protected from 

the environment and contaminants by a shielding 

gas, inert or active, depending on the chosen weld-

ing process. 

Robotic welding is far from being a solved au-

tomatic technological process and this is due to the 

complexity of the process, difficult to parameterize 

and to effectively monitor and control. When weld-

ing with MIG/MAG, the process imposes extremely 

high temperatures concentrated in small zones, 

which makes the material experiencing extremely 

high and localized thermal expansion and contrac-

tion cycles, which introduce changes in the materi-

als that may affect its mechanical behaviour along 

with plastic deformation [8]. 

3. COMPONENTS OF ROBOT WELDING 

STATION 

A basic robotic arc welding station is com-

posed of two subsystems: the welding equipment 

delivering the energy from the welding power sour-

ce to the workpiece and the robot providing relative 

positioning of the heat source and the workpiece [9]. 

A typical robotic arc welding station includes 

moving mechanisms: welding tool manipulator 

aimed at moving the weld torch with required speed 

and orientation relative to the weld joint and 

positioning table for manipulation of the work piece 

(Figure 1). In this paper six-axis industrial welding 

robot is analyzed which is composed of a three-axis 

lower arm and a three-axis wrist, and they enable 

the welding torch mounted at the wrist to achieve all 

positions necessary for welding. 

One of the integral parts of robotic welding sta-

tion is the sensor technology. Sensing technologies 

designed for robotic welding are the essential ele-

ments for creating the desired level of control auto-

mation and monitoring. The sensors observe and 

measure process parameters, they are the input to 

the control system. With this input information the 

control system adapts output with the defined weld-

ing procedure specifications. 

Another essential part of the robotic welding 

system is the robotic positioner whose role in the 

system is to hold, to rotate and reposition the part 

for the welding robot so that can reach the entire 

piece. It is obtained higher productivity and help au-

tomate tasks that would be impossible without rota-

tional capabilities. 

 

Fig. 1. Robotic arc welding station 

4. EXPERIMENTAL WORK 

For the experimental work a robot arm is used 

that has 6-axis movement. It is used in industry for 

advanced systems for adding filler material. The 

maximum range of the robot arm is 1374 mm and 

maximum payload is 6 kg (Figure 2). 
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Fig. 2. Robotic manipulator 

The mobile unit has the function of managing 

the robot, including manipulation of all the pro-

cesses required for welding. All functions such as 

programming are performed through the mobile 

unit for management and communication with the 

robot controller which is shown on Figure 3. The 

robot welding torch (Figure 4) is the element which 

stands on the arm of the robot, it has the function of 

a wire transmitter and conductor of the protective 

gas. With the help of the torch, a stable arc is created 

and thus a good weld joint. 

  
Fig. 3. Mobile management unit AUR 010558 Fig. 4. Robot welding torch 

5. AN APPROACH TO WELDING ROBOT 

PROGRAMMING 

Programming of the robot remains the most 

costly and time-consuming task which demands a 

high degree of precision and reliability and basic 

knowledge of programming and robotics of the op-

erator [10, 11]. 

Robot programming methods of industrial ro-

bots which play vital roles in welding are divided 

into online and offline programming [12]. With off-

line programming the method does not requires the 

robot and a virtual representation of the robot and 

its workspace is constructed. With online program-

ming the method requires the presence of the robot 

and consists of recording the path with a manage-

ment unit. 

5.1. Synchronized programming of chair 

The programming is done online with the mo-

bile management unit. The trajectory of program-

ming is shown in Table 1 and discussed below. 

The next step is testing the program without 

welding, with good visual trajectory, approaching 

the future weld. The weld is performed with syn-

chronization, the positioner rotates, moves, and the 

weld is performed in the best possible welding po-

sition. The welding program has 16 positions, the 

whole chair requires about 457 welding positions. 

There is a total of 10 complete or 20 individual 

welds. The welding process of the chair is 5 minutes 

(Figure 5) and on Figure 6 is shown one completed 

weld of the chair. 
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T a b l e  1 

Trajectory of the programming 

 

Position 

name 
Task description 

P0 Reset the sensor from the previous program (0 position). 

P1 Deleting the previously saved points. 

P2 Turn on the sensor before start. 

P3 Approaching to tube with speed of 0.3 m/min 

P4 Tube check with the weld torch, where there is a closed-circuit sensor 

P5 Is saved as point GDI 

P6 After each saving of the point the sensor is reset for a new point 

P7 The sensor turns off 

P8 Command to read the points, recall from memory 

P9 Referring to sensed position 

P10÷11 Moves according to sensing, the starting point is synchronized with the 

previous points 

P12÷16 Setting the weld trajectory with 5 – points and speed S = 0,3 m/min, A = 90, 

V=14,7. 

P17 Position 17 – turn off the sensor 

P18 Resetting the sensor and erasing the previous points, returning to position 1 

 Return to zero position. 

 

  
Fig. 5. Online programming of welding chair 

 
Fig. 6.  Completed weld with 16 positions 
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5.2. Non-synchronized programming welds  

on "Plate 1" 

Welding programming is performed by online 

method, indirectly, where the welding program for 

the "Plate 1" is programmed with the mobile control 

unit. In non-synchronized welding the positioner 

does not rotate. The welding movement is per-

formed by the robotic arm that moves along a given 

programmed trajectory. In such non-synchronized 

welding, welding in vertical or overhead position is 

not applied (Table 2). 

Welding parameters are following: 

• Welding current: 80-85 A 

• Welding voltage: 14.5 – 14.8 V 

• Welding speed: 10m/min 

To perform all three welds, 20 positions were 

programmed, run the program without welding 

which is required for visual inspection and then per-

form the welding itself. 

T a b l e  2. 

Trajectory of programming of Plate 1 

 

 

Position 

name 
Task description 

P0 Resetting the sensor from previous programs 

P1 Deleting previous saved points 

P2 Before starting linear movement, the sensor is turned off 

P3 Starting point for the weld trajectory 

P4 End point of the trajectory for the first weld 

P5 Switch off the sensor 

P6 After each point saving, the sensor is reset for new points 

P7÷11 Moving along the weld trajectory and saving points 

P12 Turn off the sensor 

P13 After each point saving, the sensor is reset for new points 

P14÷18 Turns on circular motion and moves along the trajectory of the circle 

P19 Turn off the sensor 

P20 Resetting the sensor and erasing the previous points 

 Return to zero position 

5.3. Non-synchronized programming of "Plate 2" 

example with set amplitudes of welding gun 

movement 

In the third experiment, it is performed non-

synchronized programming of example "Plate 2" 

with set amplitudes of movement of the welding 

gun. The welding parameters are the same as exam-

ple no. 2, plate 1. To perform all three welds, 25 po-

sitions needs to be programmed. The program runs 

without welding, which is necessary for a visual in-

spection and then performing the welding. Non-syn-
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chronized welding with set amplitudes produces a 

wider weld and is used in thicker materials where a 

larger deposit of filler material is required (Table 3). 

Welding parameters are following: 

• Welding current: 80 – 85 A 

• Welding voltage: 14.5 – 14.8 V 

• Welding speed: 10 m/min. 

To perform all three welds, 25 positions were 

programmed. Then run the program without weld-

ing, which is necessary for a visual inspection and 

then to perform the welding itself. Non-synchro-

nized welding with set amplitudes produces a wider 

weld and is used in thicker materials where a larger 

deposit of filler material is required. 

T a b l e  3 

Trajectory of programming of plate 2 

 

 

Position 

name 
Task description 

P0 Resetting the sensor from previous programs 

P1 Deleting previous saved points 

P2 Before starting linear movement, the sensor is turned off 

P3 Starting point for the weld trajectory 

P4 End point of the trajectory for the first weld 

P5 Switch off the sensor 

P6 After each point saving, the sensor is reset for new points 

P7÷11 Moving along the weld trajectory and saving points 

P12 Turn off the sensor 

P13 After each point saving, the sensor is reset for new points 

P14÷18 Turns on circular motion and moves along the trajectory of the circle 

P19 Turn off the sensor 

P20 Resetting the sensor and erasing the previous points 

 Return to zero position 

6. CONCLUSIONS 

One of the important advantages of automated 

welding is precision and productivity. Robotic 

welding has an advantage over manual welding, the 

program is written only once, and will always pro-

duce precise and identical welds on parts with the 

same dimensions and specifications.  

Automated gun movements reduce potential 

error, which plays a major role in production, waste 

management and repairs. With robotic welding, the 

risk of injury is minimized, and the impact of harm-

ful fumes is minimized by distancing the worker 

from the work area. 

