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ABSTRACT: Nanoparticles are particles between 1 and 100 nanometres (nm) in size with a 
surrounding interfacial layer. One of these famous nanoparticles is nanoboric acid (nBA) 
additive added in engine oil that drastically lowered friction and wear. This scientifical and 
experimental work presents the developped new suspended nanoboric acid (nBA) additive 
added in engine oil and lowered friction and wear in Diesel engine specimens tested in 
reciprocating tribometer. 

Proving nBA particles that were in colloidal form in engine oil with Turbiscan Tower 
Stability Analyzer, the engine oil is tested between piston ring and cylinder liner system in 
order to investigate their effect on friction and wear under boundary lubricated conditions. 
Simulation and measurement of friction and wear were conducted using a reciprocating 
tribometer. Surface analysis was performed using 3D digital optical microscope, Field 
Emission Scanning Electron Microscope (FESEM)/X-Ray, X-ray photoelectron 
spectroscopy (XPS) and Atomic Force Microscopy (AFM) from macro to nanoscale. Boron 
(B) from BA is well detected and mixed with other elements of additives protecting the 
surface under boundary lubrication conditions. It has found that the friction coefficient is 
reduced with nBA suspended engine oil and protected the surface mostly on cylinder liner 
mixing with other additives. 
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TRIBOLOŠKI UTICAJ DODATOG NBA U MOTORNO ULJE NA 
PONAŠANJE TRENJA I HABANJA NA POVRŠINI KOŠULJICE 
CILINDRA DIZEL MOTORA KOJA SE TRLJA ISPOD PRVOG I 
DRUGOG KLIPNOG PRSTENA U NANO RAZMERI 

REZIME: Nanočestice su čestice veličine između 1 i 100 nanometara (nm) sa okolnim 
međupovršinskim slojem. Jedna od ovih poznatih nanočestica je aditiv nanoborne kiseline 
(nBA) dodat u motorno ulje koji drastično smanjuje trenje i habanje. Ovaj naučni i 
eksperimentalni rad predstavlja razvijeni novi suspendovani aditiv nanoborne kiseline 
(nBA) dodat u motorno ulje i smanjuje trenje i habanje u uzorcima dizel motora testiranim u 
klipnom tribometru. 

Ispitivan je uticaj čestica nBA, u koloidnom obliku u motornom ulju, na trenje i habanje u 
uslovima graničnog podmazivanja između sistema klipnog prstena i obloge cilindra, 
pomoću Turbiscan Tower Stability Analyzer-a. Simulacija i merenje trenja i habanja 
sprovedeni su pomoću klipnog tribometra. Analiza površine je izvršena pomoću 3D 
digitalnog optičkog mikroskopa, skenirajućeg elektronskog mikroskopa sa emisijom polja 
(FESEM)/X-zraka, rendgenske fotoelektronske spektroskopije (XPS) i atomske sile 
mikroskopije (AFM) od makro do nano razmere. Bor (B) iz BA je dobro detektovan i 
pomešan sa drugim elementima aditiva koji štite površinu pod uslovima graničnog 
podmazivanja. Utvrđeno je da se koeficijent trenja smanjuje sa suspendovanim nBA u 
motornom uljeu i štiti površinu uglavnom na košuljici cilindra mešanjem sa drugim 
aditivima. 

 

KLJUČNE REČI: Nano borna kiselina, dizel motor, trenje, habanje, analiza površine 
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ENGINE CYLINDER LINER SURFACE RUBBED UNDER 1ST AND 2ND 
PISTON RINGS 

E. Hakan Kaleli, Selman Demirtaş, Veli Uysal 

INTRODUCTION 

More effective or enhanced lubrication is needed to meet the increasingly more stringent 
operational conditions of future engine systems and drivetrain components. The fuel 
economy, durability, and environmental soundness of all engines are closely related to the 
effectiveness of the lubricants being used. Poor or inefficient lubrication may result in high 
friction and wear losses, which can in turn adversely affect the fuel economy and durability 
of these engines [1, 2, 3, 4]. 

Automotive engine oils demand superior tribological properties to prolong the lifespan of 
mechanical components. Engine lubrication is critical for saving energy, reducing material 
losses, and enhancing both engine durability and fuel economy in automobiles. From an 
energy-saving standpoint, the transportation sector alone consumes almost 30% of the total 
energy produced today. Unfortunately, approximately one-third of this energy is still wasted 
due to friction and wear in various moving components of cars, trucks, and buses, which are 
integral to our mobility (Lubrication mechanism analysis). Only 21% of the fuel used in 
automobiles is actually used for driving; the remaining 79% is lost to energy loss. Frictional 
losses cause an estimated 11.5% reduction in the engine’s overall power output. 
Consequently, enhancing the tribological properties of mechanical components and reducing 
engine friction losses becomes imperative in order to raise brake engine power and enhance 
engine durability. Therefore, the exploration of engine oil additives has become a central 
area of research and development in the automotive industry, with the goal of enhancing the 
efficiency, durability, and reliability of engine oils, as well as fuel economy [5, 6]. 

One of the major losses occurring in the engine of an automobile is due to friction between 
its moving parts. This loss is significant and approximately 15% of the total loss of energy 
and has a direct impact on the efficiency and durability of the engine. Different mechanical 
systems require a variety of functional lubricants to reduce the friction and wear of 
contacting surfaces as well as a significant reduction in the total energy consumed by 
mechanical systems [7]. 

Engine oil is an efficient means of minimizing friction, dissipation of frictional heat, and 
controlling wear by creating a lubricating layer with low-shear strength between rubbing 
surfaces that rub against each other in mechanical systems [8, 9]. 

Recent research papers have reported that the addition of nanoparticles to lubricant is 
effective for the reduction of wear and friction in mechanical systems. Because of the 
remarkable tribological properties of nanoparticles, nanotechnology is regarded as the most 
revolutionary technology of this century [10]. 

Numerous nanoparticles have recently been investigated for use as oil additives. Nano-
powders of some metals and their compounds exert an especially effective influence on the 
characteristics of lubricants. The use of nanoparticles that include Cu, CuO, Fe, Ni, TiO2 
and other metallic nanoparticle additives in lubricating oils provides good friction reduction 
and anti-wear behavior. Among these additives, nano boric acid (BA) nanoparticles have 
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received significant attention because they deposit on the friction surface, improve the 
tribological properties of the base oil and display good anti-friction and wear reduction 
characteristics [11]. 

Boric acid owes its self-lubricating nature to a lamellar crystalline structure. When present 
between sliding surfaces, it can shear easily to provide low friction. Boron Carbide (B4C) 
on which the boric acid film was formed is a well-developed and adapted hard coating for 
sliding engine and bearing applications mainly because of its excellent resistance to wear 
and scuffing [1, 12]. 

Research specifically aimed at the use of boric acid in engineering systems has also been 
undertaken in 2000s [13, 12]. These studies have indicated that boric acid’s unique layered 
inter-crystalline structure (see figure 1) makes it a very promising solid lubricant material 
because of its relatively high load carrying capacity and low steady-state friction coefficient 
[14]. 

Boric acid has been identified as a potential solid lubricant due to its lamellar molecular 
structure. Further, it is abundant and environmentally benign, with no known health risks to 
humans. These experiments clearly indicate that powder delivery of boric acid is a viable 
technique for providing in situ lubrication for concentrated metal contacts [15]. In the early 
1990s, the lubricity of boric acid, an overlooked but extremely available and 
environmentally benign lamellar solid, was demonstrated by Erdemir, et al. [12, 16, 17]. 

1 EXPERIMENTAL DETAILS 

In this study, the tribological performance of nano boric acid suspended in 5W-40 fully 
synthetic commercial engine oil was characterized by turbidimetry method and investigated 
under pin (piston ring)-on-plate (cylinder liner) line contact set-up using a custom-made 
reciprocating tribological test rig.  

 
Figure 1 Reciprocating tribotest rig General view of the test rig, (b) Specimens mounted in 
the test rig, (c) Heating control and temperature measurements. 
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Table 1 Experimental parameters in tribometer 

 
The work consists of tribometer experiments. Friction tests were conducted through a 
reciprocating tribotest machine (see Fig. 1). The parameters of tribological test are 
summarized in Table 1. Tests were conducted with a one drop of suspended 5W-40 oil and 
5W-40+BA oil on the wear track of cylinder liner. 

 
Figure 2 Preparation of piston ring and cylinder specimens (a) Piston ring, (b) liner cut 
from a new Antor Diesel engine,(c) and (d) specimens with contact position and sliding 
direction 

Figure 2 shows the preparation of piston ring and cylinder specimens; (a) and (b) are piston 
ring and liner cut precisely from a new Anadolu Motor Antor 6 LD 400 Diesel engine for 
Tribometer tests. (c) and (d) present the ready specimens with contact position in 
reciprocating sliding direction. At the end of the tribometer tests, optical, scanning electron 
microscopy (SEM) with EDS and atomic force microscopy (AFM) have been applied to 
determine the surface morphology and chemical structure of the piston rings and cylinder 
liners tested in tribometer.  For time/line 1.5 s,  for points/line 256  have been used at AFM . 
Setpoint has been chosen as 20 nN during the AFM tests. 

 

(a)

(b)

(c) (d)

Mobility & Vehicle Mechanics, Vol. 51, No. 3, (2025), pp 1-22 
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Figure 3 TEM of nBA prepared with Hexane 

  

Figure 3 presents TEM of BA (black patches). The size of BA which varies between 50nm 
to the 200nm. This size is well acceptable and appropriate passing nanoparticles from 
engine oil filter. It is added 0.2 % in the oil. 

2 DISCUSSIONS AND RESULTS 

The primary function of a lubricant is to keep two metal surfaces apart thus reducing friction 
and preventing wear. Modern machinery with its constantly increasing speed and size has 
put demands upon lubricants which cannot be met by unfortified petroleum products [18]. 

Frictional losses in a typical automobile accounts significantly for the reduction of useful 
power otherwise available for the motion. Almost 15 % of the total energy loss comes from 
the friction generated between the sliding parts. Lubricants are supplied to reduce such 
frictional losses. Frictional losses arise mainly at the piston rings, bearings and transmission 
parts which undergo boundary lubrication or starved lubrication at certain periods during 
operation. Additives in lubricants come into effect under such conditions. Nano particulate 
suspended additives in the base oil are of some interest to address the boundary lubrication 
issues [19]. 

Hwang et al. (2011) investigated the effect of size and morphology of nanoparticles 
suspended in lubricating oils on the lubrication performance. The effect of the size of 
dispersed particles on the lubrication performance was examined by varying the primary 
size of the spherical-like graphite particles: 55 nm, 450 nm and 5μm. The lubrication 
performance clearly improved with decreasing size of the particles suspended in the mineral 
oil. This suggests that nano-sized particles effectively play the role of ball bearings and 
reduce contact between frictional surfaces [20]. 

 

(a) (b)
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Figure 4 Transmitance and back scattering profiles of non-marketed (non-

commercialized) additive showing the (sediment) in 5W-40 engine oil 

 
Figure 5 Transmitance and back scattering profiles of BA showing stable suspension in 5W-
40 engine oil 

Turbidimetry of the samples were observed by turbiscan tower, both the back scattering and 
transmittance curves changes were analyzed. Backscattering and transmittance signals 
recorded through 24 h at 20°C. Figure 4 presents transmittance and back scattering profiles 
of non-marketed (non-commercialized) additive showing the (sediment) in 5W-40 engine 
oil. Change of transmittance and back scattering intensity is very high in case of non-
commercialized additive as seen in Fig.4 that indicate instability of colloidal suspension. The 
new invention of stable colloidal suspension of nano boric acid (BA) additive added into 
5W-40 fully synthetic commercial lubricating oil is well demonstrated in Fig. 5. This 
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invention is supplied by Tribor ARGE Co. in Teknopark of YILDIZ Technical University in 
Istanbul-TURKEY. They invented new method of synthesis of nano boric acid. 

In this study, real 1st and 2nd piston rings-cylinder liner specimens of Anadolu Motor Antor 6 
LD 400 Diesel engine were tested and compared with reciprocating tribometer under 
boundary lubrication conditions, 100°C, 60.5N using fully formulated engine oil and BA 
particles suspended in engine oil to investigate their wear and friction behavior. Test were 
repeated twice. 

 
Figure 6 Friction coefficient of 5W-40 engine oil with suspended BA additive via 5W-40 
engine oil for the 1st ring test 

 
Figure 7 Friction coefficient of 5W-40 engine oil with suspended BA additive via 5W-40 
engine oil for the 2nd ring test 

According to the results, it has been found that engine oil with BA showed almost similar 
friction results with the tests of 1st piston ring (0.0996 with BA-0.1220 non BA) (See Fig.6) 
and obtained less friction, better lubrication and protective performance then oil without 
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containing BA with the tests of 2nd ring (0.1112 with BA-0.1192 non BA) (See Fig 7) 
against cylinder liner. 

Table 1 Comparison of COF results  
Test No  5W40       5W40+BA 
1st ring  0.1220  0.0996 
2nd ring  0.1192 0.1112 

 
Figure 8 FESEM, X-Ray, mapping and elemental analysis of the rubbed 1st piston ring 
surface tested with 5W-40 engine oil 

 
Figure 9 FESEM, X-Ray, mapping and elemental analysis of the rubbed cylinder liner 
surface under 1st piston ring tested with 5W-40 engine oil. 

Mobility & Vehicle Mechanics, Vol. 51, No. 3, (2025), pp 1-22 
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Figures 8 and 9 are FESEM, X-Ray, mapping and elemental analysis of the rubbed 1st 
piston ring and cylinder liner tested with 5W-40 engine oil. Any B is detected on the rubbed 
surface. Elements such as Zn, Ca, P and S were formed layer on the surface, as usual. 5W-
40 engine oil does not contain BA. 

