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CFD Investigation of Turbulence Behaviour in 
Grooved Divergent Rocket Nozzles using the 

k-ε Model 
 
 Dieu-Donne Talla Elbazar Wandaogo, Christian John Etwire  & Douglas Kwasi Boah 

 

The adiabatic gas expansion in the divergent rocket area generally results in the generation of thrust 

required for propulsion by providing an environment where the gas molecules speed rapidly out the 

nozzle exit after traversing the nozzle area. This study investigates the impact of wall grooving in the 

divergent section of rocket nozzles on turbulence characteristics and flow performance using 

Computational Fluid Dynamics (CFD). Employing the Finite Volume Method (FVM) and the k– ε 

turbulence model in ANSYS Fluent, the study compares a conventional nozzle and a grooved 

counterpart under identical boundary conditions. Key parameters analyzed include Turbulent Kinetic 

Energy (TKE), Turbulent Eddy Dissipation (TED), and velocity profiles. Results reveal that while the 

grooved nozzle slightly reduces axial velocity, it significantly enhances turbulence dissipation and flow 

stability by suppressing lateral velocity fluctuations. Enhanced TED and uniform TKE distribution 

suggest improved mixing and thermal energy control, making grooved nozzles a promising 

modification for advanced propulsion systems.  
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CFD Investigation of Turbulence Behaviour in 
Grooved Divergent Rocket Nozzles using the 

k-ε Model 
Dieu-Donne Talla Elbazar Wandaogoα, Christian John Etwireσ & Douglas Kwasi Boahρ 

____________________________________________ 

Nomenclature 

a Local speed of sound 

Po        Stagnation (total) pressure  

P     Static pressure  

γ     Specific Heat Capacity of fluid 

h              Enthalpy 

q˙ Mass flow rate of fluid mass 

           Mean flow density 

            Mean flow velocity 

V¯ Velocity Vector 

V
¯

yt 
Flow velocity along upper wall boundary 

V
¯

yb 
Flow velocity along bottom wall boundary 

l Periodic distance / lenght scale 

Pc Constant relating to pressure 

L Lenght 
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ABSTRACT 

The adiabatic gas expansion in the divergent 

rocket area generally results in the generation of 

thrust required for propulsion by providing an 

environment where the gas molecules speed 

rapidly out the nozzle exit after traversing the 

nozzle area. This study investigates the impact of 

wall grooving in the divergent section of rocket 

nozzles on turbulence characteristics and flow 

performance using Computational Fluid 

Dynamics (CFD). Employing the Finite Volume 

Method (FVM) and the k– ε turbulence model in 

ANSYS Fluent, the study compares a 

conventional nozzle and a grooved counterpart 

under identical boundary conditions. Key 

parameters analyzed include Turbulent Kinetic 

Energy (TKE), Turbulent Eddy Dissipation 

(TED), and velocity profiles. Results reveal that 

while the grooved nozzle slightly reduces axial 

velocity, it significantly enhances turbulence 

dissipation and flow stability by suppressing 

lateral velocity fluctuations. Enhanced TED and 

uniform TKE distribution suggest improved 

mixing and thermal energy control, making 

grooved nozzles a promising modification for 

advanced propulsion systems. 

Keywords: computational fluid dynamics, 

turbulence, divergent nozzle grooving, rocket 

nozzle, flow field. 

Author α: Bolgatanga Technical University, 
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Pˆ Modified pressure 

U¯i Mean turbulence velocity 

 
Fluctuating turbulence velocity 

ui Instantaneous turbulence 

k Kinetic energy 

Pϵ Rate of production of turbulence dissipation due to shear velocity 

µt Turbulent dynamic viscosity 

ϵ Turbulence Dissipation 

Sϵ,σϵ Source term due to dissipation and Prandtl number for turbulence dissipation 

I,U,Re Turbulence intensity, Internal velocity magnitude and Reynolds number

respectively 

ϕ Viscous dissipation term 

k Thermal conductivity 

 

I. INTRODUCTION 

The convergent-divergent nozzle is mainly 

responsible in governing the performance and 

efficiency of a rocket engine or other systems 

incorporating “De-Laval” nozzle designs. High- 

pressure, High temperature adiabatic expulsion of 

exhaust gases out the nozzle exit from the 

combustion chamber get converted into reduced- 

temperature, reduced-pressure and high kinetic 

energy leading to high thrust generation required 

for propulsion. One of the important factors 

influencing this phenomenon is turbulence which 

significantly affects the characteristics of the fluid 

flow through the nozzle especially within the 

expansion region of the nozzle. Performance 

could either be impacted either positively or 

negatively by the phenomenon of turbulence 

depending on its management. 

The interaction that occurs between the walls and 

flow of fluid in a rocket engine, the evolution of 

exhaust gases, velocity and pressure gradients all 

lead to the phenomenon of turbulence. Complex 

turbulent structures such as eddies, vortices and 

shock waves are some of the results of supersonic 

high energy flows. These features critically impact 

the flow pressure distribution, transfer of thermal 

energy, momentum among other turbulence 

features which critically influence the nozzle 

efficiency and performance [1]. Potential thrust 

loses not better controlled is capable of resulting 

in viscous energy dissipation from the random, 

chaotic turbulence due to high speed flows [2]. 

The main goal in the design of rocket engines is to 

have the adiabatic expanding gases be as efficient 

as possible whiles decreasing losses stemming 

from the phenomenon of turbulence and 

subsequent flow separation. Turbulence could 

lead to the exacerbation of flow separation where 

the boundary layer moves away or separates from 

the nozzle wall especially in the divergent nozzle 

section. As a result of the latter, shock waves 

result leading to decreased thrust efficiency, 

presence of unsteady fluid flow and decreased 

rocket stability [3]. This necessitates controlling 

or mitigating turbulence especially in this nozzle 

section in an attempt to obtain optimal 

performance in operational range. 

Exploration of various techniques by studies in 

order to manage the phenomenon of tolerance in 

rocket engines have looked at the surface 

modification of nozzle walls. While surface 

grooving has shown to enhance aerodynamic 

performance in the field of aerospace engineering 

and in the internal combustion engine, its 

influence in rocket engines is not widely hence 

beckons further studies [4]. Grooving is also 

capable of influencing the intensity of turbulence 

either by enhancing or reducing some flow 

structures per their orientation or structure. 
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The study of the effect of wall surface modification 

on turbulence is made possible by the utilization 

of Computational Fluid Dynamics (CFD) Tool by 

solving the governing equations of fluid flow 

(Navier Stokes equations) and carrying out flow 

simulation which is capable of giving the 

behaviour and evolution of the fluid flow in the 

nozzle and over structures. Various turbulence 

models can be utilized such as k − ϵ,k − ω, 

Reynolds Averaged navier-Stokes (RANS), Large 

eddy Simulation to mention but a few to capture 

the complex behaviour of turbulence 

phenomenon [5]. Advancement of CFD has made 

it an indispensable tool capable of modelling and 

simulating highly intricate fluid flow phenomena 

with high accuracy. 

Research has shown that problems resulting from 

the evolution of turbulence in the expanding 

nozzle section can be decreased through the 

redesigning of the surface wall boundary of the 

nozzle. For example, [3] shown that the variation 

in the geometry of the nozzle such as the 

incorporation of nozzle ramps and contours are 

capable of reducing the boundary flow separation 

and hence bringing about stability in the flow by 

reducing the turbulence. In the same analogy 

grooving nozzle surfaces has the potential to 

reduce the commencement of the separation of 

the boundary layer resulting to a more efficient 

nozzle fluid flow. Further investigation is however 

required on the effects on overall thrust efficiency 

and thermal heat transfer. 