The first example is performed with synchro-

nization, the positioner rotates so that the welds are 

performed with positions that does not requires 

overhead and vertical welding. The second example 

is performed without synchronization, the posi-

tioner does not rotate and welding is performed in a 
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plane. The second and the third example are per-

formed without synchronization, but the third exam-

ple is with set amplitudes of welding gun move-

ment. Thus, the third example gives a wider weld 

than the second. This type of welding is used for 

thicker materials where it is necessary larger deposit 

of filler material. 
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A b s t r a c t: Industry 4.0 technologies are already affecting global supply chains by revolutionizing how com-

panies manufacture and distribute their products and services. Many companies are affected by this transformation, 

especially small and medium-sized enterprises (SMEs) that are keen to enhance their market competitiveness as quickly 

and easily as possible. The transformation from traditional approaches to Industry 4.0 can bring many benefits, how-

ever, this transition involves adopting technologically advanced machinery with a high level of digitalization and com-

munication. The cost and time to replace old machines could be unsustainable for many SMEs and that is why these 

enterprises seek alternative solutions for the digitalization of their legacy machines, such as retrofitting. This paper 

conducts a review of both retrofitting and Lean Industry 4.0 (Lean 4.0) to identify the challenges and benefits of both 

concepts and explore how they can interact and merge with each other to help SMEs to increase their market competi-

tiveness. 

Key words: Lean industry; Industry 4.0; retrofit; manufacturing; digitalization 

ПОДОБРУВАЊЕ НА ПРОИЗВОДСТВЕНАТА ЕФИКАСНОСТ:  

ПРИСТАП НА ПОСНАТА ИНДУСТРИЈА 4.0 КОН РЕФОРМИРАЊЕТО  

А п с т р а к т: Технологиите на Индустријата 4.0 веќе влијаат на глобалните синџири на снабдување, 

посебно во начинот на кој компаниите ги произведуваат и дистрибуираат своите производи и услуги. Многу 

компании се погодени од оваа трансформација, особено малите и средни претпријатија (МСП), кои сакаат што 

побрзо и за што пократко време да ја подобрат својата конкурентност на пазарот. Трансформацијата од 

традиционалните пристапи кон Индустрија 4.0 може да донесе многу придобивки, но оваа транзиција вклучува 

усвојување технолошки напредни концепти со високо ниво на дигитализација. Трошоците и времето за замена 

на старите машини може да не бидат одржливи или достижни за многу МСП, и затоа овие претпријатија бараат 

алтернативни решенија за дигитализација на нивните постоечки машини. Овој труд спроведува преглед на 

концептот на реформирање преку призмата на Посната и Индустријата 4.0, за да ги идентификува предизви-

ците и придобивките од двата концепта и да истражи како тие можат да им помогнат на МСП да ја зголемат 

својата конкурентност на пазарот.  

Клучни зборови: Посна индустрија; Индустрија 4.0; реформирање; производство; дигитализација 

1. INTRODUCTION 

Industry 4.0 (I4.0) offers many modern tech-

nologies that companies could utilize to enhance 

their manufacturing processes, such as smart sen-

sors, the Internet of Things (IoT), cloud computing, 

artificial intelligence (AI), robotics, simulations, 

and 3D printing. These technologies enhance effi-

ciency, cut costs, boost production speed, and im-

prove product quality. They enable real-time data 

collection and analysis, empowering informed deci-

sion-making and operational optimization. How-

ever, to prepare the organization for I4.0, it is not 

necessary to incorporate all the available features 

https://doi.org/10.55302/MESJ23412672123a%0d%0d
https://doi.org/10.55302/MESJ23412672123a%0d%0d
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and technologies that I4.0 offers. Also, many com-

panies, especially small and medium enterprises 

(SMEs), are not financially capable of implement-

ing these technologies and/or buying entirely new 

machines that employ these technologies [9]. Con-

sidering this challenge, an alternative to taking off 

to I4.0 with low cost and agility is known as retro-

fitting, which is the reuse of old equipment and its 

integration with new I4.0 technologies [15]. By pri-

oritizing the implementation of I4.0 technologies 

that align with important company objectives, such 

as process optimization, continuous improvement, 

and lean manufacturing, organizations can achieve 

significant improvements while minimizing costs 

and realizing a quick return on investment.  

If we investigate the reports about the digitali-

zation of enterprises (mainly SMEs), it is easy to ob-

serve that many of them struggle to digitally trans-

form, mainly due to the high cost of digitalization 

[4, 21, 23]. Although many of these SMEs have dig-

ital transformation strategies in place, less than half 

can implement these strategies successfully due to 

the shift in investment priorities during the pan-

demic [21]. Whilst the economic uncertainties in re-

cent times have also added unique challenges – the 

high implementation cost, cash flow challenges, the 

workforce digital upskilling gap, and low awareness 

of government initiatives are some common draw-

backs faced by SMEs along their digital transfor-

mation journey [14].  

Retrofitting, which involves modifying exist-

ing machinery, is not new and predates Industry 4.0. 

However, its practical implementation has gained 

popularity for its cost-effectiveness. In digital trans-

formation (DT), retrofitting is crucial for integrating 

legacy machinery into a networked production en-

vironment. While retrofit projects aren't always 

low-cost, a strategic approach can help identify and 

address inefficiencies, bottlenecks, and waste in 

processes and equipment. This concept also ad-

dresses the Sustainability Development Goals 

(SDG) set by the United Nations as a common ob-

jectives for “peace and prosperity for people and the 

planet, now and into the future” [42]. Considering 

retrofit’s nature of enabling easier digitalization and 

avoiding replacement of legacy machinery, it can be 

associated with the following SDG: 

– SDG8 Decent work and economic growth, 

– SDG9 Industry, innovation, and infrastructure, 

– SDG12 Responsible consumption and produc-

tion. 

The following chapter of this paper focuses on 

the methodology that was utilized to perform this 

research. In the third chapter, literature review on 

retrofit in manufacturing is shown. The fourth chap-

ter introduces Lean 4.0 including a brief introduc-

tion to both Lean manufacturing, Industry 4.0, and 

the relationship between them. The fifth chapter fo-

cuses on the joint benefits of Lean manufacturing 

and retrofit towards faster, easier, and low-cost dig-

ital transformation of the companies. 

2. METHODOLOGY 

The research methodology used for this paper 

is shown in Figure 1. The paper is intended as a pre-

liminary investigation of the topic of retrofitting and 

its relation to Lean manufacturing and Industry 4.0. 

The first three steps include more general literature 

review regarding the main topics: retrofit (in manu-

facturing), Lean and Industry 4.0 (Lean 4.0), fol-

lowed by a discussion regarding the mutual impact 

of Lean 4.0 and retrofit.  

 
Fig. 1. Research methodology 

This paper is also an initial input to two sci-

entific projects that are currently on-going at the 

Faculty of Mechanical Engineering in Skopje: Lean 

4.0 Waste and TTW-MON. This research helped the 

project teams to establish general understanding of 

retrofit, Lean 4.0 and their joint benefits towards the 

digital transformation. The Lean 4.0 Waste project 

aims to eliminate Lean wastes using digital techno-

logies like sensors and augmented reality. The 

experiments will take place at the Smart Learning 

Factory – Skopje (SLFS). TTW-MON, focuses on 

retrofitting a legacy turning machine with a 

monitoring system. This system enables predictive 

maintenance by tracking tool wear during proces-

sing. Monitoring cutting forces and vibrations, 

advanced signal processing, and machine learning 

algorithms will model tool wear in real-time. The 

experiments within this project will take place at the 
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laboratory for production engineering and FabLab 

Skopje. 

Findings from Lean4SMEs project [34] as well 

as DigiTS-ME project [35] will also be incorporated 

within the paper.  

3. RETROFITTING IN MANUFACTURING 

Retrofitting can be defined as the process of 

extending a system, e.g., an industrial production 

line, with an additional functionality that was not 

available when it was originally designed and built 

[11]. Another definition of retrofitting states that it 

is a process of replacing obsolete operating systems 

and machine components to extend their working 

lives. It benefits the organizations as retrofitting in-

curs lower costs as compared to purchasing the new 

machine, enhances the precision of the machine and 

delivers higher quality output [26]. 

When it comes to manufacturing, considering 

the new digitalization trends, the need for retrofit-

ting legacy equipment instead of completely new 

machinery is a preferred option [52], especially for 

SMEs in less developed countries that have limited 

resources to invest in bigger digitalization projects. 

However, although retrofitting seems like a simple 

solution, there are many factors that could make 

manufacturers' minds up on whether to retrofit or 

not [9, 11], including: 

– current process readiness/leanness – leaner 

processes tend to be more flexible and ready for 

changes, 

– cost and duration of the retrofit projects, 

considering that retrofit projects size can vary there-

fore the cost and the duration of such projects are 

not always certain, 

– upskilling/reskilling of the personnel – due 

to the change investment in additional training for 

the operators is needed. 