 
Figure 10 FESEM, X-Ray, mapping and elemental analysis of the rubbed 2nd piston ring 
surface tested with 5W-40 engine oil. 

 
Figure 11 FESEM, X-Ray, mapping and elemental analysis of the rubbed cylinder liner 
surface under 2nd piston ring tested with 5W-40 engine oil 
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Figures 10 and 11 are FESEM, X-Ray, mapping and elemental analysis of the rubbed 2nd 
piston ring and cylinder liner tested with 5W-40 engine oil. Any B is detected on the rubbed 
surface. Elements such as Zn, Ca, P and S were formed layer on the surface, as usual. 5W-
40 engine oil does not contain BA. 

 
Figure 12 FESEM of the 1st piston ring surface rubbed with 5W-40 engine oil+B where B is 
detected with X-Ray mapping and XPS 

 

 
Figure 13 X-Ray and elemental analysis of the 1st piston ring surface tested with 5W-40 
engine oil+B where B is detected from the Fig. 12. 

Figures 12 and 13 are FESEM, mapping, XPS, X-Ray and elemental analysis of the 1st 
piston ring surface rubbed with 5W-40 engine oil+B against cylinder liner where B is well 
detected showing with red circles. B from NBA (nano boric acid) is mixed with other 
additives such as Zn, Ca, P and S that formed protective layer on the wear track. 
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Figure 14 FESEM of the rubbed cylinder liner under 1st piston ring tested with 5W-40 
engine oil+B where B is detected with X-Ray mapping and XPS. 

 

 
Figure 15 X-Ray and elemental analysis of the rubbed cylinder liner under 1st piston ring 
tested with 5W-40 engine oil+B where B is detected from the Fig. 14. 

Figures 14 and 15 are FESEM, mapping, XPS, X-Ray and elemental analysis of the cylinder 
liner rubbed under 1st piston ring tested with 5W-40 engine oil+B where B is well detected 
showing with red circles. B from NBA (nano boric acid) is well mixed with other additives 
such as Zn, Ca, P and S, so that formed protective layer on the wear track and it is higher as 
mass and atomic percent on the surface of cylinder liner rather than piston ring. 

 
Figure 16 FESEM of the 2nd piston ring surface rubbed with 5W-40 engine oil+B where B 
is detected with X-Ray mapping and XPS 
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Figure 17 X-Ray and elemental analysis of the 2nd piston ring surface tested with 5W-40 
engine oil+B where B is detected from the Fig. 16 

 
Figure 18 FESEM of the rubbed cylinder liner under 2nd piston ring tested with 5W-40 
engine oil+B where B is detected with X-Ray mapping and XPS. 

 
Figure 19 X-Ray and elemental analysis of the rubbed cylinder liner under 2nd piston ring 
tested with 5W-40 engine oil+B where B is detected from the Fig. 18 

Figures 16 and 17 are FESEM, mapping, XPS, X-Ray and elemental analysis of the 2nd 
piston ring surface rubbed with 5W-40 engine oil+B against cylinder liner where B is well 
detected showing with red circles. B from NBA (nano boric acid) is mixed with other 
additives such as Zn, Ca, P and S that formed protective layer on the wear track. Figures 18 
and 19 are FESEM, mapping, XPS, X-Ray and elemental analysis of the cylinder liner 
rubbed under 2nd piston ring tested with 5W-40 engine oil+B where B is well detected 
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showing with red circles. B from NBA (nano boric  acid) is well mixed with other additives 
such as Zn, Ca, P and S, so that formed protective layer on the wear track and it is higher as 
mass and atomic percent on the surface of cylinder liner rather than piston ring. 

Table 2 2D-Ra and-3D Sa AFM roughness value. 
AFM Roughness measurements Sa (nm) Ra (nm) 

(b) Tested 1st piston ring with 5W40  101,019 92.013 

(c) Tested 1st piston ring with nBA  178,37 198.06 

(e) Tested  liner under 1st piston ring with 5W40  251,39 260,84 

(f) Tested liner under 1st piston ring with nBA 68,238 52,496 

(b) Tested 2nd piston ring with 5W40  228,08 237.61 

(c) Tested 2nd piston ring with nBA  65,119 51.713 

(e) Tested liner under 2nd piston ring with 5W40   602,55 363,19 

(f) Tested liner under 2nd piston ring with nBA 503,57 342,12 

 
Figure 20 Optical 3D, 3D and Sa of AFM, 2D and Ra of AFM of the 1st piston ring surface 
tested with 5W-40 engine oil (a, c, e) and 5W-40 engine oil+B (b, d, f) 
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Figure 20 shows 3D digital optical microscopy, 3D and (surface average) Sa of AFM, 2D 
and (roughness average) Ra of AFM of the 1st piston ring surface tested with 5W-40 engine 
oil (a, c, e), and 1st piston ring surface tested with 5W-40 engine oil+B (b, d, f), 
respectively. Sa (178.37nm) and Ra (198.06nm) of the surface tested with 5W-40 engine 
oil+B were found higher than the test Sa (101.19nm) and Ra (92.013nm) with 5W-40 engine 
oil as presented in Table 2. 

 
Figure 21 Optical 3D, 3D and Sa of AFM, 2D and Ra of AFM of the cylinder liner surface 
rubbed under 1st piston ring with 5W-40 engine oil (a, c, e) and 5W-40 engine oil+B (b, d, 
f). 

Figure 21 shows 3D digital optical microscopy, 3D and (surface average) Sa of AFM, 2D 
and (roughness average) Ra of AFM of the cylinder liner surface rubbed under 1st piston 
ring with 5W-40 engine oil (a, c, e), and 1st piston ring surface tested with 5W-40 engine 
oil+B (b, d, f), respectively. Sa (68.238nm) and Ra (52.196nm) of the surface tested with 
5W-40 engine oil+B were found lower than the test Sa (251.39nm) and Ra (260.84nm) with 
5W-40 engine oil as presented in Table 2. 
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Figure 22 Optical 3D, 3D and Sa of AFM, 2D and Ra of AFM of the 2nd piston ring surface 
tested with 5W-40 engine oil (a, c, e) and 5W-40 engine oil+B (b, d, f). 

Figure 22 shows 3D digital optical microscopy, 3D and (surface average) Sa of AFM, 2D 
and (roughness average) Ra of AFM of the 2nd piston ring surface tested with 5W-40 
engine oil (a, c, e), and 1st piston ring surface tested with 5W-40 engine oil+B (b, d, f), 
respectively. Sa (65.119nm) and Ra (51.713nm) of the surface tested with 5W-40 engine 
oil+B were found lower than the test Sa (228.08nm) and Ra (237.61nm) with 5W-40 engine 
oil as presented in Table 2. 
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Figure 23 Optical 3D, 3D and Sa of AFM, 2D and Ra of AFM of the cylinder liner surface 
rubbed under 2nd piston ring with 5W-40 engine oil (a, c, e) and 5W-40 engine oil+B (b, d, 
f). 

Figure 23 shows 3D digital optical microscopy, 3D and (surface average) Sa of AFM, 2D 
and (roughness average) Ra of AFM of the cylinder liner surface rubbed under 2nd piston 
ring with 5W-40 engine oil (a, c, e), and 1st piston ring surface tested with 5W-40 engine 
oil+B (b, d, f), respectively. Sa (503.57nm) and Ra (342.12nm) of the surface tested with 
5W-40 engine oil+B were found lower than the test Sa (602.55nm) and Ra (363.19nm) with 
5W-40 engine oil as presented in Table 2. 

These results determine that BA was more effective to protect the surface on cylinder liner 
than piston ring. Thus, the amount of B has been found higher in elemental analysis of the 
rubbed cylinder liner according to the piston ring. The main reason is the degree of the 
surface degradation. Not only chemical mechanism, but also mechanical mechanism is also 
the main factor which play an important role in the activation of NBA and additives to form 
the protective layers on the wear track. In micro experiments, the formal tests conditions 
were determined and they concluded that the surface degradation is a mechanical action and 

Mobility & Vehicle Mechanics, Vol. 51, No. 3, (2025), pp 1-22 
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favours chemical reaction; so that satisfactory degradation or sufficiently smoothed surface 
where the additives act with respect to the intensity of degradation (so that having perfect 
activated surface) allow higher amount of additive layer protection on the wear track. 

To prove this results; Friction force and COF of cylinder liner surface rubbed under 1st and 
2nd piston ring with 5W-40 and 5W-40 engine oil+B engine oil were measured also in 
Nanoscale. Friction Force is obtained in V. It is calibrated and obtained in nN. Then COF is 
calculated in Nanoscale form. Figures 24, 25, 26, 27 show COF of friction force in 
Nanoscale of cylinder liner surface rubbed under 1st piston ring with 5W-40 engine oil. 

 
Figure 24. COF in Nanoscale of cylinder liner surface rubbed under 1st piston ring with 
5W-40 engine oil 
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Figure 25. COF in Nanoscale of cylinder liner surface rubbed under 1st piston ring with 
5W-40 engine oil+B 
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Figure 26. COF in Nanoscale of cylinder liner surface rubbed under 2nd piston ring with 
5W-40 engine oil 

 
Figure 27. COF in Nanoscale of cylinder liner surface rubbed under 2nd piston ring with 
5W-40 engine oil 5W-40 engine oil+B 

3 CONCLUSIONS 

New invention came out with the successful suspension of nano boric acid (BA) additive 
added into 5W-40 fully synthetic commercial lubricating oil. This invention is well proved 
with Turbiscan analyze. 

Lubricant with BA additive showed almost similar friction results with the tests of 1st piston 
ring against cylinder liner and obtained less friction, better lubrication and protective 
performance then oil without containing BA with the tests of 2nd ring against cylinder liner.  

COF of friction force in Nanoscale of cylinder liner surface rubbed under 1st and 2nd piston 
ring presented less friction, better lubrication and protective performance then oil without 
containing BA. 

Protective layer of suspended nano boric acid is well determined with B element on the 
surface examination with TEM, Turbiscan, FESEM, X-Ray, mapping, AFM for the 1st and 
2nd piston rings and cylinder liners, respectively. 3D surface and roughness average (Sa) and 
(Ra) showed lower values with 5W-40 engine oil containing BA then 5W-40 engine oil on 
the wear track of cylinder liners. It should be imphasized that 5W-40 engine oil is well 
known fully formulated oil marketed in the world. 
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RESEARCH ARTICLE 

ABSTRACT: Energy efficiency drives the ICE development for more than a century, while 

ever-increasing ecology awareness in the last decades and requests for the reduction of toxic 

and CO2 emissions, lead to complex and demanding driving cycles and put severe 

challenges in the optimization of critical operation regimes to secure ICE application. The 

Spark Ignition Direct Injection Engine (SIDIE) featuring high boost and high compression 

ratio, Variable Valve Timing (VVT), complex injection strategies and combustion systems 

(HCCI/SACI), seems to be an effective response to high demands. Cold start/warm-up, 

regardless of combustion system applied, is a critical part of emission certification 

procedure in all standard driving cycles. Catalyst efficiency depends on temperature and 

engine capability to produce the exhaust gas heat flux necessary for its warm-up. A specific 

test procedure was designed and performed on Spark Ignition Single Cylinder Research 

Engine (SI-SCRE) to investigate and evaluate the influence of DI strategy set-up on the 

capability to provide fast catalyst warm-up during low-temperature/low-load operation. 

Double injection strategies in terms off Start of Injection (SOI), Split Factor (SF) and Rail 

Pressure (RP) were tested and analysed against combustion dynamics and combustion 

stability parameters obtained from in-cylinder pressure indication and complex 

thermodynamic post-processing. 

KEY WORDS: Spark ignition direct injection, warm-up operation, split injection, 

combustion dynamics, combustion stability 
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ANALIZA STRATEGIJE DIREKTNOG UBRIŽANJA BENZINA ZA 

POBOLJŠANU STABILNOST SAGOREVANJA TOKOM ZAGREVANJA 

SIDI MOTORA 

REZIME: E                               z                                            

                                                                      z       z  

smanjenjem              č               CO2              ž       z                   ž      

             zb       z z            z           č      ž              b               

                                          . M                   b  z         (SIDIE)  

koji se odlikuje visokim pritiskom i visokim stepenom kompresije, promenljivim vremenom 

             (VVT)     ž                   b  z                                

(HCCI/SACI)  č                                        z      . H           /z           b z 

 bz                                          č       eo postupka sertifikacije emisija u svim 

                        ž   . E                z      z                            b      

motora da proizvede toplotni fluks izduvnih gasova neophodan za njegovo zagrevanje. 

S      č                              z            z                         č    

     ž   č                                       (SI-SC E)      b          ž              

                   DI                    b     b z   z                z                    

                  /                  . S                      b  z                   č     

 b  z        (SOI)                 (SF)                   ( P)                     z        

odnosu na dinamiku sagorevanja i parametre stabilnosti sagorevanja dobijene iz indikacije 

pritiska u cilin         ž               č                 b    . 