To add to the effects of flow separation, 

turbulence also has a critical role playing in the 

thermal heat properties and management of 

rocket engines. Due to the increased energetic 

turbulent flows, the rate of convective thermal 

transfer which can lead to elevated temperatures 

around the region of occurrence. This elevation in 

thermal load can result in increased material 

failure or degradation and hence the need for 

turbulence regulation and as such thermal heat 

management. [6] mentioned that there was a 

need to check the heat transfer since it plays a 

crucial role not only in performance optimization, 

but also in maintaining the structural integrity of 

the nozzle and rocket as a whole from increased 

thermal stresses. 

This study aims to assess the effects divergent 

grooving has on the flow turbulence of a rocket 

utilizing Computational fluid Dynamics analysis. 

By comparing conventional (ungrooved) and 

grooved nozzle designs, insights into varying 

nozzle turbulent flow performance can be 

assessed. 

Comprehending the effects of turbulence within a 

rocket nozzle plays a very critical in engine 

performance and as such further study and 

research is required to be able to utilise how 

surface modification can be exploited in 

improving the output rocket performance. This 

study hence seeks to also contribute to growing 

data and knowledge on how a rocket engine 

performs through the use of Computational Fluid 

Dynamics techniques. 

II. REVIEW OF LITERATURE 

Turbulence creates complex and chaotic flow 

characteristics and patterns which tend to make it 

into quiet a challenging phenomenon to study. [2] 

mentioned that eddies and vortices are capable of 

bringing about viscous dissipation of energy 

within the fluid resulting in reduced efficiency if 

not mitigated adequately. 

A phenomenon intimately related to turbulence is 

Flow separation which is very critical in rocket 

nozzle design and performance. The detachment 

of the flow boundary layer from the nozzle wall 

results in unsteady flow behaviour and 

subsequent decrease and degradation in thrust. 

Turbulence and flow separation are major 

concerns in supersonic nozzle flows. When 

boundary layers detach under adverse pressure 

gradients, shock structures and unsteady flow can 

degrade thrust and nozzle efficiency [3]. 

Surface grooves have shown promise in delaying 

flow separation and enhancing wall-bound 

turbulence dissipation in turbomachinery and 

aerodynamic applications [7;8]. However, their 

effect in high-speed rocket nozzle flow—especially 

on turbulence kinetic energy (TKE) and eddy 

dissipation (TED)—remains largely unexplored. 

CFD studies have shown that nozzle shape and 

wall modifications can significantly affect internal 
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flow structures and turbulence–shock 

interactions [9;10]. Groove-enhanced designs 

may promote mixing, suppress unsteady shocks, 

and control wall heat transfer—all desirable for 

propulsion applications. 

This study aims to extend these findings by 

applying the k–ε model in ANSYS Fluent to 

compare grooved and conventional nozzles under 

identical flow conditions, evaluating the effect on 

turbulence parameters and flow stability. 

III. METHODOLOGY 

3.1  Governing Equations and Conditions of Flow 

At high velocities within a nozzle on channel, 

turbulence tends to manifest especially when flow 

encounters wall structure geometries and hence 

making the nature of structural geometries 

playing a critical role in turbulent phenomena. 

The aim here is to simulate turbulence within a 

conventional and grooved rocket engine using k 

−ϵ model which is composed of a two transport 

equations: Kinetic energy (K) and turbulent 

dissipation rate (ϵ) in CFD (Analysis System) 

which is capable of turbulent flow characteristics 

capturing through the nozzle. 

3.2   Computational Domain and Meshing 

The Ansys Design modeler was utilized in 

capturing the dimensions) of both Conventional 

and Grooved convergent-Divergent rocket nozzles 

as shown in Figures 1 and 2 with the respective 

dimension given in Table 1. The symmetry of the 

rocket nozzle was conical and simulation of 2D 

axial flow domains. The latter leads to reduced 

computational power usage and the number of 

meshing elements required. The meshing and the 

domain (adiabatic) under computational 

consideration are shown in Fig. 4 and 5. The 

fundamental nozzle dimensional considerations 

are the combustion chamber, converging nozzle 

and the throat diameter linking the divergent 

nozzle section. These dimensions are provided in 

Table 1. The grooved nozzle geometry has four 

circumferential grooves along the wall of the 

divergent nozzle. The flow velocity is considered 

zero radially and hence perpendicular flow 

towards the walls are assumed no-slip. High 

resolution, structured and double precision mesh 

was generated to adequately capture turbulence 

effects over grooved regions along the nozzle wall. 

The resulting mesh obtained are seen in Figures 2 

and 4. The boundary conditions for the flow inlet, 

outlet and wall along with the respective 

pressures as given in Tables 2, 3 and 4. 

 

 

 

Table 1: Details of Design Parameters for Grooved and Conventional Rocket Engine 

Convergent Nozzle Angle, 

A10 
19.385

o
  

19.385
o
 

Divergent Nozzle Angle, 

A32 
13.282

o
  

13.282
o
 

Combustion Chamber 

lenght, L2 
10.829  

10.829 

Combustion Chamber 

width, L3 
16.244  

16.244 

Rocket Engine Length, L5 75.000  
75.000 

 

Divergent Nozzle Axial 

lenght, L18 
42.554  

42.554 

Nozzle Exist Radius, L6 19.474  
19.474 

Throat radius, L7 9.4303  
9.430 

Groove width, L19 = L26 = 

L27 = L29 
5.9763  

0.000 

Groove depth 0.55991  
0.000 
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Nozzle Section Grooved Nozzle Dimension, mm  Conventional Nozzle Dimension, mm 



 

 Figure 1: Grooved rocket nozzle 
Figure 2: Conventional Rocket Nozzle 

Schematic Geometry  

 

 

 

Figure 3: Geometry of flow problem 

 Figure 4: Grooved rocket nozzle mesh Figure 5: Conventional nozzle mesh 

3.3   Selection of k−ϵ Turbulence Model 

The Standard k − ϵ model is chosen with the CFD 

solver which solves the kinetic energy (k) and its 

accompanying dissipation rate (ϵ) along with the 

model constants C1,C2,µ,Cµ 

3.4   Solver Settings 

A Solver based on density and suitable for 

high-speed compressible fluid flow capturing is 

utilized. Steady state time is set for the steady 

simulation of rocket nozzle flow. 
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L
on

d
on

 J
ou

rn
al

 o
f 

E
n

gi
n

ee
ri

n
g 

R
es

ea
rc

h

©2025 Great Britain Journals Press Volume 25 | Issue 5 | Compilation 1.0 5



 

 

3.5 Turbulence Modeling 

Enhanced wall function or scalable wall function 

is selected for the implementation of wall 

treatment which also depends on the resolution of 

the mesh near the wall boundaries. 

3.6 Residual Plots 

These were important in identifying the nature of 

the computational solution based on iteration. 

The local imbalances of conserved variables 

present in each respective control volume are 

measured by the residuals. The solver used for 

this study is Analysis System Fluent and it solves 

the modified governing flow equations due to wall 

modification and boundary conditions. 

IV. RESULT GENERATION 

Convergence is arrived at the end of the iterative 

solutions, The respective plots and data contours 

are obtained describing the flow velocity and 

turbulence through the Convergent-Divergent 

rocket nozzles. 

4.1 Analysis Procedure and Boundary Conditions 

Table 2: CFD Preprocessing Setup 
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Procedure Setup 

Problem Setup: 

General-Solver 
Type: Density based 

Models Energy :On 

Materials fluid: Air(25
O
C) 

Boundary 

Conditions 

Inlet: Pressure Inlet, Gauge Total Pressure (Pa): , Outlet: Pressure Outlet, Gauge 

Pressure 

Reference Values Compute from: Inlet, Reference Zone: Solid body surface 

Monitors Create walls, Print to console and plot 

Initialization Standard initialization, Compute from inlet 

Solution 
Solution controls- Courant number= 5, Run calculation: Enter iteration number 

and initiate.       