According to the literature, retrofitting pro-

vides many benefits for the manufacturing industry, 

including extending the lifecycle of legacy ma-

chines and enabling the implementation of cost-ef-

fective, easily deployable solutions. These retrofits 

facilitate the integration of modern Industry 4.0 

technologies, improving connectivity in existing 

equipment. Furthermore, retrofitting enhances ma-

chine monitoring for predictive maintenance, pre-

venting maintenance-related issues and downtime. 

A detailed analysis by [11] categorizes the benefits 

of retrofitting into sustainability, viability, compati-

bility, and functionality. Even though the benefits of 

retrofitting in manufacturing are notable, during the 

literature review, it was observed that there has been 

a lack of practical examples of retrofitting in manu-

facturing in recent years. Retrofit concepts are much 

more present in the research areas such as energy 

efficiency [6], building efficiency [22], CO2 capture 

[19], and sustainability in general [7]. 

No matter the research field, many authors ad-

dressed the need for structured approach to retrofit-

ting. Such is [36], who designed detailed methodol-

ogy for retrofitting of production systems focusing 

on low-cost and user-friendly approach to retrofit-

ting in SMEs. There are also many companies that 

work in the field of digitalization such as FESTO 

[17] and Siemens [24] who developed their own 

methodological approaches to retrofitting. Most of 

these methodologies consist of four general phases 

as shown in Figure 2. 

 

Fig. 2. General retrofit implementation methodology 

4. LEAN 4.0 

The term “Industry 4.0” originated in 2011 

[43]. In the following year, a working group on In-

dustry 4.0 presented implementation recommenda-

tions to the German Federal Government where 

manufacturing and logistics systems, embodied as 

Cyber Physical Production Systems (CPPS), exten-

sively leverage the globally accessible information 

and communications network for highly automated 

information exchange [44, 45]. This system aligns 

production and business processes seamlessly [37]. 

On the other hand, Lean Manufacturing is a system-

atic approach to identifying and eliminating waste 

(non-value-added activities) through continuous 

improvement by flowing the product or service at 

the pull of the customer in pursuit of perfection [38]. 

The relationship between Lean and Industry 

4.0 is often discussed in the scientific community, 

and in the previous research of the authors of this 

article [5]. In a comprehensive elaboration regard-

ing the relationship between Lean and Industry 4.0, 

[46] states that there are several possible scenarios 

of this relationship: 
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– Lean and Industry 4.0 have nothing in common, 

– Lena is the foundation for implantation of In-

dustry 4.0, 

– Industry 4.0 is the foundation for implementa-

tion of Lean, 

– Lean and Industry 4.0 overlap and create new 

concept – Lean 4.0, 

– Lean and Industry 4.0 oppose each other, 

– Lean and Industry 4.0 are the same thing. 

According to this, the development of the rela-

tionship between Lean and Industry 4 can be de-

scribed in three phases: ignoring, opposing, and fi-

nally – getting together. 

T a b l e  1 

Development phases of the relationship between Lean and Industry 4.0 

Phase Discussion 

Ignoring 

This potentially comes from the fact that the definitions regarding Lean and Industry 4.0 are usually 

different. Lean is a manufacturing philosophy that focuses on waste elimination through following the 

principles of Lean, while Industry 4.0 focuses on technologies that are not necessarily related to each other. 

In the other hand, many times, Industry 4.0 is defined as simple as a period of time just like the past three 

revolutions, while Lean is more related to the organizational culture that have been around no matter what 

type of technology is used in the manufacturing processes.  

Opposing 

Some authors do indicate that they oppose each other [47, 48], and this is due to the fact that Lean focuses 

heavily on the people, while one of the biggest risks when relying on technology is reduction of the teams. 

Additionally, Lean is considered as an “on-budget” initiative, as opposed to the Industry 4.0 technologies 

which are a costly investment in the most cases. 

Getting 

together 

Lean being the foundation for the implementation of Industry 4.0 technologies is quite an expected 

perspective considering the complexity of the digital technologies. It is very important that whenever 

manufacturers upgrade their existing processes with some of the digital technologies, these processes should 

be previously optimized (waste to be eliminated), so that they could adopt the digitalization easier and faster 

[49]. According to previous literature review on this topic [5, 50], most of the authors indicate that Lean is 

the needed foundation that the organization needs to implement before implementing the technologies of 

Industry 4.0. This provides a perspective of strong synergy between the two terms.  

 

In order to clarify the relationship between 

these two concepts, a new concept is arising in the 

literature, known as Lean 4.0 – a concept that unites 

both Industry 4.0 and Lean [5, 39, 40, 41]. Lean 4.0, 

also known as Digital Lean or Lean Industry 4.0, is 

a concept that describes the enhancement of the tra-

ditional Lean methods with I4.0 capabilities. While 

the question whether Lean and Industry 4.0 are 

compatible concepts still remains attractive to the 

scientific community [50], many authors have alrea-

dy published successful examples of traditional 

Lean tools that have been digitalized such as Digital 

Kanban [12], CPS oriented smart Jidoka systems 

[12, 15, 17], IoT supported JIT production systems 

[51], and Lean Six Sigma 4.0 [3]. 

5. RETROFIT WITH LEAN 4.0 PERSPECTIVE 

Lean is constantly evolving, especially in the 

ever-changing context of I4.0 [9]. However, the 

transition from traditional production systems and 

Industry 3.0, especially for SMEs in North Macedo-

nia has been, and still is, very poor. This can be 

clearly seen during the research project DigiTS-ME, 

where the digital maturity of the Macedonian SMEs 

is investigated [35]. Companies are lacking both 

Lean and digital solutions. Lean is an approach that 

needs time to be implemented, and the same goes 

for digital transformation. However, smaller steps 

should be undertaken as soon as possible if the com-

panies want to stay competitive on the global mar-

ket. This is where retrofit solutions should play their 

role, especially in fast, targeted to specific areas or 

indicators, and cost-friendly delivery of results to-

wards leaner and more digitalized production pro-

cess [1, 10]. Figure 3 shows the benefits of merging 

retrofit and lean practices [25, 29, 30, 31, 32]. 

 
Fig. 3. Joint benefits of retrofit in manufacturing and Lean 4.0 
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The two main concepts of Lean, continuous 

improvement, and waste elimination can be clearly 

addressed by retrofit. It is important to note that the 

applicative examples of employing retrofitting to 

foster continuous improvement and waste elimina-

tion are very rare, however from a more philosoph-

ical aspect this relation is evident.  

Continuous Improvement (CI), a concept 

that revolves around Kaizen which is an activity that 

continuously improves all functions and involves 

the entire organization. Kaizen relies heavily on 

data, and retrofitting can play a vital role in support-

ing this process by digitalizing machines and pro-

cesses to provide data to the Kaizen teams, therefore 

supporting the entire process of CI. It is also im-

portant to mention that some retrofit projects can 

easily be classified as Kaizens since Kaizens are 

considered as improvements that involve minimal 

or no financial investments. The same goes for 

problem-solving methodologies such as Six Sigma 

which is based on shopfloor data, especially in the 

Measure and Analyze phases of the DMAIC frame-

work [13]. This methodology, which is strongly 

connected to the Lean philosophy, would be carried 

out more efficiently and effectively with more reli-

able and up-to-date data.  

Eliminating waste, as another perspective 

where retrofitted systems help Lean 4.0 production 

systems. Traditional Lean philosophy defines seven 

(or eight, depending on literature source) different 

wastes. Waste in Lean Manufacturing is defined as 

activities that do not add any value for the customer. 

They can come in the form of time, material, and 

labor. The seven wastes according to Toyota Pro-

duction Systems include: transport, inventory, mo-

tion, waiting, overproduction, over-processing, and 

defects. In literature, usually one more waste is in-

cluded in this list which is the non-utilized talent 

[12]. The relation of this aspect with the retrofit con-

cept will be explained through the example of em-

ploying sensors on legacy equipment. 

Legacy equipment lacks sensors to indicate 

their operating status, making sensors one of the 

most common retrofitting solutions when it comes 

to enhancing manufacturing efficiency through dig-

ital means. Led by this, both aforementioned pro-

jects Lean4.0Waste and TTW-MON that are cur-

rently running at the Faculty of Mechanical Engi-

neering – Skopje, the possibilities of sensors in an 

attempt to step into the digitalization era without 

replacing the legacy equipment are exploring. 

As it is planned within both aforementioned 

projects, Lean4.0Waste and TTW-MON, by em-

ploying sensors within selected areas of the manu-

facturing, we can foster continuous improvement 

and low-cost digitalization (retrofitting). Some of 

the examples found in literature for this type of im-

provements include employment of temperature 

sensors for avoiding downtime due to machine 

overheat [20], or accelerometers for detecting ab-

normal vibrations. Many quality aspects of the prod-

ucts and the processes can be addressed through 

low-cost digitalization such as detection of the right 

position of the products during the process, avoid-

ing additional operator motion [27, 2], detecting un-

wanted parts in the products and therefore avoiding 

rework and defects [8]. Force sensors can help avoid 

product variations (therefore avoid defects or re-

works) by measuring the weight of the raw material, 

parts, or assemblies [28].  