 

KLJUČNE REČI:  irektno ubri gavanje sa paljenjem svećicom, rad  agrevanja, 

podeljeno ubrizgavanje, dinamika sagorevanja, stabilnost sagorevanja 
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Nemanja Bukušić, Predrag Mrđa, Marko Kitanović, Nenad Miljić, Slobodan Popović 

INTRODUCTION 

The low fuel consumption, and corresponding CO2 emission, are two of the main objectives 

of the optimization during testing on reference driving cycles. European emissions 

regulations are not only about limiting CO2 emissions, but also about limiting emissions of 

toxic exhaust gas components, such as carbon monoxide (CO), unburned hydrocarbons 

(HC) and nitrogen oxides (NOx), which are the consequence of combustion reactions 

dynamics and complexity. These harmful components of the exhaust gases can be 

eliminated to a considerable extent, but unfortunately not completely by subsequent exhaust 

gas treatment. One way to achieve this, in engines operating with a stoichiometric mixture, 

is to use a three-component catalyst.  

Three-component catalytic converters (TWC or 3WC) have proven to successfully cope 

with the ever more stringent emission limits, being able to convert more than 95% of the 

relevant raw engine-out emissions under nominal operating conditions. However, as long as 

                       TWC    b   w     “     -               ”           250 °C      

conversion rate is significantly reduced. Consequently, a large portion of the raw engine-out 

emissions emitted into the atmosphere remains untreated [1]. 

Therefore, one of the main tasks, in addition to reducing fuel consumption, is to reach the 

catalytic converter optimal efficiency as soon as possible after the cold start. Strategies for 

the catalyst heating phase can be categorized as follows:  

Strategies with additional hardware components enabling fast catalyst heating-up process, 

such as secondary air pumps [5–7] or electric heaters [8,9].  

Strategies without any additional hardware components, based on dedicated combustion 

control techniques that in turn generate hot exhaust gas. 

In this paper, special attention is paid to the second strategy, more specifically to the double 

injection strategy as a part of the entire engine control strategy. After an introductory 

analysis of the combustion problem in gasoline engines and a comparative review of the 

reference driving cycles, a detailed analysis of the engine injection control parameters that 

affect the enthalpy of exhaust gases was performed. 

1 DRIVING CYCLES 

Vehicle exhaust emissions tests incorporate specific test procedures based on driving cycles 

which in turn can be performed on test benches or in real road driving conditions, such as: 

 NEDC (New European Driving Cycle), designed in the 1980s and became outdated 

today due to continuous evolutions in automotive technology, changes in driving 

conditions and driving styles. 

 WLTC (Worldwide harmonized Light vehicle Test Cycle) 

 RDE (Real Driving Emission test) step 1 (with a NOx conformity factor of 2.1) is 

applied since September 2017 to new car types, and It from September 2019 for all 

types. 
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 RDE step 2 (with a NOx conformity factor of 1.0 plus an error margin of 0.5) is 

applied from January 2020 for new types and from January 2021 for all types. 

Quite opposite to the technology used for the WLTC, which is based on real-driving data, 

the old NEDC test was based on a theoretical driving profile. Driving conditions have also 

changed since the 1980s with increased traffic congestion, resulting in more inefficient 

driving. Additionally, driving styles have also changed. In some countries the new car sales 

are driven by the companies whose drivers use a company fuel card usually not considering 

               y                       y. T          NEDC    ’                           y’  

driving profiles as it was to be in the past. 

Figure 1 depicts direct comparison of the vehicle speed profile and simulated engine coolant 

temperature during the NEDC and WLTC [2]. In Table 1 the main descriptive parameters of 

these two cycles are given. Operating cold engine increases harmful exhaust emissions and 

CO2, due to higher mechanical friction (higher lubricant viscosity, parts tolerances), and 

mostly due to inefficient combustion process during warm-up (fuel atomization/evaporation, 

mixture strength, heal losses). The absolute contribution of a cold start to emissions is 

almost the same across all standardized driving cycles, but its impact on the total emissions 

during the reference cycles decreases with increased distance travelled by the vehicle during 

testing. Considering the simple correction for the test distance, which is shown by the 

expression (1), the effect of the warm-up sequence in the WLTC can be roughly 

approximated to roughly 50% lower values than in case of NEDC. 

                  
     

     
, (1) 

 (1) 

The tested vehicle is conditioned before being tested at a constant ambient temperature, 

being specific to test procedure.  For the NEDC, the temperature range during the start is 

between 20 °C and 30 °C, while for the WLTC the range is 23 ± 5 °C. As an example, the 

engine starting coolant temperature impact on CO2 emissions (gCO2/km) in NEDC, relative 

to standard starting condition is presented in Figure 2 [3]. Carbon dioxide emissions can be 

increased by up to 19% when starting from -7°C and decreased by roughly 12% when the 

engine is fully warmed. 

Table 1 Comparative specification of NEDC and WLTC  

 Units NEDC WLTC 

Start conditions  cold cold 

Duration s 1180 1800 

Distance km 11,03 23,27 

Mean velocity km/h 33,6 46,5 

Max. velocity km/h 120 131,3 

Stop phases  14 9 

Duration of stops s 280 226 

Duration of constant speed s 475 66 

Duration of acceleration s 247 789 

Duration of deceleration s 178 719 

Percentage of stops % 23,7 12,6 
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Percentage of constant speed % 40,3 3,7 

Percentage of accelerations % 20,9 43,8 

Percentage of deceleration % 15,1 39,9 

 

 

 

Figure 1 Simulated engine temperature 

along NEDC and WLTC for DISI-ICE 

powered vehicles [2] 

Figure 2 Engine starting temperature 

impact on CO2 emissions in NEDC (11.03 

km) [3] 

1.1 Combustion process stability in forced heating regimes of a 3WC 

Emission test procedures usually incorporate specific phase during which the engine idles 

shortly before take-off. This stage is further divided into two parts with completely different 

requirements. The first one, lasting a few seconds, is the starting of the engine, which should 

enable reliable starting of the engine to idling. The next one is the TWC heating phase 

during which the catalyst is supposed to reach the temperature at which it may operate, 

taking few tens of seconds. The initial idle phase during the cold start period takes roughly 

11 s in test procedures based both on both NEDC and WLTC. For example, even in the case 

of standard pre-conditioned ambient temperature of roughly 25 °C, this is far from sufficient 

to heat the TWC over 250 °C at which it can operate at efficiency of as low as 50%. 

Therefore, most of the emissions during the test cycle come from the initial critical part of 

the cycle. 

Generally, forced TWC warm-up strategies through dedicated combustion control 

algorithms, rely on the combustion phase-out from optimal advanced to suboptimal 

(inefficient) retarded ignition (aTDC), yielding higher exhaust temperatures and enthalpy 

due to late combustion process that can even extend into the exhaust stroke.  

The main issue in terms of control the combustion in the expansion stroke is that the mixture 

pressure and the temperature are continuously decreasing during the combustion delay phase 

which is critical and adversely affects the formation of the flame kernel and stable flame 

propagation in subsequent combustion stages. The heat losses are also critical due to 

continuously increasing combustion chamber surface during expansion superimposed to 

already low combustion chamber walls temperatures. Therefore, misfire represented 

statistically by largely increased deviation of all combustion dynamics parameters, is ever 

present, but certainly inadmissible from the aspect of exhaust emissions.  

This strategy may benefit from Split Direct Injection (SDI) and produce larger combustion 

phase-out. Provided the optimized SDI combined with mixture turbulence, rich and ignitable 

mixture around the spark electrodes may be produced, enabling more stable combustion 
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process even at retarded ignition. Balance between the late ignition and late combustion 

based on SDI from which TWC warm-up time surely benefits and affected efficiency and 

emission will depend to specific boundary conditions (specific application and test 

requirements) [4]. 

2 TESTBED SETUP AND PRODUCERS 

The tests which are to simulate catalyst heating was performed on a Direct Injection Spark 

Ignition Single Cylinder Research Engine (DISI-SCRE). Test bed configuration with engine 

auxiliaries is presented in Figure 3. The engine is of modular type allowing engine 

components change according to the test specification (piston, cam shafts, injectors etc.). 

Engine systems are external (cooling, lubricating, charging, etc.), independent of the engine 

itself and independent and flexible in terms of control and adjustments according to the test 

specification. Charging is realized by a separate compressor, while the exhaust back-

pressure (flow resistance and pressure drop over charger turbine) is controlled using external 

turbocharger turbine simulator. The engine technical specification is given in Table 2. 

 
Figure 3 Schematic diagram of the test bench 

 

Table 2 SCRE technical specification 

Parameter Nomenclature Value Unit 

Bore D 82 mm 

Stroke S 90 mm 

Working displacement Vh 475 cm3 

Conrod length L 144 mm 

Pin offset b -0.5 mm 

Compression ratio ε 11.5 - 

Inlet valve opening IVO 30  oCA aTDC 

Inlet valve closing IVC 40  oCA aBDC 

Exhaust valve opening EVO 44  oCA bBDC 

Exhaust valve closing EVC 13  oCA bTDC 

DYNO

1 2 3 4 5 7

FB FC HPP

11

6

AVL 

CEB II

AVL 

MSS

NI ACQS

AVL 

MicroIFEM

AVL 

364C

AVL 

IndiModul

AVL 

Concerto

ETAS

INCA

ECU

8

12

13

14

15 16 17

19189 10
1. Air compressor

2. Charge air pressure control

3. Charge Air Cooler

4. Mass Air Flowmeter

5. Charge Air Heater

6. Throttle Body

7. Fuel Balance, Conditioner & 

High Pressure Pump

8. Fuel Injector (SDI)

9. Engine

10. Dyno

11. EGR Valve

12. EGR Punp

13. EGR Cooler

14. Back Pressure Controller

15 Soot measurement System

16 Gas Analyzers

17. Indication System

18. Acquisition System

19. Engine Control System & 

Interface
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3 TEST PROCEDURES  

A specific catalyst heating test procedure – CatHeat – was designed as to investigate and 

evaluate the influence of injection and ignition strategy on the capability to provide higher 

exhaust temperature and in turn faster catalyst warm-up during the low-temperature/low-

load operation specific to the starting sequence of a reference driving cycle. In this work, 

double injection strategies were tested and analyzed against combustion dynamics and 

combustion stability parameters obtained from in-cylinder pressure indication and 

thermodynamic post-processing. Setup parameters covered within separate group of 

variation tests are as follows: 

 The start of the first injection sweep (SOI1); 

 The start of the second injection sweep (SOI2); 

 The ratio of the fuel mass injected during the first and second injection - Split 

Factor sweep (SF); 

 Fuel injection pressure or fuel rail pressure sweep (RP). 

Engine warm-up, under conditions in which the engine parts, coolant and lubricating oil 

temperatures are close to the ambient temperature is a critical part of the standard driving 

cycle. Therefore, the oil and coolant temperatures were maintained at 35 °C during the test. 

The engine crankshaft speed (n) and indicated mean effective pressure (IMEP) were set to 

the expected average values at engine idle. Maintaining the IMEP at a given level is 

achieved by means of the throttle position. Mixture strength was maintained stoichiometric 

during test campaign by controlling the injection timings (ΔtINJ1, ΔtINJ2). Being focused on 

injection strategies exclusively, spark advance was set constant at and shifted after TDC, as 

to enable the combustion shift further into expansion stroke and so increase the exhaust 

temperature. Each of the 4 tests yielded one optimal setup for the varied parameter, which 

was then adopted as a constant in subsequent tests. The initial values and ranges for given 

parameters in the tests are given in Table 3. 

Table 3 The initial engine setup 

Description 
Designati

on 
Unit 

Initial 

Value 
Variation range 

Engine speed n min-1 1200 - 

Indicated Mean Effective 

Pressure 
IMEP bar 2 

- 

Spark angle SA °CA aTDC 10 - 

Excess air coefficient λ - 1.00 - 

Start of the first injection SOI1 °CA bTDC 330 
-330…(5)…-

245 

Start of the second 

injection 
SOI2 °CA bTDC 235 

-250…(5)…-70 

Fuel rail pressure p_RAIL bar 100 50…(25)…200 

Fuel mass split factor SF 
%mF,INJ1 vs. 

%mF,INJ2 

[70_3

0] 

[80_20]…[40_6

0] 

3.1 Measurements and data analysis  
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Usual representation of combustion dynamics based on identification of angular positions 

where predefined fraction of the fuel/mixture is burned is used. Burn rates are derived and 

analyzed upon thermodynamic analysis of the in-cylinder indicated pressure traces, as 

follows: 

Burn rate angles – the CA at which burn rate percentages of 5, 10, 50 and 90% are 

determined (MBF 05, MBF 10, MBF 50, MBF 90); 

Combustion Duration (CD); 

Statistical representation of combustion stability in form of coefficient of variance (CoV_05, 

CoV_10, CoV_50, CoV_90). 

To eliminate the ever-present sudden changes and noise in indicated pressure measurements, 

fast data smoothing is applied using moving average on interval of ±2°CA. Considering low 

engine speed and stationary operation, the pressure transducer output was referenced to 

readings from intake manifold pressure transducer at BDC [10].  

The analysis was performed using the AVL Concerto software package. Simplified method 

for the evaluation of the heat release rate is based on Rassweiler and Withrow method and 

improved lately by Hohenberg and Killman [11-13]. Assuming thermodynamic state change 

split in two quasi-stationary equilibrium steps – adiabatic compression (expansion) and 

isochoric heat supply: 

          (
  

    
)
  

, (2) 

 (2) 

           (           ). (3) 
 

(3) 

This yields, upon simple transformation, expression for finite heat change: 

    
 

    
      *        (

  

    
)
  
+. (4) 

Isentropic exponent depends on temperature and can be determined starting from the basic 

thermodynamic relation for specific heat capacities while specific heat capacity is 

approximated using empirical relation [12,13] and discrete adjustment for SI-ICE and 

homogenous charge (A=0,1): 

   
   

   
 
     

   
 
      

   
   

      

    
     
   

 (       )     
  . (5) 

This evaluation method is not featured by particularly high absolute accuracy, having in 

mind originally neglected heat transfer in combustion chamber. Short computing time and 

only a few external data required for processing make this method first choice for fast 

evaluation, on-line monitoring, and purposes of relative comparison. Accuracy of burn rate 

parameters determined in this way, however, is sufficient for comparative analysis [12,13].  