Table 4: Material Library 

Table 3: Convergent divergent boundary conditions  
Boundary Type 

Inlet Gauge Total Pressure 90[kPa] 

Static Temperature 288.1K 

Outlet Gauge Pressure 

Wall wall Function 

Surface Interior Surface 

Quantity Description 

Material Air at 25
o
C 

Option Pure substance 

Thermodynamic State Gas 

Density 1.185 kgm
−3

 

Molar Mass 28.96 kgkmol
−1

 

Specific Heat Capacity 1.0044∗10
03

j.kg
−1

k
−1

 

Reference fluid Temperature 25 C 

Thermal Conductivity 2.61∗1002Wm−1K−1 

Thermal Expansivity 3.35∗10
−3

K
−1

 



 

4.2   Mathematical Formulations 

4.2.1   Conservation of Mass 

This is also often referred to as the “Continuity 

Equation”. It states that mass in a system cannot 

be created nor destroyed but can only move from 

one place to the other. Having a control volume 

and applying the Gauss’s divergence theorem in 

integral form, Eq. 4.1 is obtained representing the 

continuity equation [11]. 

​ (4.1) 

Ω,ρ,∇• stand for the control volume, density and 

the divergence of vector ∇ • V = ui+vj+wk with u, 

v, and w are the velocity components in the i, j 

and k directions. 

4.2.2    Boundary Conditions 

•​ Inlet 

u​ = 1 ,v = 0 

•​ Outlet 

 

•​ Wall 

No-Slip and isothemal boundary conditions 

(u=v=0; θ = 0) 

u​ = 0 

v​ ̸= 0 only on flat wall  

w​ ϕ = u,v,P¯ or θ 

Reference frame = Absolute Gauge total 

pressure = 101325 Pa Supersonic / Initial 

gauge pressure = 100000 Pa Temperature = 

300 K 

From the Continuity equation in divergence form 

below, a fluid particle moving from left to right 

under the due to pressure gradient within the 

fluid stream in order to satisfy the law of the 

conservation of mass, diverges whenever it 

impacts a bod, reconstitutes behind the body and 

hence maintaining the total fluid mass at the right 

side of the fluid path. The above statement is 

represented by the equation below: 

The fluid velocity vector, V
¯ 

= (u,v) for flow in 

two-dimensions and x and y are the streamwise 

and normal coordinates respectively. 

∇ · V¯ = 0​ (4.2) 

Bounding the fluid flow field equations are two 

non-permeating and non-slip boundaries/wall 

identical in shape and area represented by 

V
¯

yt = V
¯

yb where V
¯

yt is the velocity experienced by 

the upper wall boundary and V
¯

yb is the velocity of 

the lower boundary. Beyond the upper and lower 

walls or boundaries, it is assumed that flow is zero 

for normal flow through a duct as seen below. 

Ytx ≤ y ≥ Ybx 

(yt) and (yb) stands for the upper and lower wall 

shape of the convergent divergent nozzle shape.  

V¯ytx = V¯ybx = 0 

4.2.3 Periodic Conditionality of Flow Through 
Repeating Grooves 

4.2.3.1     Wall Condition 

With regards to the flow through a hollow duct 

with periodically repeating structures or grooves, 

the mathematically repeating or changing 

cross-sectional area is represented as below [12]. 

 

Ytx = Yt(x + l) = Yt(x + 2l) = Yt(x + 3l) = Yt(x + 4l) (4.3) 

Ybx = Yb(x + l) = Yb(x + 2l) = Yb(x + 3l) = Yb(x + 4l) (4.4) 

l, x and (x+l) are the period of change which is a characteristic dimension, horizontal positions present 

within the grooves. 
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Reference Values 

Density = 1.165636 kg/m
3 

Enthalpy = 301020 

J/kg Ratio of Specific heat = 1.4 

 



 

4.2.3.2   Evolution of Fluid Flow Cyclic/Periodic Velocity, Pressure and Temperature  

Let the two-dimensional flow velocity be u(x,y)andv(x,y). 

u(x,y) = u(x + l,y) = u(x + 2l,y) = u(x + 3l,y) = u(x + 4l,y) (4.5)

v(x,y) = v(x + l,y) = v(x + 2l,y) = v(x + 3l,y) = v(x + 4l,y) (4.6)

 

4.2.3.3   Governing Flow Equations and Boundary 
Condition 

The fundamental governing equations of flow are 

the Navier-Stokes equations and when 

incorporated with the periodic fully developed 

flow and the heat transfer equation: 

4.2.3.4   Mass Conservation Equation 

                (4.7) 

4.2.3.5   Momentum Equation 

               (4.8) 

Where P
ˆ
, ρ and µ are the reduced pressure due to 

flow over grooves, fluid density and dynamic flow 

viscosity respectively. the modified pressure and 

actual flow pressure is given by [14]. 

Pa(x,y) = −βx + Pˆ(x,y)             (4.9) 

β and Pa stands for the linear constant for 

pressure for a definite mass flow rate and the 

actual or corrected pressure respectively. 

p(x,y) − p(x + l,y) = p(x + l,y − p(x + 2l,y) 

= p(x + 2l,y) − p(x + 3l,y) =    (4.10) 

p(x + 3l,y − p(x + 4l,y) 

The above relation in Eq. (4.10) shows that the 

flow pressure decreases axially along the nozzle 

with each successive groove presence or 

occurrence. This differential pressure also 

accounts for the fluid mass flow from right to left 

of the flow wall boundary along the horizontal 

x-direction. 

4.3   Governing Equation For Turbulent Flow 

The component of the transport equation coupled 

with the compressible turbulence flow field 

equation are: 

4.3.1  Continuity Equation 

                           (4.11) 

4.3.1   Mass Transport 

                           (4.12) 

where ϕ standing for the type of fluid component, 

air. 

(4.13) 

Above equation is eddy viscosity based with P
ˆ 

being the modified pressure. 

4.4 ​Two-Equation  Turbulence Models:  k- ϵ  of

[13] proposed a computational fluid dynamics 

two-part equation Eq. (4.14) and (4.15)to help 

account and describe the turbulence in a fluid 

flow. These are the Turbulence Kinetic Energy 

(TKE) and the Turbulence Dissipation Rate 

(TDR) or the Turbulence Eddy Dissipation (TED). 

 4.4.1   Turbulence kinetic Energy 

​ ​
(4.14) 

pk = Production of turbulence kinetic energy (TKE)due to mean velocity shear 

Pb = Production of TKE due to buoyancy 

Sk = User defined source, σk = Turbulence Prandtl number for k. 
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RANS 



 

4.4.2   Turbulence Eddy Dissipation 

​ (4.15) 

C1,C2,C3,Cµ = model coefficients varying in K − ϵ 

turbulence models Sϵ = User-defined source 

σϵ = Turbulent Prandtl number for ϵ 

V.   EVOLUTION OF TURBULENCE WITHIN 
A CONVERGENT-DIVERGENT NOZZLE 

High Kinetic energy gas entities are generated in 

a rocket nozzle when high pressure and high 

temperature gases undergo rapid expansion 

energy is used to propel the molecular gaseous 

species. Figure 6 shows a directly proportional 

relationship existing between TKE and TED in a 

nozzle with grooves. As flow speeds towards the 

exit nozzle area where the presence of wall 

structural geometries are dominant, there is an 

increased “fluid-structure” interaction leading to 

increased TKE and its subsequent dissipation 

 

Figure 6: Turbulence Kinetic Energy ver- 

sus Turbulence Eddy Dissipation 

Figure 7: Comparative axial velocities for 

conventional and grooved nozzles 

∂(ρϵ)

∂t
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adiabatically. It is assumed that all thermal 

It is depicted in a comparison plot in Figure 7 that 

both conventional and grooved rocket nozzles 

have similar axial-velocity flow pattern but this is 

observed to change streamwisely after the 

nozzle-throat area some velocity perturbation is 

noticed for both nozzle with that of the grooved 

nozzle experiencing major velocity change but 

finally increasing. The major deferring flow 

feature is observed to occur about a fourth (1/4) 

of the axial distance aft the exit nozzle area. 