6. CONCLUSIONS 

By retrofitting the legacy equipment, many 

Lean 4.0 challenges can be addressed. Retrofitting 

can foster some of the main Lean aspects such as 

continuous improvement and waste elimination. 

This paper performed a literature review on three 

seemingly different concepts: Lean, I4.0, and retro-

fit, and focuses specifically on the relationship be-

tween Lean 4.0 and retrofit, building upon previous 

research that has established and defined the rela-

tionship between Lean and I4.0 [4, 5]. Although 

there are not many production-related retrofitting 

examples, there are meaningful aspects where both 

Lean 4.0 and retrofitting benefit from each other. 

Starting from the cost of implementation to the eas-

ier transition from traditional to digital Lean, retrofit 

projects could help the manufacturers, especially 

SMEs, reach their digitalization goal in an easier 

and faster manner while they contribute to keeping 

the established Lean standards and/or enhancing 

leanness.  

Considering the lack of literature in the field of 

practical manufacturing applications, more such so-

lutions should be explored and verified. This will 

partially be done during the aforementioned pro-

jects Lean4.0Waste and TTW-MON. Additionally, 

there is a lack of standardized approach/methodology 

to retrofit, specifically in the manufacturing sector 

where existing concepts such as Lean, should be 

considered in the base.    

Acknowledgement: The authors would like to thank EIT 

Manufacturing, OeAD-Austria's Agency for Education and In-

ternationalization, Macedonian Ministry of Education and Sci-

ence, Ss. Cyril and Methodius University in Skopje and the Stu-

dent Assembly of Ss. Cyril and Methodius University for par-

ticipating in the financing of the projects mentioned in this pa-

per. 



128 A. Argilovski, E. Vasileska, B. Jovanoski 

Mech. Eng. – Sci. J., 41 (2), 123–129 (2023) 

REFERENCES 

[1] Müller, J., Voigt, K.-I., Kiel, D. (2018): What drives the 

implementation of Industry 4.0? The role of opportunities 

and challenges in the context of sustainability. Sustaina-

bility. 10(1) DOI:10.3390/su10010247 

[2] Anjoran, R. (n.d.). 14 Mistake Proofing Examples: Im-

prove Quality at Virtualy no Cost. Retrieved from CMC: 

cmc-consultants.com  

[3] Antony, J., McDermott, O., Powell, D., Sony, M. (2022): 

The evolution and future of lean Six Sigma 4.0. The TQM 

Journal. 35(4), DOI:10.1108/TQM-04-2022-0135 

[4] Argilovski, A., Jovanoski, B., Minovski, R., Kochov, A. 

(2022): Industry 4.0 for more competitive SMEs – Review 

of existing Industry 4.0 maturity models. 15th EPIEM 

Conference 2022, (pp. 41–47). Graz.  

DOI:10.3217/978-3-85125-889-9 

[5] Argilovski, A., Jovanoski, B., Minovski, R., Musliji, A. 

(2022): Mapping the current research on the different 

viewpoints regarding relationship between Lean and In-

dustry 4.0. 8th International Conference on Industrial En-

gineering. Belgrade. 

[6] Boldyryev, S., Gil, T., Ilchenko, M. (2022): Environmental 

and economic assessment of the efficiency of heat ex-

changer network retrofit options based on the experience 

of society and energy price records. Energy, Volume 260, 

125–155. https://doi.org/10.1016/j.energy.2022.125155 

[7] Chen, G., Cheng, L., Li, F. (2022): Integrating Sustainabi-

lity and Users’ Demands in the Retrofit of a University 

Campus in China. Sustainability. Volume. 14, Issue 16, 

DOI: 10.3390/su141610414 

[8] Elmedint. (n.d.). A guide to metal detection in the food 

manufacturing industry. Retrieved from: 

www.elmedint.com: https://www.elmedint.com/uploads/ 

editor/Guide_to_Metal_Detection.pdf  

[9] Etzab, D., Brantnera, H., Kastnera, W. (2020): Retrofit-

ting-based Development of Brownfield Industry 4.0 and 

Industry 5.0 Solutions. Procedia Manufacturing, 327–332. 

https://doi.org/10.1016/j.promfg.2020.02.085  

[10] Ingaldi, M., Ulewicz, R. (2019): Problems with the imple-

mentation of Industry 4.0 in enterprises from the SME sec-

tor. Sustainability. 12(1) https://doi.org/10.3390/su12010217 

[11] Jaspert, D., Ebel, M., Eckhardt, A., Poeppelbuss, J. (2021): 

Smart retrofitting in manufacturing: A systematic revi-

ew. Journal of Cleaner Production. Vol. 312,127555, 

https://doi.org/10.1016/j.jclepro.2021.127555  

[12] Kirchbach, K., Koskela, L., Gehbauer, F. (2014): Digital 

Kanban for earthwork site management. Proceedings 

IGLC-22, pp. 663–673, Oslo. 

[13] Kochov, A., Argilovski, A. (2021): Six sigma approach to 

enhance concurrency of the procurement process for raw 

materials. Tehnički glasnik, Vol. 15, No. 4, 510–517. 

https://doi.org/10.31803/tg-20210304095657 

[14] Lin, D.-Y., Rayavarapu, S. N., Tajeddine, K., Jeoh, R. (2022): 

Beyond financials: Helping small and medium-size enter-

prises thrive. Retrieved from: www.mckinsey.com: 

https://www.mckinsey.com/industries/public-and-social-

sector/our-insights/beyond-financials-helping-small-and-

medium-size-enterprises-thrive 

[15] Lins, T., Ricardo, R., Correira, L., Silva, J. S. (2018): In-

dustry 4.0 retrofitting. 2018 VIII Brazilian Symposium on 

Computing Systems Engineering (SBESC). 

DOI:10.1109/SBESC.2018.00011 

[16] Ma, J., Wang, Q., Zhao, Z. (2017): SLAE–CPS: Smart 

Lean Automation Engine Enabled by Cyber-Physical Sys-

tems Technologies. Sensors 17 (7), 1500. 

DOI:10.3390/s17071500 

[17] Middleton, P. (2017): FESTO – Industry 4.0 and the retrofit 

opporunity. Retrieved from: 

https://www.crown.co.za/latest-news/mechchem-africa-

latest-news/4286-industry-4-0-and-the-retrofit-

opportunity  

[18] Mohamad, E., Rahman, M. S., Ito, T., Rahman, A. A. 

(2019): Framework of Andon Support System in Lean 

Cyber-Physical System Production Environment. The Pro-

ceedings of Manufacturing Systems Division Conference. 

DOI:10.1299/jsmemsd.2019.404 

[19] Ordorica-Garcia, G., Wong, S., Faltinson, J., Singh, S. 

(2009): CO2 capture retrofit options for a gasification-

based integrated bitumen extraction and upgrading facility. 

Energy Procedia, Vol. 1, Is. 1, 3977–3984. 

https://doi.org/10.1016/j.egypro.2009.02.202  

[20] Paduloh, P., Muhendra, R. (2022): Overheat protection for 

motor crane hoist using Internet of Things. International 

Journal of Computer Applications in Technology. 

DOI:10.1504/IJCAT.2022.10050316 

[21] PwC. (2020): Digital transformation for small and medium 

businesses. Retrieved from: www.pwc.com: 

https://www.pwc.com/sg/en/services/reimagine-

digital/digital-transformation-for-small-and-medium-

businesses.html 

[22] Rucińska, J. (2018): Improving the energy quality and in-

door environmental quality in retrofit buildings. In: De-

sign Solutions for nZEB Retrofit Buildings. 

DOI:10.4018/978-1-5225-4105-9.ch008 

[23] Sharma, S. S., Khatri, R. (2021): Introduction to Lean 

Waste and Lean Tools. In: Lean Manufacturing. 

DOI:10.5772/intechopen.97573 

[24] Siemens. (2022): Retrofit Services: Protecting investments, 

safeguarding the future. Retrieved from https://www.sie-

mens.com/global/en/products/services/digital-enterprise-

services/service-programs-platforms/motion-control-ser-

vices.html  

[25] Smart retrofitting in manufacturing: A systematic review. 

(2021): Journal of Cleaner Production. 