The start and the end of combustion, based exclusively on theoretical approach are to be 

determined as the crankshaft positions where derivate of heat flux dQ/d changes from zero 

to positive and positive to zero, respectively. In discrete methods, ignition delay will be 

usually represented by 1, 2 or 5% MFB.  Combustion duration is calculated as the crank 

angle between the end of the ignition delay and typically 90, 95 or 99% MFB. Determining 

small or large percentages such as 1 or 99% can be difficult and insufficiently accurate due 

to the susceptibility of the calculation to the effects of noise with small pressure changes.  
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Considering constant spark advance for all tests, the start and the end of combustion are 

arbitrarily defined as MBF05 and MBF90, and consequently, the combustion duration is 

calculated as the difference of two: 

              . (6) 

Considering combustion cycle during warm-up critical in terms of stability, statistical 

evaluation of variation of each parameter of interest ( ) is performed based on the 

coefficient of variation (   ) defined as the root-mean-square deviation (  ) normalized to 

mean value (  ): 
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(∑        
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  (7) 

4 RESULTS AND DISCUSSION  

4.1 Start of injection – SOI1 test 

The SOI1 sweep was performed in the range of -330…-245 °CA (ΔSOI1=5 °CA)  w         

other relevant parameters were set according to the starting values given in the Table 3. 

Figure 5 depicts the indicated mean effective pressure (IMEP) and the combustion duration 

(CD) vs. start of the first injection (SOI1), and additionally corresponding coefficients of 

variation for both parameters (CoV_IMEP and CoV_CD, respectively).  

 

  

Figure 5 Indicated mean effective pressure 

(IMEP, CoV_IMEP), and combustion 

duration (CD, CoV_CD) vs. SOI1 

Figure 6 Mass fraction of burned fuel (MBF, 

CoV_MFB) and exhaust temp. vs. SOI1 

The CoV_IMEP is considerably high ranging from 10 to 32% (15% for initial setup) which 

is up to 20 times higher value than usual for combustion process of the fully warmed-up SI 

engine. Significant change is observed for the case of the latest SOI1 (-245 °CA), indicating 

instable combustion due to compromised mixture formation caused by interaction of the fuel 

spray and intake valve. This correlates well with increased combustion duration covariance 

(CoV_CD). Combustion duration peak is observed in the range -320…-310 °CA, while the 
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minimum is found around -265 °CA. Figure 6 provides information on combustion 

dynamics. The MFB angles remain unchanged in observed SOI1 interval, but slightly better 

combustion stability is documented around SOI1=300 °CA. The CoV traces are fairly 

similar to each other but indicate the most stable operation in the SOI1 range of -320 and -

300 °CA. Also, instable operation and misfire indicated by CoV_CD at the end of the SOI1 

interval is confirmed by increased CoV values for all four values of MFB. The highest 

exhaust temperature (675 °C), if neglected the local maximum observed at the end of the 

SOI1 range featured by most instable combustion, is also spotted in the SOI1 range of -

320…-300 °CA. Considering slightly improved overall combustion stability around 

SOI1=300 °CA, this setup was adopted for the next test step. 

4.2 Start of injection – SOI2 test 

Based on the results of the previous analysis, with fixed SOI1=300 °CA, SOI2 sweep was 

performed within the range of -250...-70 °CA (ΔSOI2=5 °CA)                                

(SF), spark advance (SA) and fuel rail pressure (p_RAIL) as defined in Table 3.  

  

Figure 7 Indicated mean effective pressure 

(IMEP, CoV_IMEP), and combustion 

duration (CD, CoV_CD) vs. SOI2 

Figure 8 Mass fraction of burned fuel (MBF, 

CoV_MFB) and exhaust temp. vs. SOI2 

In Figure 7, indicated mean effective pressure (IMEP), combustion duration (CD) and 

coefficients of variation for both parameters (CoV_IMEP and CoV_CD, respectively) are 

presented vs. start of the second injection (SOI2). The combustion stability indicated by the 

covariance of indicated pressure proved to be less prone to the influence of SOI2 change 

than it was in the case of SOI1 variation test. The CoV_IMEP was determined in the range 

   10…18%. C                        70%-30%, results may point to the conclusion that 

variation of the SOI2 for 30% of inject             ’                     y             q     y 

of mixture formation. The local minimums of the combustion duration (CD) were 

determined at the very start of the SOI2 range (-250…-245 °CA) and just before the piston 

reaches the mid-stroke (-110…-100 °CA) indicating most probably best results in mixture 

homogenization. Best results for combustion duration covariance are found close to the first 

minimum of combustion duration (-235…-200 °CA), but also at the very end of the SOI 2 

range. Results of the combustion dynamics analysis presented in Figure 8 also indicate two 

narrow ranges in which MFB angles get local minimum corresponding well to the results for 

combustion duration. However, covariance traces point clearly at the start of the SOI2 range 

where covariances of all four MFB angles reach absolute minimums without exception. By 
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    yz         x                                                                ’          

the highest results (660 °C), but reasonably close to the absolute maximum (680 °C), 

while maintaining overall better combustion stability. Considering that, SOI2=-235 °CA 

was determined setup for further test step.  

4.3 Split factor test 

The split factor (SF) sweep was performed by retaining unchanged spark advance and fuel 

rail pressure as defined in Table 3 and applying SOI1 and SOI2 optimums from previous 

tests (-300 and -235 °CA). Eight discrete fuel split factors (%mF,INJ1 vs. %mF,INJ2) were 

tested, namely 80-20, 70-30, 65-35, 60-40, 50-50, 40-60, 30-70 and 20-80.  

In Figure 9, indicated mean effective pressure (IMEP), combustion duration (CD) and 

coefficients of variation for both parameters (CoV_IMEP and CoV_CD, respectively) are 

presented vs. injected fuel split factor. Combustion stability was determined in the range of 

11 to 22%, reaching two local maximums – one at the very start of the of the range (80-20, 

18%) and the second at the very end (20-80, 22%). Combustion duration shows strong 

                            b                                36…42 °CA  w                

was found in the range of 12,5% to 21%. By increasing the fraction of the second injection, 

the combustion duration decreases which indicates that fuel concentration in the upper parts 

of the combustion chamber, close to the spark plug, was evidently higher. Increased 

covariances of both parameters indicate compromised homogenization. Also, increased 

covariances at the start of the SF range points to almost equally poor mixture 

homogenization, most probably caused by fuel spray collision with piston crown since SOI1 

is close to TDC. 

  

Figure 9 Indicated mean effective pressure 

(IMEP, CoV_IMEP), and combustion 

duration (CD, CoV_CD) vs. split factor (SF) 

Figure 10 Mass fraction of burned fuel 

(MBF, CoV_MFB) and exhaust temp. vs. 

split factor (SF) 

Heat release rate analysis presented in Figure 10 yields results similar to those gathered in 

previous SOI sweeps – MFB05 and MFB10 show no particular dependency to split factor, 

while MFB90 decreases with increased fraction of the second injection (local minimum 

MFB90=72 °CA at SF=40-60). Covariance traces follow the same dependence to SF 

reaching best values at SF=70-30 (7-8,5%) and indicating poor homogenization for 

increased portions of second injection (SF=40-60…20-80). The best covariance results for 

heat release rate parameters, expectedly correspond well to the highest exhaust temperature 
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measured in this test (654 oC). For final fuel rail pressure variation test, SF=70-30 setup 

was adopted.  

4.4 Fuel rail pressure (p_RAIL) test 

Introducing the direct fuel injection in SI-ICE range opened wide range of problems 

previously exclusively related to mixture formation in CI-ICE, namely jet cone 

development, jet penetration, primary and secondary break-up, droplet break-up, collision 

and coalescence, flash boiling and evaporation. All named phenomena are highly dependent 

on changing thermodynamic conditions during intake and compression strokes and even 

more on injection pressure [14,15].   

 

  

Figure 11 IMEP, IMEP_CoV, BDUR and 

BDUR_CoV vs. rail pressure(p_RAIL) 

Figure 12 MBF, MBF covariance and 

exhaust temperature vs. rail 

pressure(p_RAIL) 

F                   w    w                             50…200 b   (Δ _ AIL=25 b  ). 

The low-to-mid pressure range is obviously favorable due to more energy efficient fuel 

injection process but also are more suitable for injection strategies performed during intake 

stroke and/or during the low-pressure range of the compression stroke. Setups gathered from 

previous tests meet these conditions and final setup for p_RAIL is expected to be found in 

the same pressure range. 

In Figure 11, indicated mean effective pressure (IMEP), combustion duration (CD) and 

coefficients of variation for both parameters (CoV_IMEP and CoV_CD, respectively) are 

presented vs. rail pressure. The best overall process stability was determined between 100 

and 125 bar. Combustion duration covariance minimum was also localized in that range. As 

for combustion heat release rate all MFB values proved to be less dependent to rail pressure 

           b                  w                              100…125 b  . O            

pressure setup was identified by introducing additional test point at 110 bar giving further 

improvement in combustion stability. Covariances for MFB parameters were all found in the 

range of 6-8%, IMEP covariance was decreased to 10,5%, while retaining exhaust 

temperature at the same initial level (655 °C, compared to 660 °C). 

50 75 100 125 150 175 200
p_RAIL [bar]

IM
E

P
 [
b

a
r]

1.90

1.92

1.94

1.96

1.98

2.00

2.02

2.04

C
D

 [
d

e
g

]

40

41

42

43

44

45

46

47

C
o

V
_

IM
E

P
 [
%

]

8

10

12

14

16

18

20

22

C
o

V
_

C
D

 [
%

]

11

12

13

14

15

16

17

18
IMEP

CD

CoV_IMEP

CoV_CD

50 75 100 125 150 175 200
p_RAIL [bar]

M
F

B
 [
d

e
g

C
A

]

30

40

50

60

70

80

90

100

C
o

V
_

M
F

B
 [
%

]

6

7

8

9

10

11

12

13

T
_

E
X

H
 [
°C

]

649

650

651

652

653

654

655

656

MFB05

MFB10

MFB50

MFB90

T_EXH



Gasoline direct injection strategy analysis for improved combustion stability 

 during SIDI engine warm-up operation 

Mobility & Vehicle Mechanics, Vol. 51, No. 3, (2025), pp 23-36 

35 

5 CONCLUSIONS 

Double injection strategies in terms of injection control parameters were tested and analysed 

against combustion dynamics and stability in idle operating conditions during the starting 

phase of the standardized driving cycle. Stationary test designed around the constant low 

engine thermal load was used to analyse possibilities to improve stability in conditions of 

late combustion used to increase exhaust temperature during engine and catalyst warm-up. 

The research results and analysis were limited to gain information on capabilities of double 

injection strategies to improve combustion stability in idling warm-up conditions. The 

influence of valve timings, spark advance and emission results were not considered at this 

early stage and are part of the further optimization.  

The sequence of variation tests was performed on the research single cylinder direct 

injection spark ignition engine on a constant engine load and speed corresponding to the idle 

operation. Full sweeps of four basic injection control parameters – start of injection (1st and 

2nd), injected fuel mass split factor and fuel rail pressure were performed while maintaining 

constant engine load, speed, mixture strength, valve timings and spark advance. Combustion 

heat release rate was analysed using fast, simplified evaluation method based on Hohenberg 

approach. Combustion stability was evaluated upon covariance of indicated mean effective 

pressure, combustion duration and fuel mass fraction burned values (5,10,50 and 90%). 

Significant improvement in terms of IMEP covariance was seen in case of SOI1 sweep. 

Shifting injection from -330 to -300 °CA improved homogenization and gave CoV_IMEP 

decrease from 15 to 10%, and a bit smaller decrease was also seen in case of CoV_MFB 

parameters. The exhaust temperature increased from 662 to 670 °C.  Variation test of SOI2 

provided small step in setup from initial -250 to optimal -235 °CA. The heat release rate 

    ’                      y (MFB05-MFB50 remained unchanged), but combustion 

stability gained some improvement, particularly at the very start of combustion process 

(Cov_MFB05 and CoV_MFB10). Small decrease in exhaust gas flux was reported. 

Fuel mass split factor variation test gained no particular improvement compared to initial 

setup (70-30). Increasing the fuel mass fraction of the second injection proved to be 

inefficient mainly due to compromised homogenization. Like the SOI2 sweep results, this is 

partially caused by the fact that spark advance remained constant throughout all tests and 

evaporation time was decreased gradually for each step-up in fuel mass introduced in second 

injection. 