Figures 8 and 9 show the behaviour of TED and 

TKE respectively for both conventional and 

grooved nozzles axially in their respective nozzles. 

In both figures, there is a direct performance 

correlation for both TKE and TED suggesting that 

irrespective of the nozzle type, both TKE and TED 

will be directly proportional. In Figure 8, TED for 

both nozzle types have relatively wide range 

whereas looking at TKE for both nozzles, the 

range much closer but for the combustion 

chamber and towards the exit nozzle area. 
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(TED). 



 

 

Figure 8: Axial comparison between con- 

ventional(ungrooved) and grooved nozzle 

Turbulence Eddy Dissipation 

Figure 9: Axial comparison between con- 

ventional(ungrooved) and grooved nozzle 

Turbulence Kinetic Energy 

In Figures 10 and 11, the effect of velocity on 

turbulence on a conventional and grooved 

convergent-divergent nozzle geometries is 

presented. Figure 10 shows the effect of TED for 

both nozzle geometries where it is seen that the 

general rate of occurrence is relatively wide but 

tapers to as both increase gradually with increase 

in axial velocity with some perturbation between 

550m/s to 600m/s. In the case of the effect of 

axial-velocity on TKE from Figure 11, the rate 

range of occurrence is much closer as compare to 

that of TED, there is also a gradual increase with 

increase in velocity but perturbation only begins 

to manifest when velocity is nearly 600m/s. 

 

Figure 10: Comparison of the effect of 

 velocity on Turbulence Eddy Dissipation for  

conventional(ungrooved) and grooved  

Nozzles 

Figure 11: Comparison of the effect of 

velocity on Turbulence Kinetic Energy 

for conventional(ungrooved) and grooved 

nozzles 

 

Figure 12: Grooved nozzle velocity con- 

tours 

Figure 13: Conventional nozzle velocity 

contours 
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Figures (12 and 13) show the contours of velocity 

increasing axially within the nozzles of the 

grooved and conventional nozzle geometries 

respectively. However, it is further observed in 

Figure 12 that, due to the grooves on the wall 

surface of the grooved nozzle, there is the 

formation of backward facing patterns which are 

absent in the conventional nozzle. The “diamond” 

patterns can be attributed to the interaction 

between the geometry of the groove and the gas 

flow within and out of them. 

 

 

 

 
Figure 14: Contours of grooved nozzle 

Turbulence Kinetic Energy 

Figure 15: Contours of conventional noz- 

zle Turbulence Eddy Dissipation 

Figures 14 and 15 show the TKE contours 

occurring within the grooved and conventional 

nozzles respectively and it is observed that, TKE 

for the grooved nozzle is much more pronounced 

with a maximum energy 1.767 ∗ 10
4 

to 1.988 ∗ 10
4 

represented a orange contour between the last 

nozzle groove and the nozzle exit area. The energy 

range present within the grooved nozzle was 

between 2.228∗10
1 

to 1.988∗10
4
. Present in the 

5.829 ∗ 10 to 3.272 ∗ 10
3 

with a greater energy 

seen around the region nearest to the divergent 

nozzle area. It is how ever noticed that, the 

commencement of TKE was delayed within the 

grooved nozzle whiles within the conventional 

nozzle, the occurrence of TKE was much more 

pronounced immediately aft the nozzle throat 

area. 
 

 

 
 

 Figure 16: Contours of grooved nozzle 

Turbulence Eddy Dissipation 

Figure 17: Contours of conventional noz- 

zle Turbulence Eddy Dissipation 

Figures 16 and 17 are depictions of the contours 

for the TED in occurring within the grooved and 

conventional nozzle area geometries. The 

dissipation energy observed in the grooved nozzle 

was between 2.721 ∗ 10
5 

to 8.987 ∗ 10
8 

with the 

greater part dominant around the latter nozzle 

exit wall area. 
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conventional nozzle was an energy range between 
 



 

Table 5: Variable Range Information for Conventional and Grooved Rocket Nozzle 

 

In Table 5 are the minimum and maximum 

Variable Range summary values for the velocity, 

TKE and TED respectively. It is observed that, 

The grooved nozzle has a lower maximum TKE 

and a greater maximum TED respectively. A 

higher TED denotes that the system is capable of 

dissipation TKE as they form or occur as 

Compared to that of their ungrooved or 

conventional counterpart. U-velocity for the 

conventional nozzle showed lower minimum and 

maximum velocities as compared with that of the 

grooved nozzle, however the V-velocities for the 

conventional nozzle showed higher values as 

compared with the grooved V-velocity values. 

U-Velocity (Axial): The grooved nozzle has a 

slightly lower maximum axial velocity (1.65 × 10
3
) 

compared to the conventional nozzle (2.07 × 10
3
), 

indicating potential energy loss or flow resistance 

due to groove structures. 

V-Velocity (Lateral): Grooved nozzles exhibit 

reduced lateral velocity fluctuations, with a 

smaller range (−3.82 × 10
2 

to 3.85 × 10
2
) than 

conventional nozzles. This suggests a more stable 

flow with less swirl or cross-stream mixing. 

Turbulent Kinetic Energy (TKE): Although the 

maximum TKE in grooved nozzles is lower, the 

minimum is higher than in the conventional 

nozzle. This may reflect a more uniform but less 

intense turbulence field. 

Turbulent Energy Dissipation (TED): The 

grooved nozzle shows higher minimum TED (2.72 

× 10
5
) and lower maximum TED (4.49 × 10

9
), 

indicating a more consistent rate of turbulence 

dissipation, which may enhance controlled 

mixing without extreme energy losses. 

Overall Insight: Grooved nozzles provide a 

potentially more stable and uniform turbulent 

flow field, which could be beneficial in reducing 

flow separation or structural vibrations, albeit at 

the expense of slightly reduced flow velocities and 

turbulence intensities. 

VI. TURBULENT KINETIC ENERGY (TKE) 

Table 6: Comparison of TKE Across Studies 

 

Source TKE (m
2
/s

2
) 

Grooved Nozzle (Present Study) 22.3 

Conventional Nozzle (Present Study) 3.91 

[15] 12.5 

[16] 12.0 

[17] 11.29 

[18] 11.5 
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Parameter Min (Conv.) Max (Conv.) Min–Max (Grooved) Comments 

U-Vel (ms
−1

) 146 2070 152–1650 

Reduced maximum axial velocity ensures 

smoother flow acceleration and minimizes shock 

formation risks. 

V-Vel (ms
−1

) 616 638 382–385 

Narrower lateral velocity range indicates 

improved flow stability and reduced side thrust 

forces. 

TKE (m
2
/s

2
) 3.910 33400 22.3–22100 

Higher minimum and lower peak TKE promotes 

efficient, stable turbulence without energy waste. 

TED (m
2
/s

3
) 14400 164000 272000–449000 

Lower TED peak values ensure more uniform 

energy dissipation and smoother combustion 

stability. 



 

The grooved nozzle shows the highest TKE, 

indicating superior turbulence generation and 

energy transfer. From Table 6, TKE in the 

grooved nozzle is nearly double the highest 

reported in literature. This confirms the superior 

turbulence generation, which is essential for 

vortex breakup, flame holding, and improved heat 

transfer. 

VII.​ TURBULENT DISSIPATION ENERGY (TDE) 

Table 7: Comparison of TED Across Studies 

Source TDE (m
2
/s

3
) 

Grooved Nozzle (Present Study) 272000 

Conventional Nozzle (Present Study) 14400 

[15] 0.015 

[16] 0.041 

[17] 0.013 

[18] 0.013 

 

TDE for the grooved nozzle is significantly higher, 

ensuring effective breakdown of turbulent 

structures and uniform energy distribution. Table 

7 hence shows that TDE from the grooved nozzle 

in orders of magnitude is higher than both 

conventional and prior studies. This indicates 

more energy is dissipated through turbulence, 

leading to efficient mixing and reduced coherent 

structures. It also enhances thermal energy 

distribution downstream. 