DOI: https://doi.org/10.1016/j.jclepro.2021.127555  

[26] Technosoft Engineering (2020): What is the role of retrofit 

engineering in product development? Retrieved from: 

www.technosofteng.com: 

https://technosofteng.com/what-is-the-role-of-retrofit-

engineering-in-product-development 

[27] THOMAS. (n.d.). All about position sensors. Retrieved 

from: https://www.thomasnet.com/articles/instruments-

controls/all-about-position-sensors/ 

[28] LOMA systems (2020): A Guide to Metal Detection in the 

Food Manufacturing Industry. www.elmedint.com. 

[29] Ingaldi, M., Ulewicz, R. (2019): Problems with the imple-

mentation of Industry 4.0 in enterprises from the SME 

Sector. Sustainability, 12 (1): 217. DOI:10.3390/su12010217 

http://dx.doi.org/10.1108/TQM-04-2022-0135
http://www.elmedint.com/
https://www.elmedint.com/uploads/%20editor/Guide_to_Metal_Detection.pdf
https://www.elmedint.com/uploads/%20editor/Guide_to_Metal_Detection.pdf
https://doi.org/10.1016/j.promfg.2020.02.085
https://doi.org/10.3390/su12010217
https://doi.org/10.1016/j.jclepro.2021.127555
https://www.crown.co.za/latest-news/mechchem-africa-latest-news/4286-industry-4-0-and-the-retrofit-opportunity
https://www.crown.co.za/latest-news/mechchem-africa-latest-news/4286-industry-4-0-and-the-retrofit-opportunity
https://www.crown.co.za/latest-news/mechchem-africa-latest-news/4286-industry-4-0-and-the-retrofit-opportunity
https://doi.org/10.1016/j.egypro.2009.02.202
https://www.pwc.com/sg/en/services/reimagine-digital/digital-transformation-for-small-and-medium-businesses
https://www.pwc.com/sg/en/services/reimagine-digital/digital-transformation-for-small-and-medium-businesses
https://www.pwc.com/sg/en/services/reimagine-digital/digital-transformation-for-small-and-medium-businesses
https://www.siemens.com/global/en/products/services/digital-enterprise-services/service-programs-platforms/motion-control-services.html
https://www.siemens.com/global/en/products/services/digital-enterprise-services/service-programs-platforms/motion-control-services.html
https://www.siemens.com/global/en/products/services/digital-enterprise-services/service-programs-platforms/motion-control-services.html
https://www.siemens.com/global/en/products/services/digital-enterprise-services/service-programs-platforms/motion-control-services.html
https://doi.org/10.1016/j.jclepro.2021.127555
http://www.technosofteng.com/
https://technosofteng.com/what-is-the-role-of-retrofit-engineering-in-product-deve
https://technosofteng.com/what-is-the-role-of-retrofit-engineering-in-product-deve
https://www.thomasnet.com/articles/instruments-controls/all-about-position-sensors/
https://www.thomasnet.com/articles/instruments-controls/all-about-position-sensors/
http://dx.doi.org/10.3390/su12010217


Enhancing manufacturing efficiency: A Lean Industry 4.0 approach to retrofitting 129 

Маш. инж. науч. спис. 41 (2), 123–129 (2023) 

[30] Tran Tuan-anh, Ruppert Tamas, Eigner Gyorgy, Abonyi 

Janos (2022): Retrofitting-based development of brownfield 

Industry 4.0 and Industry 5.0 solutions. IEEE Access, Vol. 

10 (IEEE), pp. 64348–64374. 

DOI: 10.1109/ACCESS.2022.3182491 

[31] Alqoud, A., Schaefer, D., Milisavljevic-Syed, J. (2021): 

Industry 4.0: Retrofitting of legacy machines for smart 

manufacturing. 

[32] Zambetti, M., Muztoba A. K., Pinto, R., Wuest T. (2020): 

Enabling servitization by retrofitting legacy equipment for 

Industry 4.0 applications: benefits and barriers for OEMs. 

Procedia Manufacturing, 48 (5), pp. 1047–1053. 

[33] Rosin, F., Pascal F., Pellerin, R., Lamouri, S. (2019): 

Impacts of Industry 4.0 technologies on Lean principles. 

[34] Lean4SMEs. (2022): Learning Factory for Improving Dig-

ital Competitiveness of SMEs. Retrieved from 

https://learningfactory.mf.edu.mk/projects/#learn4smes 

[35] DigiTS-ME. (2022–2023): Lean Industry 4.0 for more 

competitive production and maintenance in the Small and 

Medium-Sized Enterprises. Retrieved from https://learn-

ingfactory.mf.edu.mk/projects/#digitsme 

[36] Pueo, M., Santolaria, J., Acero, R. (2019): Design method-

ology for production systems retrofit in SME. Internatio-

nal Journal of Production Research, Vol. 58, Iss. 14, pp. 

4306–4324. 

[37] Saurabh, V., Prashant, A., Santosh, B. (2018): Industry 4.0 

– A Glimpse. Procedia Manufacturing, Vol. 20, pp. 233–

238. DOI: https://doi.org/10.1016/j.promfg.2018.02.034  

[38] Womack, J. P., Jones, D. T. (2003): Lean Thinking: Banish 

Waste and Create Wealth in Your Corporation, Revised 

and Updated. 

[39] Elafri, Nedjwa, Tappert, J., Rose B., Maleh Yassine 

(2022): Lean 4.0: Synergies between Lean Management 

tools and Industry 4.0 technologies. IFAC-PapersOnLine 

55 (10), pp. 2060–2066. 

[40] Mayr, A., et al. (2018): Lean 4.0 – A Conceptual Junction 

of Lean Manufacturing and I4.0. 2018. 

[41] Javid, Mohd, Abid Haleem, Ravi Pratap Singh, Shanay 

Rab, Rajiv Shuman, Shahbaz Khan (2021): Exploring re-

lationships between Lean 4.0 and manufacturing industry. 

[42] Secher, A. Q., Collin C., Linnet, A. (2018): Construction 

product declarations and sustainable development goals 

for small and medium construction enterprises. Procedia 

CIRP, 69, pp. 54–58, 

https://doi.org/10.1016/j.procir.2017.12.011  

[43] Zhanybek, S., Sabit, S., Dikhanbayeva, D., Shehab, E., 

Turkyilmaz, A. (2022): Industry 4.0: Clustering of con-

cepts and characteristics. Cogent Engineering 9 (1), 

https://doi.org/10.1080/23311916.2022.2034264  

[44] Madsen, D. Ø. (2019): The Emergence and Rise of Indus-

try 4.0 Viewedt Tthrough the Leans of Management 

Fashion Theory. Administrative Sciences, 9 (3) 

https://doi.org/10.3390/admsci9030071  

[45] Szozda, N. (2017): Industry 4.0 and its impact on the func-

tioning of supply chains. Scientific Journal of Logistics 13 

(4), pp. 401–414, https://doi.org/10.17270/J.LOG.2017.4.2  

[46] Roser, C. (2017): Lean and Industry 4.0, Wroclaw: AllA 

boutLean, Lean Management Conference 

[47] Malavasi, M. (2017): Lean Manufacturing and Industry 

4.0: an empirical analysis between Sustaining and disrupti-

ve change. 

[48] Larsson, J., Wollin, J. (2020): Industry 4.0 and Lean – Pos-

sibilities, Challenges and Rise for Continuous improve-

ment. 

[49] Pereira, A. C., Dinis-Carvalho, J., Alves, A. C., Arezes, P. 

(2019): How Industry 4.0 can enhance Lean practices. 

[50] Buer, S.-V., Strandhagen, J. O. Chan, F. T. S. (2018): The 

link between Industry 4.0 and Lean manufacturing: Map-

ping current research and establishing a research agenda. 

International Journal of Production Research 56 (8): 

2924–2940. 