Fuel rail pressure sweep provided new setup which was expected upon theory of mixture 

formation. Compared to initial pressure of 50 bar, new setup at 110 bar gained improvement 

in terms of CoV_MFB parameters, again particularly for MFB05 and MFB10 while keeping 

exhaust temperature and CoV_IMEP unchanged.  
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ABSTRACT: he crankshaft of an internal combustion engine represents an elastic system 
that is susceptible to deformations due to the effects of external forces and moments. The 
forces and the resulting torsional moments that stress the crankshaft during engine operation 
are periodic in nature, which causes torsional oscillations of the crankshaft. As a result of 
torsional oscillations, the crankshaft undergoes additional stresses. In some cases, these 
stresses can far exceed permissible values, which is why they must be checked during the 
engine design phase. Exceptionally intense torsional oscillations are particularly common in 
long shafts, as well as those shafts that are subjected to periodically varying torsional 
moments of extremely large amplitude. This paper will analyze the process of torsional 
oscillation of the crankshaft of a special-purpose engine, characterized by both of the 
mentioned parameters, which, among others, negatively affect the additional stresses on the 
crankshaft due to torsional oscillations. Additionally, the paper will analyze the methods by 
which it is possible to reduce the amplitudes of oscillations if necessary. 
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ANALIZA TORZIONOG OSCILACIONOG PRIGUŠAČA KOLENASTOG 
VRATILA ZA MOTOR V-46-6 

REZIME: Radilica motora sa unutrašnjim sagorevanjem predstavlja elastični sistem koji je 
podložan deformacijama usled delovanja spoljašnjih sila i momenata. Sile i rezultujući 
torzioni momenti koji opterećuju radilicu tokom rada motora su periodične prirode, što 
uzrokuje torzione oscilacije radilice. Kao rezultat torzionih oscilacija, radilica je podvrgnuta 
dodatnim naprezanjima. U nekim slučajevima, ova naprezanja mogu daleko premašiti 
dozvoljene vrednosti, zbog čega se moraju proveriti tokom faze projektovanja motora. 
Izuzetno intenzivne torzione oscilacije su posebno česte kod dugih vratila, kao i kod onih 
vratila koja su izložena periodično promenljivim torzionim momentima izuzetno velike 
amplitude. U ovom radu će se analizirati proces torzionog oscilovanja radilice motora 
specijalne namene, koji karakterišu oba pomenuta parametra, a koji, između ostalog, 
negativno utiču na dodatna naprezanja na radilici usled torzionih oscilacija. Pored toga, u 
radu će se analizirati metode kojima je moguće smanjiti amplitude oscilacija ako je 
potrebno. 

 

KLJUČNE REČI: Radilica, torzione oscilacije, prigušivač torzionih vibracija 
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ANALYSIS OF CRANKSHAFT TORSIONAL OSCILLATION DUMPER 
FOR ENGINE V-46-6 

Marko Nenadović, Dragan Knežević , Željko Bulatović 

INTRODUCTION 

The crankshaft is one of the most structurally complex, heavily loaded, critical, and 
expensive components of an internal combustion engine, which is why special attention is 
given to its design. During engine operation, in addition to other forces, the crankshaft is 
subjected to periodically varying torsional moments, which, due to their periodic nature, 
lead to torsional oscillations of the crankshaft, causing additional stresses. 

The crankshaft, like any other elastic element, has its own natural frequencies of oscillation. 
On the other hand, the torsional excitation moments that load the crankshaft, being periodic 
in nature, have their own frequency, which represents the excitation frequency and depends 
on the crankshaft’s rotational speed. Consequently, it is possible that at a certain rotational 
speed, the excitation frequency may coincide with one of the natural frequencies of the 
crankshaft’s oscillations, leading to resonant oscillations. During resonant oscillations, the 
oscillation amplitudes can increase drastically (compared to non-resonant regimes), causing 
the crankshaft’s stresses to exceed permissible values, potentially leading to the failure of 
the crankshaft itself. Additionally, crankshaft operation at resonant regimes is accompanied 
by increased noise and unpleasant vibrations of the entire engine [1,2]. 

If the calculation of torsional oscillations reveals that the crankshaft stresses exceed 
permissible limits, certain measures must be taken to reduce these stresses to within 
acceptable values. To reduce stresses due to torsional oscillations, the rotational speeds at 
which the stresses caused by torsional oscillations are excessive can be marked on the 
tachometer, and these rotational speeds must be avoided during engine operation. This 
method of protecting the crankshaft from resonant oscillations is limited to applications 
where the engine can operate at a certain rotational speed for a very short time (e.g., only 
during acceleration), which is the case with marine engines, and therefore cannot be applied 
in other engine applications (e.g., vehicle engines). Additionally, to reduce stresses caused 
by torsional oscillations, certain design modifications can be made to the crankshaft itself, 
such as changing the moments of inertia and torsional stiffness, which leads to a change in 
the natural frequency of oscillation, and consequently a change in the amplitudes during 
resonant oscillation. This method of stress reduction is rarely used due to its complexity and 
extremely high material costs. The most commonly used method for reducing additional 
stresses due to torsional oscillation is the installation of torsional vibration dampers on the 
crankshaft itself. Installing a damper does not require any structural modifications to the 
engine, making this procedure cost-effective. 

1 EQUIVALENT TORSIONAL OSCILLATORY SYSTEM 

In real torsional oscillatory systems that contain elements of complex shapes, such as the 
torsional oscillatory system of an internal combustion engine, it is particularly challenging 
to perform any calculations. To facilitate the calculation, certain simplifications are 
introduced. All simplifications are based on replacing the real shapes of the shafts, which 
perform rotational movements, with light shafts (of negligible mass) with specific torsional 
stiffness and concentrated masses with certain moments of inertia. The values of the 
torsional stiffness of the light shafts and the moments of inertia of the concentrated masses 
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are determined based on the condition of equality of the kinetic and potential energy of the 
real and simplified oscillatory system. From the condition of energy equality between the 
real and simplified system, it follows that the concentrated masses of the simplified system 
must have the same moments of inertia, while the light shafts must have the same torsional 
stiffness as the parts of the real system they represent. The simplified oscillatory system thus 
obtained is called an equivalent torsional oscillatory system [2,3,4]. 

When the internal combustion engine is considered as a torsional oscillatory system or part 
of a more complex oscillatory system (engine and transmission), practical reasons lead to 
focusing on the crankshaft, which, due to its specific geometry and constant excitation 
during operation, is the main source of torsional oscillations. The other subsystems of the 
engine are then reduced relative to the crankshaft, adhering to the aforementioned condition 
of energy equality between the real and equivalent torsional oscillatory system [2]. 

The moments of inertia of the concentrated masses, as well as the torsional stiffness of the 
sections (light shafts, ls at Figure 1) of the equivalent torsional oscillatory system engine-
dynamometer, for the “V-46-6” engine, which is the subject of this study, are shown in 
Table 1. The procedure for determining these parameters is described in detail in reference 
[2]. The appearance of such an equivalent torsional oscillatory system can be seen in Figure 
1, while the real torsional oscillatory system can be seen in Figure 2. 

In addition to the moments of inertia of the concentrated masses and the torsional stiffness 
of individual sections, for the complete definition of the equivalent torsional oscillatory 
system, it is necessary to determine the damping (internal and external), as well as the 
excitation torsional moments that load the crankshaft. 

Due to the small number of studies addressing the issue of damping in the torsional 
oscillatory system of an engine, determining the damping represents the most complex part 
of defining the equivalent torsional oscillatory system. Here, the damping was calculated 
according to recommendations found in literature from Eastern countries. The damping thus 
calculated is external by its nature, taking into account the influence of internal damping in 
the material. 

Table 1. Parameters of the equivalent torsional oscillatory system [2] 
 Moment of inertia  J 

(kgm2) 
Torsional stiffness 𝒄 

(Nm/rad) 
Dumping coefficient 

k 
(Nms/rad) 

Mass 1 0.010441  0 
Light shaft 1  2.074 x 106  

Mass 2 0.172104  8.1518 
Light shaft 2  2.188 x 106  

Mass 3 0.171664  8.1518 
Light shaft 3  2.188 x 106  

Mass 4 0.171664  8.1518 
Light shaft 4  2.188 x 106  

Mass 5 0.171664  8.1518 
Light shaft 5  2.188 x 106  
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Mass 6 0.171664  8.1518 
Light shaft 6  2.188 x 106  

Mass 7 0.171664  8.1518 
Light shaft 7  8.885 x 106  

Mass 8 0.278054  0 
Light shaft 8  90000  

Mass 9 1.755389  0 
 

 
Figure 1 Equivalent torsional oscillatory system engine-dynamometer [2] 

 

 
Figure 2 Real torsional oscillatory system [2] 

The excitation moments that load the crankshaft are the result of the action of gas forces and 
the forces of inertia of the linearly oscillating masses. The inertia forces of the rotating 
masses do not affect torsional oscillations. 

To determine the excitation moment, it is necessary to know the pressure curve in the engine 
cylinder as a function of the crankshaft angle [5]. By indicating the pressure in the first left 
and third right cylinders, for the regime of maximum torque, the pressure curves as a 
function of the rotation angle were obtained and are shown in Figure 3. 
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Figure 3 Pressure curve in the first left and 

third right cylinders as a function of the 
crankshaft rotation angle 

Figure 4 Total excitation moment curve as a 
function of the crankshaft angle, at 2000 

rpm 

When the pressure curves in the cylinder are known, along with the kinematic parameters 
and masses of the piston mechanism, the total excitation torsional moment (combined effect 
of the gas force moment and the inertial force moment of the linearly oscillating masses) can 
be easily obtained. It should be noted that the decomposition of forces in the piston 
mechanism, for the engine in question, cannot be performed in the same way for the 
cylinders in the left and right banks. This is because the piston mechanism of one section 
(opposite cylinders in different banks) of the cylinders is designed with a main (left bank) 
and an auxiliary connecting rod (right bank), known as a compound piston mechanism. A 
detailed description of the procedure for decomposing the forces of the compound piston 
mechanism can be found in reference [2,3]. By applying this procedure, the total excitation 
moment curve as a function of the crankshaft rotation angle for the first cylinder section was 
obtained, and it is shown in Figure 4. Assuming that the working cycles in each left and 
each right cylinder are identical, the excitation moments in the other cylinder sections are 
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identical to those in the first section but phase-shifted by the firing angle between the 
specific section and the first section. 

The analysis of torsional oscillations of the crankshaft with excitation as shown in Figure 4 
is extremely complex because the total excitation moment is not a simple harmonic function 
of the crankshaft rotation angle. Therefore, to simplify the calculation, the total excitation 
moment is expanded into a Fourier trigonometric series. By expanding the total excitation 
moment into a Fourier series, the excitation moment is obtained as the sum of simple 
harmonic functions, which significantly simplifies the calculation [6]. In the calculation, 
each harmonic of the excitation moment must be analyzed individually, and after such an 
analysis, the cumulative effect of all harmonics may occur. The expansion of a function 
defined at discrete points, such as the excitation moment function, into a Fourier series is 
described in references [2,3]. In Figure 5, the amplitude of each harmonic of the Fourier 
series for the defined excitation moment can be seen. 

 
Figure 5 Amplitudes of all harmonics of the total excitation moment 

2 NATURAL FREQUENCIES OF OSCILLATION 

The natural frequencies of oscillation of the equivalent torsional oscillatory system of an 
internal combustion engine are determined under the assumption that the oscillations are 
free and undamped, meaning that the effects of damping and excitation moments on the 
oscillation process are neglected. This assumption has proven to be entirely justified in 
systems where there is no significantly large source of damping [7]. 

For oscillatory systems with more than two degrees of freedom, as is the case here, it is 
quite complicated to analytically determine the natural frequencies of oscillation. Therefore, 
in such systems, the natural frequencies of oscillation are typically determined numerically, 
with Holzer numerical method being the most commonly used. A detailed description of the 
application of Holzer numerical method is provided in references [2,3]. 

By applying Holzer method to the equivalent torsional oscillatory system from this study, 
the following values were obtained for the first three natural frequencies: 337.67 Hz – first 
natural frequency, 1541.6 Hz – second natural frequency, 3145.91 Hz – third natural 
frequency. Holzer method can also be used to determine the other natural frequencies (in 
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this particular case, there are eight in total), but they are not of interest for analysis as they 
have high values, and the system will never be in resonance at their oscillation modes. The 
relative amplitudes for the first three modes of oscillation are shown in Figures 6, 7, and 8. 

 
Figure 6 Relative amplitudes for the first 
mode of oscillation 

Figure 7 Relative amplitudes for the second 
mode of oscillation 
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Figure 8 Relative amplitudes for the third 

mode of oscillation 
Figure 9 Campbell diagram 

Once the natural frequencies of oscillation are known, it is easy to determine the critical 
rotational speeds (the rotational speeds at which one of the excitation harmonics is 
resonant). A graphical representation of the critical rotational speeds is provided in the so-
called Campbell diagram, which is shown in Figure 9. 

3 AMPLITUDES AND ADDITIONAL STRESSES DUE TO TORSIONAL 
OSCILLATIONS 

The amplitudes of all masses in the equivalent torsional oscillatory system are determined 
by solving a system of differential equations, which is obtained by applying LaGrange 
equations of the second order for each concentrated mass of the system [4]. The resulting 
system of differential equations needs to be solved for each harmonic of the excitation 
moment, at every rotational speed within the operational range. The procedure for solving 
such a system of differential equations can be found in references [2,3]. By applying such a 
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mathematical model, the amplitudes of each mass and the stresses in each section as a 
function of engine speed were obtained, as shown in Figures 10 and 11. 

 
Figure 10 Amplitudes of all masses as a 

function of engine speed 
Figure 11 Stresses in sections as a function 

of engine speed 
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Figure 12 Oscillation flow at 1075 rpm Figure 13 Oscillation flow at 1970 rpm 

Figures 12 and 13 show the oscillation flows of each concentrated mass at the rotational 
speed where the oscillation amplitude, or additional stress, has a maximum value. The 
maximum oscillation amplitude occurs in the first concentrated mass (conical gear for 
driving auxiliary devices) of the equivalent system at 1075 rpm. Figure 12 clearly shows 
that at this speed, the crankshaft oscillates according to the first mode of oscillation. 