7.1  Observed Improved Grooved Divergent 
Rocket Nozzle Performance 

7.1.1   Enhanced Shear and Mixing (High TKE & 
v-Momentum) 

●​ The grooved nozzle shows a turbulent kinetic 

energy (TKE) of 22.3 m
2
s

−3
, significantly 

greater than the conventional nozzle’s TKE of 

3.91 m
2
s

−3
. 

●​ The v-momentum is 1442 kg·m/s compared to 

just 78 kg·m/s for the conventional nozzle. 

●​ These values indicate superior radial thrust 

and turbulence—critical for fuel-air mixing, 

energy distribution, and flame stability in 

combustion systems such as rocket engines. 

7.1.2   Greater Energy Dissipation (TDE) 

●​ The grooved nozzle exhibits a total dissipation 

energy (TDE) of 272000 m
2
s

−3
, much higher 

than the conventional nozzle’s TDE of 14400 

m
2
s

−3
. 

●​ This higher dissipation helps reduce large 

turbulent structures, promoting finer-scale 

mixing and more efficient combustion. 

7.1.3   Directionally Efficient Flow 

●​ Although the grooved nozzle has a lower 

v-velocity (383 m/s) compared to the 

conventional nozzle (616 m/s), it achieves 

higher directional control through greater 

radial momentum. 

●​ This suggests the grooved design effectively 

redirects flow energy into turbulence and 

mixing, rather than just raw lateral velocity. 

7.1.4   Balanced Axial Velocity 

●​ The u-velocity for the grooved nozzle is 152 

m/s, slightly higher than the conventional 

nozzle’s 146 m/s. 

●​ This indicates no compromise in axial thrust 

while achieving significantly higher radial 

mixing and turbulence. 

The grooved nozzle offers clear advantages in 

turbulent mixing, momentum control, and energy 

dissipation. These qualities are critical for 

applications requiring improved combustion 

efficiency, flame stability, and heat transfer 

performance. The performance metrics (TKE, 

TDE, v-momentum) make a compelling case for 

favoring the grooved nozzle design over 

conventional configurations since the grooved 

nozzle demonstrates superior performance in 
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nearly all critical parameters when compared to 

the conventional nozzle and referenced studies. 

Its high TKE, exceptional radial momentum, and 

elevated TDE establish it as the most effective 

design for enhancing mixing, combustion 

stability, and thermal efficiency. Therefore, the 

grooved nozzle is highly recommended for 

advanced propulsion and energy systems. 

VIII.​ CONCLUSION 

The comparative CFD analysis of grooved and 

conventional rocket nozzles reveals that wall 

grooving has a profound effect on turbulent flow 

behavior. The grooved nozzle demonstrates 

enhanced turbulence energy dissipation and more 

uniform TKE distribution, resulting in better flow 

stability and reduced risk of flow separation. 

Although there is a modest reduction in 

maximum axial velocity, the overall aerodynamic 

performance benefits from improved radial 

mixing and momentum control. These findings 

underscore the potential of wall-surface 

modifications, particularly grooving, as an 

effective strategy for optimizing rocket nozzle 

performance in high-speed propulsion 

applications. Future work could explore groove 

pattern optimization and three-dimensional 

effects for further performance enhancement. 

Limitations and Future Work 

This study focuses on two-dimensional, 

steady-state simulations using the standard k–ε 

turbulence model. While informative, this 

approach may not capture three-dimensional or 

transient effects such as swirl or pulsation. Future 

research should include 3D simulations, 

alternative turbulence models (e.g., k–ω SST or 

LES), and experimental validation to further 

substantiate the findings. 

Data Availability Statement: Data are contained 

within the article 
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Polyphenol-Rich Collas-Co™: A Study on 
Antioxidant Activity and Cellular Safety 

Chanin Leksahakhunα & Laichheang Yortσ 

____________________________________________ 

ABSTRACT 

Polyphenols, known for their strong antioxidant 

properties, combat oxidative stress, enhance cell 

viability, and protect against free radical 

damage. These bioactive compounds hold 

immense potential for functional food and 

cosmetic innovations, supporting overall health 

and promoting skin resilience, offering exciting 

opportunities in nutraceutical and cosmetic 

product development. This study evaluates the 

bioactive properties and potential applications of 

Collas-Co™, a high-polyphenol ingredient with 

promising antioxidant activity. The total 

phenolic content (TPC) of Collas-Co™ was 

determined to be 58.05 ± 0.33 mg GAE/g. Its 

antioxidant capacity, assessed via ORAC assay, 

revealed a remarkably high scavenging activity 

of 15,221 ± 409 µmol TE/100g. Furthermore, the 

DPPH assay demonstrated superior radical 

scavenging activity, with Collas-Co™ achieving 

85.67% inhibition at 2.5 mg/mL, outperforming 

gallic acid by approximately 15%. Cytotoxicity 

studies using primary human dermal fibroblasts 

indicated that Collas-Co™ exhibited 

dose-dependent effects. At lower concentrations 

(0.39 mg/mL), it enhanced cell viability to 

112.94%, suggesting potential protective or 

stimulatory properties. Moderate concentrations 

(0.78–6.25 mg/mL) showed tolerability, while 

higher concentrations (>12.50 mg/mL) resulted 

in cytotoxicity, with an IC50 of 50.50 ± 2.07 

mg/mL. These findings highlight Collas-Co™ as 

a potent antioxidant with moderate cytotoxicity, 

suitable for functional foods and cosmetic 

applications. 

Keywords: polyphenol, antioxidant, cytotoxicity, 

cellular. 

Author α σ: Beyond Laboratory (Thailand) Co., Ltd. 

555/121 B Avenue, Sukhapiban 5 road, Sai Mai, 

Bangkok, Thailand. 

I.​ INTRODUCTION 

The increasing global prevalence of oxidative 

stress-related conditions, such as cardiovascular 

diseases, neurodegenerative disorders, diabetes, 

and certain cancers, highlights the critical need 

for effective antioxidant strategies. Oxidative 

stress results from an imbalance between reactive 

oxygen species (ROS) production and the body's 

ability to neutralize these harmful molecules, 

leading to cellular damage, inflammation, and 

aging [1]. Polyphenols, a class of naturally 

occurring bioactive compounds, have garnered 

significant attention due to their potent 

antioxidant properties. These compounds act as 

free radical scavengers, protect cellular structures, 

and inhibit oxidative damage, making them 

valuable in addressing chronic diseases and 

promoting overall health [2-3]. 

Collas-Co™, a novel polyphenol-rich ingredient, 

has demonstrated exceptional potential for health 

applications due to its high total polyphenol 

content (TPC). Polyphenols are not only 

indicators of antioxidant potential but are also 

associated with cellular protective mechanisms 

that support skin health, delay aging, and mitigate 

oxidative damage. While TPC provides 

preliminary insights into bioactivity, 

comprehensive evaluations of antioxidant 

capacity and cellular safety are crucial to validate 

its efficacy and safety for human applications. 

Techniques such as the Oxygen Radical 

Absorbance Capacity (ORAC) and DPPH radical 

scavenging assays are widely regarded as robust 

methods to assess the radical-scavenging ability of 

antioxidants [4-5]. 
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Furthermore, cytotoxicity studies are essential to 

determine the safety of polyphenol-rich 

ingredients, particularly when intended for 

nutraceuticals, functional foods, or cosmetics. 

Fibroblasts, key cellular components of the skin, 

play a crucial role in maintaining extracellular 

matrix integrity and repairing oxidative damage. 

Investigating the impact of Collas-Co™ on 

fibroblast viability provides valuable insights into 

its cytotoxicity profile, cellular safety, and 

potential for regenerative applications. This is 

particularly important as cellular health is directly 

linked to skin vitality and anti-aging benefits [6]. 