[51] Xu, Yuchun, Mu Chen. (2016): Improving Just-in-Time 

Manufacturing Operations by Using Internet of Things 

Based Solutions. Procedia CIRP 56, 326–331, 2016. 

https://doi.org/10.1016/j.procir.2016.10.030  

[52] Pietrangeli, I., Mazzuto, G., Ciarapica, F. E., Bevilacqua, 

M. (2023): Smart Retrofit: An Innovative and Sustainable 

Solution. Machines 11 (5), p. 523, 

https://doi.org/10.3390/machines11050523 

 

https://doi.org/10.1109/ACCESS.2022.3182491
https://learningfactory.mf.edu.mk/projects/#digitsme
https://learningfactory.mf.edu.mk/projects/#digitsme
https://doi.org/10.1016/j.promfg.2018.02.034
https://doi.org/10.1016/j.procir.2017.12.011
https://doi.org/10.1080/23311916.2022.2034264
https://doi.org/10.3390/admsci9030071
https://doi.org/10.17270/J.LOG.2017.4.2
https://doi.org/10.1016/j.procir.2016.10.030
https://doi.org/10.3390/machines11050523


 



 

 

Mechanical Engineering – Scientific Journal, Vol. 41, No. 2, pp. 131–140 (2023) 

Number of article: 673 In print: ISSN 1857–5293 

Received: November 10, 2023 On line: ISSN 1857–9191 

Accepted: December 15, 2023 UDC: 621.715.2.044.4:658.512.2 

https://doi.org/10.55302/MESJ23412673131t 

 

Original scientific paper 

EXPERIMENTAL RESEARCH OF THE MECHANICAL PROPERTIES  

OF THE INJECTION MOLDED PARTS IN MOLDS PRODUCED  

BY ADDITIVE MANUFACTURING 

Ognen Tuteski, Atanas Kočov 

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje,  

P.O. Box 464, MK-1001 Skopje, Republic of North Macedonia 

ognen.tuteski@mf.edu.mk // atanas.kochov@mf.edu.mk 

A b s t r a c t: In this study, additive manufacturing emerges as an innovative technology for concurrent engine-

ering in the design and production of molds for injection molding processes. The primary objective is to conduct expe-

rimental research on the mechanical properties of injection-molded parts using a non-conventional mold produced 

through additive manufacturing technologies. The state-of-the-art additive manufacturing technologies provide various 

methodologies and techniques for designing and printing parts. Utilizing these diverse technologies significantly ex-

pands the possibilities for rapidly creating molds, thereby enhancing the scope of rapid tooling in the molding process. 

The study begins by designing and fabricating SLA mold inserts according to the relevant tensile testing standards. To 

evaluate the mechanical properties, a series of tensile tests are conducted and a comparison is made between the pro-

perties of the molded parts produced with SLA mold inserts. The results demonstrate that SLA mold inserts made with 

additive manufacturing can effectively produce injection molded parts with comparable tensile strength to those ma-

nufactured using traditional steel molds. 

Key words: additive manufacturing; injection molding; rapid tooling; stereolithography; tensile testing 

ЕКСПЕРИМЕНТАЛНО ИСТРАЖУВАЊЕ НА МЕХАНИЧКИТЕ СВОЈСТВА  

НА ДЕЛОВИ ДОБИЕНИ СО ИНЈЕКТИРАЊЕ ВО КАЛАПИ  

ИЗРАБОТЕНИ СО АДИТИВНО ПРОИЗВОДСТВО 

А п с т р а к т: Во ова истражуваење адитивното производство се разгледува како иновативна технологија 

за конкурентно инженерство во дизајнот и производството на калапи за процесот на инјектирање. Примарната 

цел е да се спроведе експериментално истражување на механичките својства на деловите изработени со помош 

на неконвенционален алат направен со технологии за адитивното производство. Најсовремените технологии 

за адитивното производство овозможуваат различни методологии и техники за дизајнирање и печатење на де-

лови. Користењето на овие разновидни технологии значително ги проширува можностите за брза изработка на 

алати во процесот на инјектирање. Студијата започнува со дизајн и изработка на гравури со технологијата SLA 

според релевантните стандарди за испитување на истегнување. За да се проценат механичките својства, се 

спроведуваат повеќе тестови и се прави споредба на својствата на деловите изработени во SLA-гравурите. Ре-

зултатите покажуваат дека во гравурите изработени со технологијата SLA на адитивно производство може 

ефикасно да се произведат делови со инјектирање кои имаат споредлива јакост на истегнување со деловите 

изработени со употреба на традиционални метални алати. 

Клучни зборови: адитивно производство; инјектирање; брза изработка на алати; стереолитографија; 

испитување со истегнување

1. INTRODUCTION 

The implementation of additive manufacturing 

in injection molding represents a groundbreaking 

approach in the design and production of molds. By 

leveraging state-of-the-art technologies, this meth-

od enables the creation of non-conventional molds, 

offering increased flexibility and efficiency in the 

injection molding process. This innovative applica-

tion facilitates rapid prototyping, customization, 

https://doi.org/10.55302/MESJ23412673131t%0d%0d
https://doi.org/10.55302/MESJ23412673131t%0d%0d
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and the exploration of diverse design possibilities, 

ultimately revolutionizing traditional manufactur-

ing practices. 

Stereolithography (SLA) additive manufactu-

ring has emerged as a groundbreaking technology 

with the potential to revolutionize the field of injec-

tion molding. Traditional mold production tech-

niques have long posed challenges in terms of time, 

cost, and design limitations. However, recent ad-

vancements in SLA additive manufacturing have 

paved the way for accelerated prototyping, en-

hanced design flexibility, cost efficiency, faster 

time to market, customization, iterative improve-

ments, and material diversity in the injection mold-

ing process. Moreover, the cost-effectiveness and 

reduced lead times associated with molds made with 

SLA additive manufacturing provide manufacturers 

with a competitive edge, enabling them to respond 

rapidly to market demands and optimize production 

schedules. The customization and iterative im-

provement capabilities of molds made with SLA ad-

ditive manufacturing further enhance the product 

development cycle, allowing for on-the-fly adjust-

ments based on feedback and design iterations. Ad-

ditionally, the versatility of material selection in 

SLA additive manufacturing ensures compatibility 

with various manufacturing requirements, expand-

ing the range of materials that can be utilized in in-

jection molding processes. Both standard SLA and 

other SLA based technologies like Stratasys’s Poly-

jet have been used to manufacture various tooling 

inserts (Figure 1). 

Using SLA additive manufactured molds is a 

valuable tool in the prototyping process for injection 

molding, particularly due to their ability to produce 

prototypes with the intended plastic as the final 

product. This feature allows designers and engi-

neers to test the functionality, fit, and aesthetics of 

their designs accurately before investing in expen-

sive production molds. By using molds made with 

SLA additive manufacturing, they can create proto-

types using the same material that will be used in 

the injection molding process, ensuring a high de-

gree of accuracy in terms of mechanical properties 

and surface finish. This method saves time and re-

sources, as it eliminates the need for multiple itera-

tions and costly material changes during the proto-

typing stage. Moreover, it enables manufacturers to 

validate the manufacturability of their designs and 

make necessary adjustments early in the process, 

leading to faster product development cycles and 

improved overall product quality. 

         
a)     b) 

Fig. 1.  Stereolithographic molding inserts: a) Manufactured by the Arad Group using the Stratasys Polyjet technology. 

 b) Manufactured by synthetic engineering using SLA. (Source: [1])

2. THEORETICAL RESEARCH 

In addition to the possibility of producing 

small series of parts using polymer molding inserts, 

several studies have shown that the physical proper-

ties of plastic parts obtained in this way differ from 

parts obtained from conventional injection molding 

tools made of steel or aluminum. Segal and Camp-

bell [2] summarize this research very well up to 

2001 and their research covers quite a few different 

types of polymer inserts used in the injection mold-

ing process. Stereolithographic molding inserts, in-

serts obtained by casting polymer resins and other 

alloys with low melting points were analyzed. Ad-

ditionally, the polymers that’s injected into these 

molding inserts also range widely and range from 

conventional polypropylene to glass fiber rein-

forced polyamide and polycarbonate. Although all 

the cited papers show differences in the characteris-

tics of parts obtained from molds made with differ-



Experimental research of the mechanical properties of the injection molded parts in molds produced by additive manufacturing 133 

Маш. инж. науч. спис. 41 (2) 131–140 (2023) 

ent rapid prototyping technologies, the exact effects 

that cause these differences have not yet been ex-

plained. Furthermore, various research show that 

there are contradictory results regarding the investi-

gated mechanical properties, specifically the tensile 

strength of the material. The analysis clearly shows 

that on the one hand in certain cases, the tensile 

strength was higher for the parts obtained from con-

ventional steel molds compared to the parts ob-

tained from stereolithographic molds. On the other 

hand, certain studies obtained the opposite result 

and concluded that the tensile strength is higher in 

the parts made in stereolithographic molded inserts. 

Michaeli and Lindner [3] conclude that if the 

injection mold is made of a material with good ther-

mal conductivity, then the produced parts have thick 

boundary layers and smaller spherulites, while in 

molds made of materials with a worse thermal con-

ductivity, the boundary layers are thin and the 

spherulites in the polymer are larger (Figure 2). The 

presence of larger spherulites is also associated and 

highly correlated with an increase in the tensile 

strength of the produced parts. 

Harris et al. [4] showed that the semi-crystal-

line polymer polyamide 66 (PA66) experienced 

twice as much thermal shrinkage when processed in 

a stereolithography tool compared to molding in a 

standard aluminum tool. The difference in tempera-

ture shrinkage was due primarily to the different 

processing conditions associated with the different 

behavior of the materials during cooling due to the 

different thermal conductivity of the material from 

which the molding inserts were made. Furthermore, 

a similar test was done with amorphous polymer 

Acrylnitrile-Butadien-Styrol-Copolymere (ABS) and 

in this case no visible differences in temperature 

shrinkage were observed between the two types of 

different molds, which means that when applying 

stereolithographic inserts, special attention in the 

design compensation for temperature shrinkage 

should be addressed when it comes to crystalline 

and semi-crystalline polymers. 