From Figure 13, it is not possible to reliably determine the mode of oscillation of the 
crankshaft at 1970 rpm, even though the excitation harmonic of order 7 ½ is resonant at this 
speed in the second mode of oscillation. This can be explained by the fact that at a slightly 
higher speed of over 2000 rpm, the 1 ½ harmonic is resonant in the first mode of oscillation, 
which influences the oscillation pattern at 1970 rpm. Since the 1 ½ and 7 ½ harmonics are 
not resonant in the same mode of oscillation, the mode of oscillation at 1970 rpm due to all 
the excitation harmonics is not clearly defined. 

In the “V-46-6” engine, almost every resonant regime in the first mode of oscillation is 
accompanied by an excitation harmonic that is resonant in the second mode of oscillation at 
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nearly the same speed (see Campbell diagram). As a result, the oscillation amplitudes due to 
the effect of all the excitation harmonics are significantly higher than the amplitudes 
obtained only from the resonant harmonic at the given critical speed. Figures 14 and 15 
show the amplitudes of the concentrated masses due solely to the effect of the 3rd harmonic 
and the 7 ½ harmonic, respectively. 

 
Figure 14 Amplitudes of all system 

masses as a function of speed due to 
effect of the 3rd excitation harmonic 

Figure 15 Amplitudes of all system 
masses as a function of speed due to the 

effect of the 7 ½ excitation harmonic 
By comparing the amplitude values obtained solely from the resonant harmonics with those 
obtained from the effect of all the excitation harmonics, it can be stated that the assertion 
about the necessity of analyzing torsional oscillations due to all excitation harmonics, in 
order to obtain a more realistic picture of additional stresses, presented in references [1, 2] is 
fully justified. For example, the oscillation amplitude of the first mass, due to the effect of 
all excitation harmonics, is nearly 100% higher at 1970 rpm than that obtained from 
analyzing only the resonant harmonic at the given speed. 

Mobility & Vehicle Mechanics, Vol. 51, No. 3 (2025), pp 37-55 



Analysis of crankshaft torsional oscillation dumper for engine V-46-6 49 

Regarding the additional stresses, they are highest at 1970 rpm, where they exceed the 
permissible 40 MPa. Therefore, it is necessary to take certain measures to reduce them to 
acceptable levels. In addition to the high stresses, the exceptionally high oscillation 
amplitude of the first mass (the bevel gear for driving the engine’s auxiliary devices) 
throughout the engine’s operating range also poses a problem. This is a particular issue 
because the conical gear also drives the engine timing mechanism, which disrupts the 
working fluid exchange process, leading to power loss and reduced engine efficiency. Since 
the engine in question uses a conventional injection system (pump-pipe-nozzle), these large 
amplitudes also negatively affect the fuel injection process, as the high-pressure pump is 
driven by a crankshaft that is oscillating intensely. Due to all these reasons, it is necessary to 
reduce the level of torsional oscillations in the system, which will be achieved here by 
applying torsional vibration dampers. 

4 TORSIONAL VIBRATION DAMPER 

In this study, the simplest model of a torsional vibration damper will be used. This model 
consists of one concentrated mass representing the entire engine and another concentrated 
mass representing the inertial mass of the torsional vibration damper. These two 
concentrated masses are connected by a section with appropriate stiffness, where the internal 
damping of that section must be considered in the analysis of the torsional damper. The 
described model of the torsional vibration damper can be seen in Figure 16. In defining this 
model, the nine masses of the equivalent torsional oscillatory system were reduced to one. 
In this reduction process, it is necessary to respect the condition of the equality of kinetic 
and potential energy between the initial system (with nine masses) and the final system (one 
mass). Although at first glance, representing the entire torsional oscillatory system with only 
one concentrated mass seems like an extreme simplification, reference [11] shows that 
applying such a model yields satisfactory results. 

 
Figure 16 Simple model of a torsional vibration damper [11] 

For the system shown in Figure 16, the following two differential equations can be written 
[11]: 

𝜃1𝜗̈1 + 𝑐1𝜗1 − 𝑐2(𝜗2 − 𝜗1) − 𝑏�𝜗̇2 − 𝜗̇1� = 𝑀1 cos(𝛺𝑡), (1) 
 
𝜃2𝜗̈2 + 𝑐2(𝜗2 − 𝜗1) + 𝑏�𝜗̇2 − 𝜗̇1� = 0, (2) 

where:  𝜃1 – moment of inertia of the engine [kgm²],  𝜃2 – moment of inertia of the damper 
mass [kgm²],  𝑐2  – torsional stiffness of the section between the engine and the damper 
mass [Nm/rad], 𝑏  – internal damping coefficient of the section [Nms/rad],  𝜗1 – angular 
displacement of the engine mass [°], 𝑀1 – amplitude of the excitation moment [Nm], 𝛺 – 
frequency of the excitation moment [1/s]. 
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It should be noted here that the torsional stiffness 𝑐1 is determined based on the condition 
that the natural frequency of oscillation of the mass representing the engine is equal to the 
excitation frequency of the resonant harmonic at the critical rotational speed. 

The solutions to the system of differential equations (1) and (2) are assumed, according to 
the theory of linear differential equations, to be of the form: 

𝜗𝑖 = 𝑋𝑖 𝑐𝑜𝑠(𝛺𝑡) + 𝑌𝑖 𝑠𝑖𝑛(𝛺𝑡), (3) 

When the assumed solution (3) is substituted into equations (1) and (2), a system of four 
algebraic equations with four unknowns is obtained. This system, in which the unknowns 
are the oscillation amplitudes of both masses, can be solved using the determinant method. 
Solving this system yields the following relation for the dynamic amplification factor of the 
first mass (engine mass): 

𝜂𝑑 = 4𝛽2𝜓12+�𝜓12−𝛾2�
2

4𝛽2𝜓12�𝜓12−1+𝜇𝜓12�
2+�𝜇𝜓12𝛾2−�𝜓12−1��𝜓12−𝛾2��

2 = 𝑀𝛽2+𝑁
𝑃𝛽2+𝑄

, (4) 

where: 𝛽 = 𝑏/2𝜃2𝜔11 – dimensionless damping coefficient [/], 𝜔11 – natural frequency of 
oscillation of the engine mass [1/s], 𝜇 = 𝜃2/𝜃1, 𝛾 = 𝜔22 𝜔⁄ 11, 𝜔22 – natural frequency of 
oscillation of the damper mass [1/s]. 

For the dynamic amplification factor of the engine mass, expressed by relation (4), to be 
independent of the damping value, it is necessary for the determinant of the quantities  M ,  
N ,  P , and  Q  to be equal to zero, i.e., the condition  MQ – PN = 0  must be satisfied. 
Based on this condition, the following biquadratic equation is obtained: 

𝜓14 − 2 1+(1+𝜇)𝛾2

2+𝜇
𝜓12 + 2𝛾2

2+𝜇
= 0, (5) 

Solving the biquadratic equation (5) yields two values of 𝜓12 for which the dynamic 
amplification factor of the engine mass is independent of the internal damping of the section 
between the engine mass and the damper mass. If it is assumed that the damping is 𝛽 = ∞, 
the two values of 𝜓12 obtained by solving the biquadratic equation (5) give the following 
values for the dynamic amplification factor of the engine mass: 

𝜂𝑑1
(1) =

1

�1 − (1 + 𝜇) 𝛺12

𝜔11
�
 

,𝜂𝑑1
(2) = 1

�1−(1+𝜇) 𝛺2
2

𝜔11
�
, 

(6) 

It has been shown in references [4,5] that the best value for the dynamic amplification factor 
of the engine mass is achieved when both dynamic factors in (6) have the same value. By 
equating them, the most favorable ratio of the natural frequencies of the damper mass and 
the engine mass can be determined, which should be used in the design of the torsional 
vibration damper. The most favorable ratio of natural frequencies is: 

𝛾𝑜𝑝𝑡 = 𝜔22
𝜔11

= 1
1+𝜇

, (7) 

When the optimal value of the ratio of the natural frequencies of the damper mass and the 
engine mass, determined by relation (7), is substituted into the expression for the dynamic 
amplification factor of the engine mass (4), and the first derivative of the resulting function 
with respect to the variable 𝛽2 is set to zero, two values of the dimensionless damping 
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coefficient are obtained at which the dynamic amplification factor of the engine mass 
reaches its maximum value. These two values of the dimensionless damping coefficient are: 

𝛽(1)
2 =

𝜇�3−� 𝜇
𝜇+2�

8(1+𝜇)
, 

𝛽(2)
2 =

𝜇�3+� 𝜇
𝜇+2�

8(1+𝜇)
, 

(8) 

It is recommended, as can be found in reference [4], that the value of the internal damping 
of the torsional vibration damper be taken as the average value from (8), so the optimal 
value of the dimensionless internal damping coefficient of the torsional damper is: 

𝛽𝑜𝑝𝑡2 = 3𝜇
8(1+𝜇)

, (9) 

By applying the torsional vibration damper for the crankshaft described here, it is possible to 
reduce the oscillation amplitudes only at a specific oscillation frequency (at one critical 
speed). This is because the entire equivalent torsional oscillatory system of the engine is 
represented by only one concentrated mass, so such a system has only one degree of 
freedom (one natural frequency). Therefore, the damper is designed to reduce the amplitude 
of oscillations as much as possible during resonant oscillation (one resonant regime due to 
one degree of freedom). Since the real torsional oscillatory system of an internal combustion 
engine is a system with multiple degrees of freedom, and thus has several natural 
frequencies of oscillation, the damping of torsional oscillations is usually chosen to be 
applied at the resonant regime where the oscillation amplitudes have the maximum value. It 
is expected that due to the extremely high damping in the damper itself, the amplitudes at 
other resonant regimes will also be lower than in the case when there is no torsional damper. 
If this is not the case, it is necessary to apply another model for calculating the torsional 
vibration damper for the crankshaft. 

The moment of inertia of the concentrated mass representing the effect of the entire engine, 
respecting the principle of energy equality, is obtained as the sum of the moments of inertia 
of all masses in the equivalent torsional oscillatory system without the torsional vibration 
damper. The natural frequency of the system with one mass is equal to the frequency of the 
resonant harmonic at the speed where the oscillation amplitudes have the maximum value, 
in this case, the 3rd harmonic at 1075 rpm. With such a defined system, where the entire 
engine is represented by one concentrated mass, and by applying the described torsional 
damper model, Figures 17 and 18 show the effect of the damper on the dynamic 
amplification factor of the engine mass, as well as the damper mass. 
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Figure 17 Dynamic amplification factor of 
the engine mass as a function of the 
frequency ratio for the given mass ratio 

Figure 18 Dynamic amplification factor of 
the dumper mass as a function of the 
frequency ratio for the given mass ratio 

From the above figures, it is clearly visible that there are two frequency ratios (the ratio of 
the excitation frequency to the natural frequency of the engine mass) at which the dynamic 
amplification factor is independent of damping. These are the two points on the diagrams 
where all the curves representing different values of the dimensionless damping coefficient 
intersect. It can also be observed that the dynamic amplification factor is smallest when the 
damping in the damper is optimal. 

By applying the described model of the torsional vibration damper, diagrams like those 
shown in Figures 19, 20, and 21 can be generated for different values of the mass ratio, i.e., 
the moments of inertia of the damper and the engine. Based on these diagrams, certain 
conclusions can be drawn regarding the design of the torsional vibration damper. From the 
diagram in Figure 19, it is clear that as the moment of inertia of the damper mass increases, 
with the engine’s moment of inertia considered constant, the dynamic amplification factor of 
the engine mass decreases, meaning the oscillation amplitudes will be smaller, provided the 
damping is at an optimal level. On the other hand, optimal damping increases with the 
increase in the moment of inertia of the damper mass (Figure 20), while the difference 
between the dynamic amplification factors of the damper mass and the engine mass 
decreases with the increase in the moment of inertia of the damper mass (Figure 21). Based 
on the above, it is concluded that to achieve the greatest possible reduction in oscillation 
amplitudes, it is necessary for the moment of inertia of the damper to be as large as possible. 
Additionally, the stresses on the damper’s damping element will be lower as the moment of 
inertia of the damper mass increases, due to the smaller difference in the dynamic 
amplification factors of the two masses (Figure 21). However, the moment of inertia of the 
damper mass cannot be arbitrarily large. The increase in moment of inertia is achieved either 
by increasing the mass or the diameter of an element. In this specific case, increasing the 
mass of the damper’s inertial mass would lead to additional bending stresses on the 
crankshaft, which is not problematic because the crankshaft endures much higher stresses 
during operation. On the other hand, increasing the diameter of the damper’s inertial mass is 
limited by the available space in the engine compartment. Furthermore, a large moment of 
inertia of the damper mass requires higher optimal damping, which complicates and 
increases the cost of constructing the damping element itself. Due to all of the above, the 
design of the torsional vibration damper must be a compromise between opposing 
requirements. 
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Figure 19 Dependence of the dynamic 
amplification factor of the engine mass on 
the ratio of moments of inertia 

Figure 20 Dependence of optimal damping 
in the dumper on the ratio of moments of 
inertia 

 
Figure 21 Difference in dynamic amplification factors between the engine mass and the 

damper mass as a function of the ratio of moments of inertia 

For the engine that is the subject of this study, it was decided that the ratio of the moments 
of inertia of the damper mass and the engine would be 0.3. With this selected ratio of 
moments of inertia, the optimal damping coefficient of the damping element of the torsional 
damper was determined using formula (9). After defining the ratio of moments of inertia and 
the optimal damping coefficient, it is necessary to perform the calculation of torsional 
oscillations on the new equivalent torsional oscillatory system (with the damper), which 
now has one additional concentrated mass (the damper mass) and one additional section (the 
damper’s damping element). The resulting amplitudes of all masses and stresses in all 
sections of such an equivalent torsional oscillatory system are shown in Figures 22 and 23. 
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Figure 22 Oscillation amplitudes of the 
oscillatory system with the damper as a 
function of engine speed 

Figure 23 Stresses in sections of the 
oscillatory system with the dumper as a 
function of engine speed 

5 CONCLUSION 

Based on the conducted calculation of the torsional oscillations of the crankshaft of the “V-
46-6” engine, which does not have a torsional vibration damper, it has been determined that 
the oscillation amplitudes are extremely large, even exceeding 2° in some regimes (Figure 
10). Such high values of oscillation amplitudes inevitably lead to increased vibrations of the 
entire engine, and additionally, the supplementary stresses on the crankshaft due to torsional 
oscillations are above the permissible limit (Figure 11). Besides the purely mechanical 
problems resulting from the torsional oscillations of the crankshaft, they also cause certain 
issues that affect the engine’s working cycle. Given that the amplitude of the mass 
representing the auxiliary drive is extremely large, it is likely that the process of timely 
opening and closing of the valves, i.e., the working fluid exchange process, is compromised. 
As a result, the engine’s power is reduced, and its efficiency worsens. Additionally, due to 
the large oscillation amplitudes, the fuel injection process becomes deregulated because the 
high-pressure pump is driven by the crankshaft. This fact also leads to a decrease in power 
and a deterioration in efficiency. To mitigate all the aforementioned negative consequences 
of the intense torsional oscillations of the crankshaft as much as possible, it was decided to 
install a torsional vibration damper on the crankshaft. 