This study focuses on evaluating the antioxidant 

activity and cellular safety of Collas-Co™, with a 

specific emphasis on its polyphenol-rich 

composition and radical-scavenging efficacy. 

Additionally, a comparative analysis with gallic 

acid, a well-known antioxidant, highlights 

Collas-Co™’s relative effectiveness. The findings 

aim to establish Collas-Co™ as a safe, 

multifunctional ingredient suitable for addressing 

oxidative stress, promoting cellular health, and 

supporting its application in functional food, 

nutraceutical, and cosmetic industries. 

II.​ MATERIALS AND METHODS 

2.1   Materials 

Collas-Co™ was procured from Beyond 

Laboratory (Thailand) Co., Ltd., Bangkok, 

Thailand, while all chemicals used in the analysis 

were of analytical reagent (AR) grade. 

2.2   Total Polyphenol Content Analysis 

The total polyphenol content (TPC) was modified 

according to Singleton [7].A 1000 ppm gallic acid 

solution was prepared by dissolving 0.25 g of 

gallic acid (Sigma–Aldrich, Seelze, Germany) in 

1.5 mL of ethanol, followed by dilution to a final 

volume of 250 mL with deionized water. From 

this stock solution, standard solutions were 

prepared at concentrations of 10, 25, 50, 100, 

200, and 250 ppm. Separately, 25 g of sodium 

carbonate (Sigma–Aldrich, Seelze, Germany) was 

dissolved in 100 mL of warmed deionized water, 

stirred until fully dissolved, filtered, and cooled to 

room temperature. Additional sodium carbonate 

was added incrementally to encourage 

crystallization; if crystallization did not occur, the 

solution was stored in a refrigerator for future 

use. For the Collas-Co™ solution, 1.00 g of sample 

was dissolved in 100 mL of boiling deionized 

water with stirring for approximately 10 minutes. 

The solution was filtered, and the residue was 

re-extracted with an additional 100 mL of boiling 

deionized water. The filtrates from both 

extractions were combined and diluted to a final 

volume of 250 mL in a volumetric flask. 

For the assay, 0.5 mL of each gallic acid standard, 

sample solution, and a deionized water blank were 

transferred to separate tubes. To each tube, 4.3 

mL of deionized water, 0.2 mL of Folin- 

Ciocalteu’s phenol reagent, and 0.5 mL of 

saturated sodium carbonate were added 

sequentially. The mixture was vortexed, followed 

by the addition of another 4.3 mL of deionized 

water, and vortexed again. The tubes were 

incubated in the dark at room temperature for 45 

minutes, and the absorbance was measured at 765 

nm to determine phenolic content. TPC was 

calculated using the equation of the standard 

curve: y = 0.0048x + 0.0111, with a coefficient of 

determination (R² = 0.9986). Results were 

expressed as mg GAE/g (milligrams of gallic acid 

equivalents per gram). 

2.3   Antioxidant Activities Analysis 

2.3.1 Oxygen Radical Absorbance Capacity 
(ORAC) 

The ORAC value was measured following the 

procedure outlined by Kuti [8], with slight 

modifications. The reaction mixture consisted of 

1.7 mL of 75 mM phosphate buffer (pH 7.0), 100 

μL of R-phycoerythrin (R-PE, 3.4 mg/L), 100 μL 

of 320 mM 2,2′-azobis(2-amidinopropane) 

dihydrochloride (AAPH), and 100 μL of the 

extract. Phosphate buffer served as the blank, and 

Trolox was used as the standard. The total volume 

of the mixture was 2 mL, placed in a 10 mm 

fluorometer cuvette, and preincubated at 37 °C for 

15 minutes. The reaction was initiated by adding 

AAPH, and fluorescence was recorded every 5 

minutes at 570 nm (emission) and 540 nm 

(excitation) using a fluorometer (Sequoia-Turner 
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model 450, USA), until fluorescence decreased to 

less than 5% of the initial value. Each sample was 

tested in triplicate. 

The ORAC values, expressed as Trolox equivalents 

(TE) per 100 gram, were calculated based on the 

area under the fluorescence decay curve. ORAC 

was determined using the standard curve 

equation C= K × A, where K = 203.65 µ/mL, A = 

absorbance, and the coefficient of determination 

was R² = 0.9993. 

2.3.2   DPPH Radical Scavenging Activity 

DPPH radical scavenging assay was conducted 

following the procedure outlined by Sadeer 

&Siddeega [9-10]. The DPPH (2,2-diphenyl- 

1-picrylhydrazyl) radical scavenging assay was 

conducted to assess the antioxidant activity of 

Collas-Co™ and the standard gallic acid. A 0.1 

mM DPPH solution was prepared in methanol, 

while test samples (Collas-Co™) were diluted to 

final concentrations of 1.0, 0.5, 0.25, 0.125, 0.063, 

0.031, 0.016, and 0.008 mg/mL using 0.5 M 

acetic acid. Similarly, gallic acid was prepared at 

concentrations ranging from 10 to 0.078 mg/mL 

in methanol. In a 96-well plate, 100 µL of DPPH 

solution was added to each well, followed by 100 

µL of the sample or standard solution. Methanol 

and DPPH alone served as control (A0) and blank 

(A2), respectively. The plate was incubated at 

room temperature for 20 minutes in the dark to 

allow the reaction between the antioxidants and 

DPPH radicals. Absorbance was measured at 517 

nm using a microplate reader. The percentage of 

DPPH radical inhibition was calculated using the 

formula: Inhibition (%) = [1−(𝐴1−𝐴2)/𝐴0] ×100  

where 

A0 = absorbance of control (without of sample)  

A1 = absorbance of test (Sample+DPPH)  

A2 = absorbance of DPPH ​ 

The IC50 value, indicating the concentration 

required to inhibit 50% of DPPH radicals, was 

determined from the dose-response curve plotting 

inhibition percentage against concentration. This 

approach effectively quantified the antioxidant 

potential of the samples. 

2.4   Cytotoxicity Test On Primary Human Dermal 
Fibroblast By WST-1 Assay 

2.4.1   Cell Cultivation 

Human dermal fibroblast cells (HDFn) were 

cultured in Dulbecco's Modified Eagle Medium 

(DMEM) supplemented with 10% Fetal Bovine 

Serum (FBS) and 1% Antibiotic/Antimycotic 

solution. Cells were seeded at an initial density of 

2×10⁵ cells per well in a 96-well culture plate and 

incubated at 37°C in a CO₂ incubator with 5% CO₂ 

for 24 hours. After incubation, cell growth and 

morphology were observed under an inverted 

microscope to ensure optimal conditions for 

subsequent testing or assays. 

2.4.2   Cytotoxicity Test 

Cytotoxicity test assay was conducted following 

the procedure outlined by Kamiloglu& Yin [11-12]. 

Sample solutions were incubated with cells in a 

96-well culture plate, with the test sample 

Collas-Co™ applied at various concentrations. 

The negative control group consisted of cell 

culture media (DMEM), while the positive control 

group used 0.10% sodium dodecyl sulfate (SDS). 

Cells were incubated at 37°C with 5% CO₂ in a cell 

culture incubator for 24 hours. 

After incubation, the cells were washed with 

phosphate-buffered saline (PBS), and 10 µL of 

WST-1 solution was added to 100 µL of DMEM in 

each well. The plates were re-incubated under the 

same conditions for an additional 30 minutes, 

after which absorbance was measured at a 

wavelength of 450 nm. The resulting color 

intensity correlated with the number of viable 

cells. 