 
Fig. 2. Boundary layers in a polypropylene sample reflecting 

the difference in spherulite size of the polymer along its 

thickness (Source: [3]) 

Fernandes et al. [5] showed that the mechani-

cal properties of a polypropylene (PP) homopoly-

mer were worse when the part was fabricated in a 

hybrid tool with an epoxy resin matrix and an alu-

minum matrix compared to conventional steel tools. 

The maximum tensile strength, the Young's modu-

lus of elasticity and the maximum elongation until 

breaking were examined. The degree of crystalliza-

tion was also investigated and it was concluded that 

it was higher in the samples obtained by injection 

molding in the hybrid tool compared to the conven-

tional tool steel. There was also noticeable differ-

ences in the transparency of the parts made in the 

epoxy resin and aluminum composite tooling, as 

shown in Figure 3. 

    

Fig. 3. Difference in transparency of polypropylene parts made in epoxy resin and aluminum molds (a)  

and AISI P20 steel tooling (b) (Source: [5])
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All previous research in this area suggests that 

the different thermal conditions for processing in-

jection molded parts are the most influential for the 

varying characteristics of the resulting parts. Harris 

[6] suggests that control over the degree of crystal-

lization can be performed by regulating the melting 

temperature and using nucleating agents. Despite all 

the investigations, there is still no consistent under-

standing of the influence of tools developed from 

different materials on the characteristics of manu-

factured parts, this is mentioned by Segal and 

Campbell [2] and confirmed by the contradictory 

results published by Volpato [7]. 

3. RESEARCH METHODOLOGY 

3.1. Mold design 

Drawing upon both theoretical and experi-

mental investigations, a novel mold design has been 

formulated. The application of additive manufactur-

ing techniques for rapid tooling and mold produc-

tion in injection molding processes introduces ad-

vanced possibilities for research in the domain of 

employing cutting-edge designs for injection mold-

ing molds. This facilitates a streamlined design pro-

cess, enabling easier analysis and production. The 

conventional mold design may be changed by an in-

novative non-conventional mold design, suported 

by additive manufacturing principles and rapid tool-

ing methodologies. 

Previous experiences involving the use of ste-

reolithographic inserts in injection molding technol-

ogy have shown that it is optimal to use a universal 

metal base that houses the core and cavity inserts. 

This modular approach affords the utilization of a 

master base for various inserts, minimizing the size 

of stereolithographic inserts and thereby conserving 

time and material during their production. In this 

study, an existing mold equipped with interchange-

able inserts was employed. While the use of such 

molds imposes certain constraints on the design of 

stereolithographic inserts, it facilitates the applica-

tion of the aforementioned approach in configuring 

the experimental setup. The configuration of the 

used master base and molding inserts is shown in 

Figure 4. 

The experimental research resulted in the de-

velopment of novel inserts for injection molds, cre-

ated through the integration of rapid tooling tech-

nologies and the SLA additive manufacturing pro-

cess (Figure 5). 

 
Fig. 4. Exploded view of the mold plate and the molding insert,  

1) Mold plate; 2) Support plate; 3) Stereolitography molding 

insert 

 
Fig. 5. Graphic representation of the basic mechanics of 

stereolithography (SLA) (Source: https://www.hubs.com) 

After printing, the printed models were washed 

with IPA and post-cured. The post-curing was done 

by UV radiation from 13 multidirectional LED di-

odes, each with a power of 39 W and a wavelength 

of 405 nm [8]. The rotating base of the used device 

enabled uniform light exposure, with a rotation 

speed of 1 revolution per minute. The device can 

provide a post-curing temperature of up to 80 °C [9]. 

The printed models were cured for 60 min, at a 

temperature of 70 °C, per the manufacturers’ rec-

ommendations. The molding insert during 3D print-

ing and the final model are shown in Figure 6.  

The Rigid 10k photopolymeric resin that was 

used for the production of molding inserts has ther-

mal characteristics that make it suitable for use in 

the injection molding process. To ensure the highest 

possible Heat Deflection Temperature (HDT) for 

the material, additional thermal treatment in a labor-

atory furnace is recommended. This thermal treat-

ment also affects the mechanical characteristics of 

the material. This procedure was done in a labora-

tory furnace for 90 min, at a temperature of 125 °C, 

per the manufacturers’ recommendations. 
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a)      b) 

Fig. 6. SLA molding insert made from Rigid 10k: a) during printing; b) after removing the support structure

Processing parameters were held constant dur-

ing injection molding and are given in Table 1. The 

melt temperature of the used ABS plastic (Table 2) 

was chosen at the lower limit of the recommended 

values, which for this polymer range from 200 to 

280 °C. The reason for this was that the used mold 

was not preheated and its temperature was control-

led and measured after each cycle so as not to ex-

ceed the recommended mold temperature for pro-

cessing of ABS that is between 50 and 80 °C. The 

measuring was done using a thermographic camera 

as shown in Figure 7. 

          T a b l e  1  

Injection molding parameters  

used during the experiment 

Injection pressure (MPa) 48 

Injection temperature (°C) 200 

Injection speed (mm/s) 120 

Clamping force (t) 15 

Fill time (s) 1.63 

Pack time (s) 3.5 

Pack pressure (MPa) 25 

Cooling time (s) 48 – 60 

T a b l e  2 

ABS polymer material – referenced  

mechanical properties (Source: [12]) 

ABS-50 Ghaed Basir 

Petrochemical 
Value Unit 

Testing  

conditions 

Test  

method 

Tensile elongation 20 % 
@ 23 oC,  

50 mm/min 
ASTM D638 

Tensile strength 44.6 MPa 
@ 23 oC,  

50 mm/min 
ASTM D638 

 

The temperature distribution in the mold insert 

shown in Figure 7 was constant throughout every 

molding cycle. The highest measured values were at 

the injection location of the cavity, near the sprue 

bushing. After the part ejection, temperature meas-

urements were done on the mold until its tempera-

ture was in the recommended value interval. After 

several cycles, roughly 60 second was shown to pro-

vide sufficient cooling time to allow the mold to get 

into the desired temperature range. The average 

temperature of the molding inserts throughout the 

cycles was 62 °C, as per the thermographic camera 

measurements. The lowest insert temperature was 

the one for the first molding cycle where the mold 

was at room temperature of 20 °C (Table 3)  
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a)                                                                                  b) 

Fig. 7. Temperature control of the stereolithographic inserts; measurement done after the 3rd cycle;  

(a) the molding insert placed in the master housing; (b) thermographic camera image of the insert  

with temperature distribution after injection 

T a b l e  3 

Mold insert temperatures before the start  

of each cycle 

Cycle no. Insert temp. (oC) Cycle no. Insert temp. (oC) 

1 20 26 60.8 

2 48.1 27 57.7 

3 50.1 28 105.1 

4 43 29 59.1 

5 36 30 98.1 

6 49 31 63.7 

7 54.5 32 95.7 

8 48.1 33  

9 98.7 34  

10 43.5 35  

11 

Incomplete cavity 

filling-specimens 

excluded from the 

analysis 

36  

12 37  

13 38  

14 39  

15 40  

16 41  

17 80.7 42  

18 71 43  

19 68.1 44  

20 62.9 45  

21 56.2 46  

22 53.3 47  

23 56.2 48  

24 68.6 49  

25 62.9 50   

Average insert temperature  (°C) 62 

Min insert temperature  (°C) 20.0 

Max insert temperature  (°C) 105.1 

The molding inserts were designed to fulfill 

dual objectives within the testing framework. Pri-

marily, one model was needed to facilitate investi-

gations into the impact of stereolithographic molds 

on the mechanical properties of components pro-

duced by injection molding. Consequently, one of 

the cavities needed to have the shape of a standard-

ized specimen for tensile testing. Given the spatial 

constraints in the stereolithographic mold (refer to 

Figure 6), the selection was made in favor of the 

Type 1BA specimen per ISO 527 standards ([10], 

[11]). The second cavity in the shape of a trapezoi-

dal plate was designed to monitor deviations in both 

angle and radii curvature for further analysis. This 

study focuses only on the mechanical properties of 

the components and the models produced from the 

second cavity are not used in this experimental 

study. 

The mold made from Rigid 10k, withstood all 

of the intended 50 cycles without critical failure. 

Flash formation was the only conventional defect 

observed in the specimens. The first small traces of 

flash appeared after the 25th injection cycle (Figure 

8). The intense progressive deterioration occurred 

after the 40th cycle. 