The described model of the torsional vibration damper is the simplest model, assuming that 
the damping element has a linear characteristic, i.e., that its torsional stiffness and damping 
coefficient are constant values. This assumption is rather crude and does not correspond to 
the real oscillation process because both torsional stiffness and damping coefficient are 
variables that depend on the oscillation angle (in dampers with a rubber damping element, 
which are most commonly used). 

The installation of the torsional vibration damper according to the described model 
successfully reduced both the amplitudes and the stresses on the crankshaft. However, due 
to the assumption of the torsional vibration damper as a linear element, the obtained results 
need to be experimentally verified. Despite this, the results presented here provide a good 
starting point for the design of a torsional vibration damper. 
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ABSTRACT: Reverse engineering is a technique that has recently been used in all areas of 
industry. The application of reverse engineering in the auto industry occupies a very 
important place. 3D scanners are often used to digitize parts with fine details or large sheet 
metal, and they can be very expensive. In this paper, the possibility of using 
photogrammetry for reverse engineering of components in the auto industry will be 
analyzed. Digitization of the automotive component will be done in two ways, using a 
mobile phone camera and free photogrammetry software and a suitable professional 
scanner. The accuracy of the cloud of points obtained and time required for digitization by 
both methods will be compared. At the end conclusion will be drawn whether it is currently 
possible to use photogrammetry in industrial conditions. 
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ANALIZA MOGUĆNOSTI PRIMENE FOTOGRAMETRIJE ZA 
RENVERZNI INŽENJERING KOMPONENTI U AUTOMOBILSKOJ 
INDUSTRIJI 

REZIME: Reverzni inženjering je tehnika koja se u poslednje vreme koristi u svim 
oblastima industrije. Primena reverznog inženjeringa u automobilskoj industriji zauzima 
veoma važno mesto. 3D skeneri se često koriste za digitalizaciju delova sa finim detaljima 
ili velikim limovima, i mogu biti veoma skupi. U ovom radu biće analizirana mogućnost 
korišćenja fotogrametrije za reverzni inženjering komponenti u automobilskoj industriji. 
Digitalizacija automobilske komponente će se vršiti na dva načina, korišćenjem kamere 
mobilnog telefona i besplatnog softvera za fotogrametiju i odgovarajućeg profesionalnog 
skenera. Uporediće se tačnost dobijenog oblaka tačaka i vreme potrebno za digitalizaciju 
obe metode. Na kraju će biti izveden zaključak da li je trenutno moguće koristiti 
fotogrametriju u industrijskim uslovima. 

 

KLJUČNE REČI: 3D skeniranje, fotogrametrija, reverzni inženjering, oblak tačaka 
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АNALYSIS OF PHOTOGRAMMETRY APPLICATION POSSIBILITIES 
FOR REVERSE ENGINEERING OF COMPONENTS IN THE AUTO 
INDUSTRY 

Marko Delić, Vesna Mandić, Dragan Adamović, Dušan Arsić, Đorđe Ivković, Nada 
Ratković 

INTRODUCTION 

Photogrammetry is an optical method of 3D digitization. The name comes from the Latin 
words fotos (light), gramma (writing, recording) and meteo (measurement). The first 
application of photogrammetry is related to the middle of the 19th century when Aimé 
Laussedat made topographic maps based on images created from the ground. With the 
development of the technique, new methods of photogrammetry appeared, first of all analog 
and analytical and, in modern times, digital photogrammetry. The essence of 
photogrammetry is that the user receives a model of the object in one of the available 
formats based on photos of the object using photogrammetry software. Photogrammetry has 
found application in numerous fields: art, design, engineering. When two images of the 
same object taken at different angles are projected, a sense of depth is created, that is, the 
impression of a third dimension is created. The technical prerequisites for a successful 
photogrammetry process are the recording of high-quality photographs of the object. It is 
necessary to use a high-quality camera in order to obtain photos of high-quality resolution 
with depth of field. Objects with high reflectivity and objects without pronounced texture 
are not suitable for digitization by photogrammetry. 

Paper [2] presents a case study where part of a car seat was digitized using photogrammetry 
and Photomodeler software. The cloud of points obtained by photogrammetry was 
compared with the CAD model and the largest measured difference of the cloud of points in 
relation to the model is about 2.2 mm, on the basis of which it was concluded that the 
photogrammetry method can satisfy the desired accuracy. A unique theoretical framework 
for the implementation of the photogrammetry process with physical and mathematical 
formulations is presented in the paper [5]. There are numerous examples of digitization of 
artistic statues and parts of larger dimensions [4]. Photogrammetry enables the measurement 
of extremely large structures such as radio telescopes [3]. Researchers are developing semi-
automated systems to facilitate the use of photogrammetry for smaller parts [1]. The joint 
application of photogrammetry and additive manufacturing is shown in [6], a sculpture of an 
officer digitized by photogrammetry and then made by additive technology. 

As presented, there are many examples of the application of photogrammetry, but it is 
primarily used for the digitization of artistic statues, objects or larger parts such as pieces of 
furniture. The goal of this paper is to analyze the perspective of the use of photogrammetry 
in the auto industry, that is, for the reverse engineering of auto components. In this paper, 
the analysis will be made through three sheet metal parts. The parts will be digitized in two 
ways, scanned with a 3D scanner Artec eva lite belonging to the middle price range and by 
photogrammetry using a mobile phone camera. The point cloud obtained by the 3D scanner 
will be taken as a reference and by overlaying it with the point cloud obtained by 
photogrammetry and deviation analysis, conclusions will be drawn. 
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1 DIGITALIZATION OF PARTS 

The Artec eva lite scanner according to the manufacturer's specification has a precision of 
up to 0.1 mm and due to its proven precision this digitization result will be taken as a 
reference. Photogrammetry was done using a mobile phone camera and then post-processed 
with appropriate software. Three parts were selected: the crankcase after deep drawing with 
the rim, the finished crankcase and the wing of a vehicle. The layout of the parts is shown in 
Figure 1. 

   
a) b) c) 

Figure 1. Analyzed parts a) crankcase with rim b) crankcase c) the wing of a vehicle 
1.1 Scanning parts with a 3D scanner 

The parts were scanned and post-processed in Artec studio 13 software. They were exported 
from the software in stl format. The appearance of the point clouds is shown in Figure 2. 

 

 
 

a) b) c) 
Figure 2. Point clouds of parts scanned by a 3D scanner 

1.2 Photogrammetry 

Zephyr 3D software was used for photogrammetry. There are several versions of the 
software, and in this paper a trial version was used, which is available to students and 
researchers. According to the theory of photogrammetry, images were made from three 
levels. For the first two parts, 34 and 38 photos were taken, which is quite enough due to the 
size of the parts, while for the third part, 50 photos were taken, which is the limit for the free 
version of the software. All three parts are suitable for photogrammetry because they have a 
pronounced texture (measuring grids that already existed on the parts). If there was no 
texture on the parts, it would be necessary to apply certain shapes so that the software could 
more easily do the joining. In both cases, hand-drawn markers were used to make the 
process easier. Each part was photographed from three levels and care was taken to make 
the photos at approximately the same distances as to make each part visible in the three 
photos. 

According to the theoretical basis of photogrammetry, that it is forbidden to crop, modify 
photos, all photos were imported into photogrammetry software, and after the initial checks, 
the initial calibration of the cameras was made. 
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The first result of photogrammetry is to obtain a certain number of points to determine if the 
reconstruction is well done. After that, the complete model is obtained, which includes the 
texture, as shown in Figure 3. 

 

 
a) b) 

  
c) d) 

Figure 3. Obtained mesh of a) crankcase with rim b) finished crankcase c) the wing of a 
vehicle and d) point cloud of the vehicle wing 

In Figure 3, where the results of photogrammetry are shown, certain control points can be 
seen. The result of photogrammetry is a cloud of points where the shape of the part is 
defined but the dimensions do not correspond to the actual dimensions. In order for the 
dimensions of the cloud of points obtained by photogrammetry to be accurate, it is necessary 
to calibrate the results. This is achieved by defining control points. It is necessary to find 
two points that are easy to mark on the mesh and that it is possible to measure the distance 
between those two points on the model that is the subject of digitization. The selection of 
these points and accurate measurement are a challenge because any measurement error leads 
to a difference in the results. After calibration, the point cloud is exported in stl format. 
Given that as a result of photogrammetry, the environment is also obtained, it is necessary to 
process the obtained stl in the software. Autodesk meshmixer, which is free and available to 
researchers, was used in this research. 
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2 ANALYSIS OF RESULTS 

The analysis of the results of the photogrammetry process will actually be a comparison of 
two point clouds where the stl obtained by a 3D scanner will be selected as a reference. 
Overlapping two point clouds can be done in numerous software such as Geomagic control, 
Cloud control, Gom inspect, etc. Gom inspect software was used in this research. It is 
necessary to first overlap two models by defining one stl as cad body and the other as mesh. 
The layout of the superimposed stl files and deviations is given in Figure 4. 

 

  
a) b) 

 
c) 

Figure 4. Deviation between obtained point clouds for a) the crankcase with rim b) the final 
crankcase and c) the vehicle wing 

The deviations shown in Figure 4 are satisfactory. Deviations on the smaller parts shown in 
Figure 4 a and b are less than 1 mm. Deviations in the largest part are significantly larger 
and the highest value is around 8 mm, while in the rest of the part the deviation is less than 2 
mm, on average around 1.8 mm. The explanation for such a large deviation is an error in 
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calibrating the accuracy of the cloud of points, that is, in measuring the physical model and 
matching that measurement with the control points.  

3 CONCLUSIONS 

The analysis of the results showed that the application of photogrammetry has a perspective 
for application in the auto industry. Given that the deviations are significant, the conclusion 
is that photogrammetry at this moment cannot be used to control the accuracy of parts, but 
that the point cloud or the resulting model can be a good basis for reverse engineering or the 
reconstruction of parts. 
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ABSTRACT: Road traffic accidents are identified as a significant societal issue based on 

extensive and comprehensive research in public health and traffic safety. Such incidents lead 

to significant negative outcomes, including human casualties, economic consequences, 

vehicle damage, and significant medical costs. Developing predictive models is crucial for 

identifying risk factors associated with accidents, thereby improving understanding of 

accident causes and enabling more effective prevention interventions. The occurrence of 

traffic accidents is influenced by a multitude of factors, including driver behavior, vehicle 

characteristics, weather conditions, road volume, road geometry, type of road, road 

conditions, speed limits, frequency of police controls, etc. In this paper, machine learning 

(ML) techniques are used to develop the traffic accident prediction model due to the non-

linear relationship between input and output variables. The research investigates the 

influence of certain input variables on the number of traffic accidents, as their optimal 

choice significantly affects the prediction performance. The random forest, support vector 

machine, and neural networks are employed for data preprocessing and model development. 

Statistical indicators are used to evaluate the performance of the developed models. Based 

on the obtained performances, the developed ML models accurately predict the number of 

traffic accidents. 
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ROAD TRAFFIC ACCIDENTS PREDICTION USING MACHINE 

LEARNING METHODS 

Vesna Ranković, Andrija Đonić , Tijana Geroski 

INTRODUCTION 

Road traffic accidents constitute a serious global issue with significant impacts on human 

lives and national economies. According to the World Health Organization's Global Road 

Safety Report 2023 [20], the number of road traffic deaths in 2021 of 1.19 million 

worldwide represents a 5 % decrease compared to the number of deaths recorded in 2010. 

Besides the loss of human lives, traffic accidents also impose significant economic 

consequences. In 2019, the total socio-economic costs of traffic accidents in the Republic of 

Serbia amounted to 8.8 % of the gross national product [12]. Countries around the world 

have revised their road safety policies and strategies while incorporating new technologies 

to mitigate road accidents and their consequences. These efforts are aimed at enhancing 

traffic safety and reducing the severity of accidents [6].  

Data-driven road safety models are crucial for evaluating the effectiveness of applied safety 

measures and policies, enabling their continuous improvement in order to reduce the number 

of traffic accidents. In the literature, various techniques for predicting, classifying, and 

analyzing traffic accidents have been proposed [9]. The factors influencing the number of 

traffic accidents are numerous and complex. They include technical aspects of roads and 

vehicles, vehicle speed, traffic density, as well as human factors such as driver behavior, 

level of concentration and fatigue, and weather conditions [2]. 