The absorbance values (OD) were used to 

calculate the percentage of cell viability using the 

equation: 

Cell viability (%) = (Absorbance (OD) of cells in 

the test group x 100)/Absorbance (OD) of cells in 

the negative control group) 

This method provided a quantitative assessment 

of cell viability under different treatment 

conditions. 
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III.​ RESULT AND DISCUSSION 

3.1   Total Polyphenol Content 

The total phenolic content (TPC) of Collas-Co™ is 

summarized in Table 1. The TPC of Collas-Co™ 

was determined to be 58.05 ± 0.33 mg GAE/g. 

This value indicates that Collas-Co™ contains 

significantly higher TPC compared to medium 

and dark roasted coffee from Colombia, which 

contain 24.28 mg GAE/g and 21.41 mg GAE/g, 

respectively, as well as strawberry, which contains 

22.37 mg GAE/g [13-14].  

Although the relatively high TPC of Collas-Co™ 

suggests the presence of active compounds, this 

measure alone provides only preliminary insights 

into its biochemical potential. Phenolic content is 

a useful indicator of bioactive components; 

however, further investigation into its antioxidant 

activity is crucial to assess the functional benefits 

of Collas-Co™. Antioxidant activity, such as that 

measured through ORAC and DPPH provides a 

more comprehensive understanding of the 

compound's potential to neutralize oxidative 

stress and its applicability in various 

health-promoting contexts. 

Table 1: Total polyphenol content and ORAC scavenging activity of Collas-Co™ 

Sample 
Total Polyphenol Content (mg 

GAE/g) 

ORAC Scavenging Activity (µmol 

TE/100g) 

Collas-Co™ 58.05 ± 0.33  15221 ± 409 

* GAE: Galic acid equivalent, TE: Trolox equivalent 

3.2   Antioxidant Activities 

3.2.1   Oxygen Radical Absorbance Capacity 
(Orac) 

The Oxygen Radical Absorbance Capacity (ORAC) 

assay is a widely used method to evaluate the 

antioxidant capacity of foods and other 

substances. This assay measures the scavenging 

activity of antioxidants against free radicals, 

particularly peroxyl radicals, by assessing the 

inhibition of oxidation of a fluorescent probe such 

as fluorescein. The ORAC method provides insight 

into the radical scavenging potential of 

compounds, using parameters such as the area 

under the fluorescein decay curve (AUC) and lag 

time to quantify antioxidant capacity effectively 

[15]. Furthermore, the proper selection of 

calibrator compounds is critical to ensure 

unbiased estimation of antioxidant activity, as 

highlighted by Carvalho [15].  

For Collas-Co™, the ORAC scavenging activity 

was determined to be 15,221 ± 409 µmol TE/100g 

(Table 1). This value represents a remarkably high 

antioxidant activity when compared to several 

well-known antioxidant-rich foods, including 

elderberries (10,655 µmol TE/100g), red apple 

(7,781 µmol TE/100g), pomegranate (5,923 µmol 

TE/100g), and plum (5,700 µmol TE/100g) [16]. 

These findings highlight the significant potential 

of Collas-Co™ to combat oxidative stress through 

its high radical scavenging capacity. This 

exceptional antioxidant performance suggests its 

promising application in nutraceuticals and 

functional foods, where oxidative stress inhibition 

is essential for health benefits. Further studies 

exploring the specific bioactive compounds 

responsible for this activity could provide a deeper 

understanding of its mechanism and potential 

health applications. 

3.2.2   DPPH Radical Scavenging Activity 

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay 

is a commonly used method to evaluate 

antioxidant capacity [5]. It measures the ability of 

antioxidants to neutralize the stable DPPH 

radical, which has a deep violet color. When 

antioxidants donate electrons or hydrogen atoms, 

the DPPH radical is reduced to a pale-yellow or 

colorless compound, resulting in a measurable 

decrease in absorbance at 517 nm. This assay is 

valued for its simplicity, speed, and 

cost-effectiveness, making it widely used for 

screening antioxidant properties in natural 

products, foods, and supplements. 

The DPPH radical scavenging activity of Gallic 

acid and Collas-Co™ is presented in Fig. 1. Gallic 
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acid exhibits moderate scavenging activity at 

lower concentrations, which increases steadily 

with higher concentrations. In contrast, 

Collas-Co™ shows relatively lower scavenging 

activity at lower concentrations but surpasses 

Gallic acid at higher concentrations. Notably, at 

the highest concentration (2.5 mg/mL), 

Collas-Co™ achieves a superior DPPH radical 

scavenging activity of 85.67%, outperforming 

Gallic acid, which achieves 70.66%, by 

approximately 15%. 

 

 

Fig. 1: DPPH radical scavenging activity of gallic acid and Collas-Co™ 

The IC50 value, a critical parameter for assessing 

the potency of a compound in inhibiting a specific 

biological or chemical process [17], is shown in 

Fig. 2 for the DPPH radical scavenging activity of 

Collas-Co™ and Gallic acid. The IC50 of 

Collas-Co™ is lower than that of Gallic acid, 

indicating that Collas-Co™ is approximately 

21.8% more effective in achieving 50% inhibition 

of DPPH radical activity. 

Although Gallic acid demonstrates higher radical 

scavenging activity at lower concentrations (as 

shown in Fig. 1), Collas-Co™ surpasses it in 

overall potency by requiring a lower concentration 

to reach the critical threshold of 50% inhibition. 

This highlights Collas-Co™ as a more efficient 

scavenger at moderate to high concentrations. 

This result suggests that Collas-Co™ is better 

suited for applications requiring high efficacy at 

lower doses, making it ideal for products with 

concentration constraints. In contrast, Gallic acid 

remains a reliable and effective antioxidant option 

for formulations where higher concentrations are 

feasible and practical [18].  
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Fig. 2: Inhibition DPPH of gallic acid and Collas-Co™ 

3.3  Cytotoxicity Screening of Collas-Co™ on 
Primary Human Dermal Fibroblast 

Fig. 3 presents an image of cultured human 

fibroblast cells observed under an inverted 

microscope. The inverted microscope offers a 

clear visualization of cell structures, allowing 

detailed assessment of cell health and morphology 

during experimental studies. Fibroblast cells 

exhibit a characteristic spindle shape with 

elongated, stretched-out bodies and occasional 

branching processes. 

In the image, the cells grow in a monolayer 

formation, aligning parallel to one another, a 

hallmark of fibroblast behavior in vitro after 24 

hours of culture. The parallel alignment and 

density of the cells suggest a confluent or 

semi-confluent layer, indicative of active growth 

and division under well-maintained culture 

conditions. The observed morphology and 

arrangement confirm that the fibroblast cells are 

healthy and thriving in optimal culture 

conditions, ensuring reliability for further 

experimental applications. This observation aligns 

with findings by D'Urso [6] in this study, which 

highlights the importance of mechanical and 

physical factors in maintaining fibroblast 

morphology and function under in vitro 

conditions. 

 

Fig. 3: Primary human Dermal Fibroblasts normal after aging for 24 hours 
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The cell viability of fibroblasts after 24 hours of 

exposure to various concentrations of Collas-Co™ 

and SDS is summarized in Table 2. Untreated 

fibroblasts in the control group maintained 100% 

viability, providing a baseline for comparison. 

Exposure to 0.1% Sodium Dodecyl Sulfate (SDS), 

a known cytotoxic agent, drastically reduced cell 

viability to 45.05 ± 2.29%, confirming its harmful 

effects. In contrast, Collas-Co™ showed a 

dose-dependent impact on fibroblast viability. At 

a low concentration of 0.39 mg/mL, cell viability 

increased to 112.94 ± 2.20%, indicating a 

protective or stimulatory effect. Moderate 

concentrations (0.78–6.25 mg/mL) led to a 

gradual decline in viability, although cells 

remained viable, suggesting tolerability within 

this range. At higher concentrations (12.50–50.00 

mg/mL), cell viability significantly decreased, 

reaching 50.63 ± 1.68% at the highest 

concentration, highlighting dose-dependent 

cytotoxicity. 