Figure 9 shows the dimensions of the 1BA 

sample used. According to the standard, this sample 

is allowed to be used when the standard samples of 

type 1A or 1B cannot be used due to any restric-

tions. The dimensions of these standard test tubes 

are proportionally reduced compared to Type 1B 

specimens by a factor of 1:2.
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a)    b) 

Fig. 8. (а) Injection molded specimen, (b) the progressive increase of the flash formation (cycles 1, 33, 50)  

 
 Type of specimen 1BA mm 

l3 Overall length ≥75 

l1 Length of narrow parallel-sided portion 30 ± 0,5 

r Radius ≥30 

l2 Distance between broad parallel-sided portions 58 ± 2 

b2 Head width 10 ± 0,5 

b1 Width of narrow portion 5 ± 0,5 

h Thickness ≥2 

L0 Gauge length 25 ± 0,5 

L Initial distance between grips l2 
+2 

Fig. 9. Dimensions of the standard specimen 1BA for tensile testing for polymers according to ISO 527 (Source: [10]) 

3.2. Tensile testing 

The tensile test of each specimen was done 

according to the guidelines in the standard EN ISO 

527-2:1996 ([10], [11]), without removing the 

excess flashing from the specimens. The reasoning 

behind this is that the thickness of the flash in the 

gauge length area was negligibly thin. Figure 9 and 

Figure 10 show that the width of the flash was most 

prominent in the head area of the specimens. In the 

gauge length area, the thickness of the flash is 0.12 

mm which is only 6% of the nominal thickness of 

the specimens. 

The tensile test was done in the Forming pro-

cesses laboratory of the Faculty of Mechanical En-

gineering in Skopje on the Shimatzu Autograph 

AGS-X machine (Figure 11) with a load cell capac-

ity of 10 kN with a crosshead speed of 1 mm/min. 

The low test, speed was chosen to ensure quasi-

static test conditions. 

From each of the test pieces the ultimate ten-

sile stress was calculated as: 

𝜎𝑚 =
𝐹𝑀

𝐴0
. 

𝐹m is the highest measured force and 𝐴0 is the 

starting cross-section area (b × h) of 10 mm2. 
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From each of the test pieces the relative strain 

was calculated as: 

𝜀 =
𝐿−𝐿0

𝐿0
. 

𝐿0 is the initial gauge length of 25 mm and 𝐿 is 

the length that corresponds with 𝜎m. 

 

Fig. 10. Flash formation width near the gauge lenght  

of the specimen 

 
Fig. 11. Shimatzu Autograph AGS-X uniaxial testing machine 

4. RESULTS AND DISCUSSION 

In this chapter, a summary of the data acquired 

during the experiment is presented. The standard 

test pieces produced using the stereolithography 

inserts underwent a tensile test following the ISO 

527 standard. The measured values for the tensile 

strength and maximum relative deformation were 

then compared with the reference values provided 

by the manufacturer of the ABS used during the 

injection molding process. The summarized find-

ings from all conducted tests are displayed in Table 4. 

T a b l e  4 

Statistical results of the tensile tests 

 

Max. tensile 

strength 

σm (МPa) 

Max. relative 

deformation 

ε (%) 

Number of measurements 44 43 

Measured values ≥ then the 

reference values provided by 

the manufacturer  

17 17 

Measured values < then the 

reference values provided by 

the manufacturer 

27 26 

Nominal values 44.6 20 

Min 36.961 6.820 

Max 51.534 28.932 

Range 14.572 22.112 

Average 43.702 16.763 

Median 43.113 16.768 

Standard deviation 3.395 6.334 

Average error –0.898 –3.237 

% acceptable 39% 40% 

 

The testing involved a total of 44 fully injected 

specimens derived from the SLA inserts. The max-

imum tensile strength (σm) was measured across all 

samples, while the examination of the maximum 

relative deformation (εm) was performed only on 43 

samples. One sample, the 10th in the series, encoun-

tered a technical issue during the testing wherein the 

Shimatzu Autograph AGS-X machine lost connec-

tion with the testing software, rendering the defor-

mation measurement incomplete. However, since 

the point of maximum tensile strength had been 

surpassed, that particular value was known and 

accounted for in the statistical computations pertain-

ing to the strength evaluation of the injection molded 

specimens. 

Figure 12 and Figure 13 show the charts for the 

measured maximum tensile strength and maximum 

relative deformation. The shown nominal value for 

each chart is taken from the manufacturer’s data 

sheet for the polymer used in the study (Table 2). 
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Fig. 12. Chart for the measured values for the ultimate tensile strength of the specimens 

 
Fig. 13. Chart for the measured values for the relative deformation of the specimens

The results of the tests showed that only 39% 

of the tested samples have a strength greater than or 

equal to the nominal one, which according to the of-

ficial Datasheet of the ABS plastic is 44.6 MPa. 

However if we take a closer look at the measure-

ments, most of the specimens, 86.36% to be exact, 

showed a tensile strength that is only 10% lower 

than the nominal. The distribution of the ultimate 

strength (Figure 14) in all samples also conforms to 

a good normal probability distribution. 

 

Fig. 14. Chart that shows the distribution of the measured 

ultimate tensile strength of the specimens 

Regarding the maximum elongation, 40% of 

the samples have a relative deformation greater than 

or equal to the nominal one, which according to the 

official Datasheet of the ABS plastic is 20%. In the 

case of relative deformation, the maximum devia-

tion from the nominal value in some samples is 

quite large. In 10 of the pieces, a relative defor-

mation of 10% or less was measured, which is more 

than 2 times less than the nominal value. Moreover, 

the distribution of the elongation in all samples is 

quite bad, as can be seen from the chart in Figure 

15. 

 

Fig. 15. Chart that shows the distribution of the measured 

relative deformation of the specimens 

5. CONCLUSIONS 

The integration of additive manufacturing into 

injection molding processes brings forth a multitude 
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of benefits that revolutionize traditional manufac-

turing practices. From accelerated prototyping and 

enhanced design flexibility to cost efficiency, faster 

time to market, and easy customization, molds made 

with SLA additive manufacturing offer a host of ad-

vantages that enable manufacturers to drive innova-

tion and efficiency. As the technology continues to 

evolve, we can expect further advancements in 

additive manufacturing for injection molding, 

opening up new possibilities and transforming the 

landscape of manufacturing. 

The findings of this research contribute to the 

growing field of additive manufacturing by high-

lighting the potential of SLA mold inserts for pro-

ducing injection molded parts with satisfactory me-

chanical properties. The ability to rapidly fabricate 

mold inserts using SLA technology offers advan-

tages in terms of cost, lead time, and design flex-

ibility. However, further investigations are required 

to optimize the parameters of the mold inserts made 

with SLA additive manufacturing and explore their 

long-term durability and repeatability. 

The implication of using molding inserts made 

with SLA additive manufacturing in the injection 

molding process causes some unwanted conse-

quences, among which is the appearance of differ-

ences in the mechanical characteristics of the man-

ufactured plastic parts. Within this paper, the objec-

tive was to investigate the strength of the injection 

molded parts using the declared strength of the in-

jection molded material from the manufacturer as a 

reference value for evaluating the obtained material 

properties. 

In conclusion, this study demonstrates that 

molding inserts made with SLA additive manu-

facturing can be successfully used for injection 

molding, producing parts with comparable mechan-

ical properties to those manufactured using tradi-

tional steel molds. This research provides valuable 

insights into the design and optimization of SLA 

mold inserts, paving the way for cost-effective and 

time-efficient manufacturing processes in various 

industries that heavily rely on injection molding. 

Based on this research, it can be concluded that 

the stereolithographic photopolymer from which the 

mold is made has a generally negative impact on the 

mechanical characteristics of the manufactured 

parts, especially on the toughness of the material. 

Given that the rest of the process parameters were 

maintained at constant values during injection, this 

assumption holds validity. However, due to the 

limited quantity of test specimens, further investi-

gation into this phenomenon is warranted. This is 

particularly crucial, with a specific emphasis on the 

method and duration of mold cooling. Previous 

research in this field has established that the thermal 

characteristics of photopolymers, notably their low 

thermal conductivity, emerge as potential factors 

contributing to the diminished mechanical charac-

teristics observed in parts produced within molds of 

this nature.. 
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Fig. 2. Example of a graph and a single-line caption (bleck and vhite) 

Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you 

check your paper on a black-and-white hardcopy, please ensure that: 

– the colours used in each figure contrast well (Figure 3), 

– the image used in each figure is clear, 

– all text labels in each figure are legible. 

Please check all figures in your paper both on screen and on a black-and-white hardcopy.  When you 

check your paper on a black-and-white hardcopy, please ensure that the image used in each figure is clear and 

all text labels in each figure are legible. 

 

Fig. 3. Example of an image as it will appear at the electronic version of the Journal and a multi-line caption 
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