Models based on classical statistical methods, such as the Poisson regression model and 

negative binomial regression model, have limitations in predicting the number of traffic 

accidents due to the complex non-linear relationships between input and output variables 

[11]. 

To overcome the limitations of traditional statistical methods, various machine learning and 

deep learning techniques have been applied to traffic safety analysis [5]. These techniques 

are suitable for modeling flexibility, ability to learn and generalize from data, and high 

predictive accuracy. Consequently, machine learning models are considered robust and 

accurate tools in traffic safety research. Artificial intelligence techniques enable the 

discovery of patterns and relationships in traffic data that were previously difficult to detect 

using conventional methods. Ali et al.[3] conducted a comprehensive review of machine 

learning-based models designed to predict different aspects of traffic accidents. The models 

encompass predicting crash occurrences, forecasting crash frequencies, and estimating the 

severity of injuries resulting from crashes. Analysis indicates that a significant amount of 

research has focused on machine learning-based models for predicting injury 

severity.Almamlook et al. [4] developed a model to binary classify the severity of traffic 

accidents using various machine learning methods, including AdaBoost, logistic regression, 

naive Bayes, and random forests. 

Gorzelanczyk [10] employed neural network time series prediction using a multilayer 

perceptron to forecast the number of road accidents. Raja et al. [16] utilized different 

recurrent and feedforward neural network architectures for classifying severity levels in 

accidents (slight, serious, and fatal) and used the long short-term memory (LSTM) model 

for time series forecasting of the number of accidents. The dataset includes various 

attributes such as personal details, specifics of the accidents, environmental factors, vehicle 
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information, and road characteristics. Singh et al. [19] used a multilayer perceptron with 

four hidden layers for predicting road accident frequencies on highways. The sixteen input 

variables belonging to road geometry, traffic, and road environment were considered as 

potential inputs to the model. García de Soto [7] developed two neural networks with one 

hidden layer each to predict the number of accidents with light injuries, severe injuries and 

fatalities, on open roads and in tunnels.  The models utilized continuous input variables such 

as annual average daily traffic, percentage of heavy traffic, average curve radius, mean 

positive slope, mean negative slope, longitudinal evenness rating, and surface adhesion 

rating, as well as categorical variables like posted speed limit and the number of lanes per 

direction. 

This paper utilizes machine learning models to accurately predict the number of road 

accidents. The performance of feedforward neural networks, support vector machines, and 

random forest is compared, due to the fact that these models have been shown as the most 

appropriate in similar problems. The proposed models are applied to selected sections of IB 

order roads in the Republic of Serbia. Ten features are considered, and the feature 

importance values are calculated using the RF classifier. 

1 METHODOLOGY 

Feedforward neural network, support vector machine and random forest are supervised 

learning algorithms that require a labeled training dataset. The training dataset consists of m 

samples 
   

1

,
m

k

k
k

y


x , where 
 k nx  represents the input variables of the kth element 

of the training data set and ky   denotes the corresponding target output.  

1.1 Feedforward neural network 

In this paper, a multi-layer perceptron with one hidden layer was used. The output of the 

neural network with n inputs, one output, and one hidden layer with Z neurons is computed 

as follows: 

       1, 2 , 1 1 1 2
1 1

Z n

FNN ij j i j
j i

y f x b b 
 

 
   

 
 

 
(1) 

 

where: y  is the output of the neural network, 
 1, 2j

 denotes is the weight from the jth 

hidden neuron to the output, f is the activation function in the hidden layer, 
 , 1j i

  denotes 

he weight from the ith input to the jth hidden neuron, ix  is the ith input, 
 1j

b is the bias for 

the jth hidden neuron, 
 1 2

b  is the bias for the output neuron. 

The performance of a neural network with a single hidden layer depends on the 

hyperparameters, which should be carefully chosen. Hyperparameters are the number of 

hidden neurons that determines the complexity and capacity of the layer, the type of the 

activation function of these neurons, the algorithm used for training as well as the 

parameters of the selected algorithm. Optimization strategies for the FNN involve the use of 

both conventional and metaheuristic approaches [13].  

Support vector regression  



Road traffic accidents prediction using machine learning methods 

Mobility & Vehicle Mechanics, Vol. 51, No. 3, (2025), pp 67-75 

69 

Support Vector Regression (SVR) is a type of SVM used for regression tasks. Unlike 

traditional regression methods, SVR aims to find a function that approximates the data 

within a specified margin of tolerance (  ), while maximizing the margin between parallel 

hyperplanes [18]. 

   *

1

nSVR

SVR i i i

i

y K , b 


   x x  (2) 

where: nSVR  is the number of support vectors, i  and *

i denote the Lagrange multipliers, 

 iK ,x x  is the kernel function that measures the similarity between the support vector 
ix

and the new sample x , b is the bias. 

In Support Vector Regression (SVR), various types of kernel functions are employed to 

establish the relationship between input features and target variables. These include: 

Linear kernel: 

   T

i iK ,x x x x  (3) 

Polynomial kernel:, 

   
d

T

i iK , + rx x x x  (4) 

Radial Basis Function (RBF) kernel: 
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where: r , d  and   represent the parameter of the kernel function. 

The choice of kernel function (linear, polynomial, RBF) and its parameters significantly 

influences the model's ability to capture non-linear relationships and its overall predictive 

performance. Additionally, fine-tuning the regularization parameter C  and the tolerance 

parameter  is essential for optimizing the trade-off between model accuracy and its 

generalization capabilities [1]. 

1.2 Random forest 

Random Forest (RF) is a robust machine learning algorithm that utilizes multiple decision 

trees to predict outcomes. Each tree in the forest is trained on a random subset of the 

training data and features. This ensemble technique effectively reduces overfitting by 

averaging predictions across diverse trees, thereby enhancing accuracy and capturing 

complex relationships between input variables and the target output. In regression tasks, the 

Random Forest model computes its prediction by averaging the outputs of all individual 

trees in the forest. 

The overall output of the random forest model for input x is computed by averaging the 

predictions from all trees: 

   
1

1 y

i

N

RF RF

it

y y
N 

 x x  (6) 



70                                                                               Vesna Ranković, Andrija Đonić , Tijana Geroski 

Mobility & Vehicle Mechanics, Vol. 51, No. 3 (2025), pp 65-75 

where:
tN   denotes the total number of trees in the random forest ensemble,  

iRFy x  

represents the prediction of the ith tree for the input x . 

The RF model's hyperparameters include the number of candidate variables randomly 

selected for each split, the sample size determining how many observations are randomly 

sampled for each tree, whether the sampling is done with or without replacement, the 

minimum number of observations required in a terminal node, the minimum number of 

observations required to split a node, the total number of trees in the ensemble, and the 

criterion used for splitting nodes [15]. These parameters collectively influence the RF 

model's performance and its ability to generalize effectively to new data. 

2 RESULTS AND DISCUSSION 

The paper discusses part of the roads of the IB order in the Republic of Serbia. The set 

contains data on 113 sections of roads 22, 23, 33, 34 and 39, Figure 1. Data on section 

length, annual average daily traffic volume and the number of traffic accidents are extracted 

from the Public enterprise roads of Serbia [14] and Road traffic safety agency (Republic of 

Serbia) [17]. Data on terrain type, curvature, lane width are taken from [8]. 

 
Figure 1 Part of the first and second class roads in the Republic of Serbia. 

Section Length (km) - SL, the Annual average daily traffic volume - AADT (veh/day), and 

the number of traffic accidents are continuous variables, while Terrain type - TT (type 1-

level, type 2-rolling, type 3-mountainous), Curvature (curve 1-minimal, curve 2-severe, 

curve 3-serpentine), and Lane width (5–6 m, >6 m) are categorical variables.The summary 

statistics of continuous variables are shown in Table 1. 
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Table 1 The summary statistics of continuous variables 

 SL (m) AADT (veh/day) TA 

Mean 8791.59 6464.72 9.97 

SD 7799.58 4970.31 11.81 

Min 200 244 0 

Max 46900 25581 70 

Var  6.08 x 107 2.47 x 107 139.44 

As part of data preprocessing, the initial set is prepared and optimized for algorithm 

performance. Scaling of the numerical attributes (Section Length, Annual Average Daily 

Traffic Volume, and the number of traffic accidents) to a range of 0 to 1 is performed to 

achieve greater numerical stability, faster data processing, and increased model stability. 

Regarding categorical variables (Terrain Type, Curvature, and Lane Width), one-hot 

encoding is applied, which separates these variables into individual inputs based on their 

values. This results in obtaining 10 input attributes and one output. Outlier detection is also 

applied using the Isolation Forest method, which leads to noise reduction in the data and 

improved model performance. Six instances classified as outliers are detected and removed 

from the dataset, reducing the final set to 107 instances or rows in the table. 

The prediction performances of the machine learning models are calculated using the 

correlation coefficient (r), the mean absolute error (MAE) and the root mean square error 

(RMSE): 
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where 
pky  and ky  denote the model output and the measured value respectively; 

py  and y   

denote their average respectively, and sN  represents the number of observations in the data 

set. 

The forecasting models have been implemented in Python. 

A neural network with ten inputs is configured with a single hidden layer where the number 

of neurons is varied. After evaluating the model's performance with unipolar and bipolar 

sigmoid activation functions in the hidden layer, the best results are achieved with 16 

neurons using the Rectified Linear Unit (ReLU) activation function. The network is trained 

using the Adam (Adaptive Moment Estimation) optimizer with mean squared error as the 

loss function over 100 epochs, with a batch size of 8, to predict the number of traffic 

accidents. 
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The SVR model achieved the best performance with the RBF kernel ( 0.1  ), 

regularization parameter C set to 100, and tolerance parameter  set to 0.01, determined 

through the grid search methodology 

The parameters of the random forest model are  configured as follows: the number of 

candidate variables randomly selected for each split (max_features) is set to 'auto';  the 

sample size determining how many observations are randomly sampled for each tree 

(max_samples) is set to None; whether the sampling is done with or without replacement 

(bootstrap)is set to True; the minimum number of observations required in a terminal node 

(min_samples_leaf) is set to 1 and the criterion used for splitting nodes (criterion) is set to 

'mse'. Through the application of the grid search method, the total number of trees in the 

ensemble (n_estimators) and the minimum number of observations required to split a node 

(min_samples_split) were adjusted to 150 and 4, respectively. 

Table 2 presents the performance of the trained models and the hyperparameters adjusted for 

model optimization. Metric results are separately shown for the training and test sets. 

Table 2 Performance parameters of the models and hyperparameters 

Model Data set R RMSE MAE Hyperparameters 

Random 

forest 

Training 0.94 4.25 2.53 n_estimators = 150, 

min_samples_split = 4 Test 0.87 4.63 3.62 

SVM 
Training 0.82 7.18 4.01 kernel='rbf',  C = 100, 0.01  , 

0.1   Test 0.79 5.65 3.96 

Neural 

netork 

Training 0.85 6.35 3.98 optimizer='adam', 

loss='mean_squared_error', 

epochs=100, batch_size=8,  number 

of neurons in the hidden layer=16, 

activation function of the hidden 

neurons: ReLU 

Test 0.84 4.83 3.52 

Based on the results from Table 2, it can be concluded that the best predictions for traffic 

accident frequency were achieved using the Random Forest (RF) algorithm. 

Given that the Random Forest model achieved the best results among the three trained in 

this study, it is taken as representative and used to show the impact of input attributes on the 

output.  

In this paper, the built-in Gini importance method is used to evaluate feature importance, 

known for its simplicity and efficiency in assessing the contribution of each feature in the 

model. After training the model, the importance of the features is extracted using the 

feature_importances_ attribute, which is part of the trained Random Forest model. The 

importance of the features is sorted in a created DataFrame in descending order and then 

visualized in a horizontal bar chart shown in Figure 2. 

Figure 2 illustrates that both section length and annual average daily traffic volume exert the 

greatest influence on the frequency of traffic accidents. Following these factors, terrain type 

emerges as a significant parameter, particularly type 2 (rolling) and type 3 (mountainous). 

Additionally, the curvature attributes, particularly curve 2 (severe), curve 3 (serpentine), and 

curve 1 (minimal), also contribute significantly to accident frequency. At the very end is the 
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Lane width attribute, with 5–6 m followed by >6 m, between which TT type 1-level is 

positioned.  

 
Figure 2 Feature importance in Random Forest Model 

3 CONCLUSIONS 

This study confirm the effectiveness of machine learning methods, especially support vector 

machines, neural networks and random forests, in predicting traffic accident occurrences. 

Evaluation of these models using established statistical metrics consistently demonstrates 

the superior predictive performance of random forest. For the training set, R, MAE, and 

RMSE are 0.94, 2.53, and 4.25 respectively, while for the test set, these values are 0.87, 

3.62, and 4.63. Furthermore, the use of random forest for feature importance analysis 

provided detailed insight into the significant predictors affecting accident frequency. 

These models are crucial for optimizing traffic management strategies by enabling precise 

prediction of risks and potential accidents on roads. Their application allows targeted 

allocation of safety resources, including more efficient deployment of police, emergency 

services, and other resources at locations where the likelihood of accidents is higher. 

Additionally, these models facilitate planning of preventive measures such as road 

improvements, additional signage, changes in traffic organization, or speed adjustments in 

specific road sections, all aimed at reducing accidents and enhancing the safety of all road 

users. Furthermore, they can significantly aid in the design and planning of future road 

infrastructure, ensuring safer and more effective road networks.  
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