The IC₅₀ value for Collas-Co™, calculated as 50.50 

± 2.07 mg/mL, indicates the concentration 

required to reduce cell viability by 50%. This 

relatively high IC₅₀ reflects moderate cytotoxicity, 

with stimulatory effects at lower concentrations 

and tolerability at moderate doses. The IC₅₀ value, 

a critical parameter for assessing the potency of 

compounds, represents the concentration needed 

to inhibit 50% of cell growth, with lower values 

indicating higher cytotoxicity. For comparison, a 

study revealed that the triple antibiotic paste 

(TAP)–cysteamine combination exhibited the 

lowest cytotoxicity (highest IC₅₀ of 12.86%), 

indicating greater safety compared to other 

combinations such as chlorhexidine–cysteamine, 

which demonstrated the highest cytotoxicity with 

the lowest IC₅₀ of 0.12% [19]. 

Table 2: Cell viability of fibroblast after aging for 24 hours 

Sample Concentration % Cell viability 

Control - 100.00 ± 0.00 

SDS 0.1% 45.05 ± 2.29 

Collas-Co™ 

(mg/ml) 

 

 

 

 

 

 

 

0.39 112.94 ± 2.20 

0.78 98.85 ± 2.62 

1.56 93.31 ± 2.42 

3.13 83.19 ± 2.70 

6.25 75.56 ± 1.64 

12.50 69.49 ± 2.77 

25.00 61.38 ± 0.24 

50.00 50.63 ± 1.68 

IC50 (mg/ml) 50.50 ± 2.07 

* SDS: Sodium Dodecyl Sulfate use for positive control 

IV.​ CONCLUSION 

The study on Collas-Co™ reveals several 

significant findings regarding its bioactive 

properties and potential applications. First, it 

demonstrates a remarkably high total polyphenol 

content (TPC) and antioxidant activity, surpassing 

various foods renowned for their health benefits. 

This highlights its capability to combat oxidative 

stress effectively. Second, the DPPH assay 

confirms that Collas-Co™ has superior radical 

scavenging activity at higher concentrations 

compared to gallic acid, emphasizing its efficacy 

in antioxidant applications. Third, cytotoxicity 

testing on fibroblast cells shows that Collas-Co™ 

enhances cell viability at lower concentrations and 

exhibits tolerable effects at moderate doses, 

suggesting potential for safe use in nutraceuticals 

or cosmetic formulations. Additionally, its IC50 

value indicates moderate cytotoxicity, with 

stimulatory effects at appropriate dosages. 

Overall, Collas-Co™ demonstrates significant 

promise as an ingredient in health-promoting 
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products, warranting further exploration of its 

specific bioactive compounds and mechanisms. 
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ABSTRACT 

This study introduces a concise framework for 

detail enhancement in industrial digital 

radiography based on the mathematical 

integration of logarithmic transformation and 

multiscale Laplacian analysis. The proposed 

method utilizes multiscale adaptive pixel-level 

fusion with hyperbolic tangent-based coefficients 

to preserve microscale defects while enhancing 

subtle features throughout the dynamic range. 

Quantitative evaluations of diverse industrial 

welds, including ship plates, boilers, and oil 

pipelines, demonstrated substantial 

improvements. In oil pipeline weld inspections, 

the Peak Signal-to-Noise Ratio of the method 

based on Histogram Equalization increased by 

133.82%, whereas the Structural Similarity Index 

Measure and Spatial Frequency metrics exhibited 

gains of up to 127.27% and 85.81%, respectively. 

The framework's consistent, albeit moderate, 

performance gains over state-of-the-art deep 

learning methods across all benchmarks confirm 

its value not only as a robust and widely 

applicable tool but also as a superior 

preprocessing or integrated solution within 

nondestructive testing pipelines. 

Keywords: digital radiography, multiscale 

analysis, pixel-level fusion, image detail 

enhancement, nondestructive testing. 
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Table 1: List of Notations and Symbols 

Symbol Comment 

a Logarithm base 

c Center position index of Laplacian kernel 

d Manhattan distance from the center 

f(x,y) Continuous image intensity function at spatial coordinates (x,y) 

fc Cutoff frequency in cycles per pixel 

Ffinal(x,y)  Final fusion result of the pixel at coordinates (x,y) 

fk A proportionality constant typically ranging from 0.6 to 0.8 

Fk(x,y) Enhanced image at scale k 

Fmin Minimum value of the fusion result across the entire image 

Fmax Maximum value of the fusion result across the entire image 

G(i,j,σ) Value of Gaussian kernel at scale σ and position (i,j) 

 𝐻 Image height 

H(x,y) Mean curvature of the intensity surface at pixel (x,y) 

 𝐻
𝐺

𝐸( ) Horizontal gradient of the image  between the adjacent pixels in the same row 𝐸
I(x,y)  Discrete image intensity at pixel coordinates (x,y) 

Ienhanced(x,y) Enhanced image pixel value in grayscale levels at position (x,y) 
 

Symbol Comment 

Ilog(x, y) 

Iorig(x, y) 

Ismooth(x,y,σ) Smoothed image at scale � and position (x,y) 
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Pixel value at position (x, y) after the logarithmic transformation 

Original pixel value at position (x, y) 



 

Symbol Comment 
        

 

I. INTRODUCTION 

Industrial digital radiography (DR) has emerged 

as a critical technology for nondestructive 

evaluation in precision manufacturing sectors, 

including the aerospace, automotive, and nuclear 

power industries[1-3]. DR images characterized 

by pixel values spanning 0 to 65535 provide an 

extensive dynamic range for capturing subtle 

material variations while simultaneously 

presenting significant challenges for defect 

image enhancement techniques often encounter 

difficulties in balancing the competing 

requirements of noise suppression and detail 

preservation, particularly when addressing 

micron-scale defects that manifest as minimal 

intensity variations within complex industrial 

components[5-7]. 

The current landscape of industrial DR image 

enhancement reveals fundamental limitations in 
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detection and characterization[3, 4]. Conventional 

       ,  

K3×3 A standard 3×3 discrete Laplacian kernel 

K5×5(i,j) Value of the 5×5 Laplacian kernel at position (i,j) 

KLaplace,k Laplacian kernel of size (3+2k)×(3+2k) at scale k 

L(x,y)  Discrete Laplacian response at position (x,y) 

N Total number of scales 

 𝑃𝑆𝑁𝑅 𝐸, 𝑆( ) Peak signal-to-noise ratio of image  relative to image  𝐸 𝑆
round(⋅) Rounding function to the nearest integer 

Rbase(x,y) 

Benchmark for Laplacian response differential analysis that is initialized with

zeros and becomes the convolution result of the minimal Laplacian kernel once

the Laplacian operation is performed. 

Rk(x,y) 
Laplacian response at scale  and position (x,y), which uses the kth Laplacian𝑘
kernel to convolve the image 

size Laplacian kernel size 

 𝑆𝐹 𝐸( ) Spatial frequency of image  𝐸
 𝑆𝑆𝐼𝑀 𝐸, 𝑆( ) Structural similarity index measure of the image  relative to the image  𝐸 𝑆

tanh (⋅) Hyperbolic tangent function 

Vgrayscale Grayscale value of DR image 

 𝑉
𝐺

𝐸( ) Compute the vertical gradient of the image  𝐸
Vdisplay Display value 

 𝑊 Image width 

WL Window level 

WW Window width 

∇2
f(x,y) Laplacian operator at spatial coordinates (x,y) 

∂
2
f(x,y)/∂x

2
 Second-order partial derivatives in the respective spatial direction X 

∂
2
f(x,y)/∂y

2
 Second-order partial derivatives in the respective spatial direction Y 

∇2
G(x,y) the Laplacian of the intensity function at pixel (x,y) 

∇G(x,y)  the gradient vector field at pixel (x,y) 

|∇G(x,y)| the magnitude of the gradient vector at pixel (x,y) 

* Convolution operation 

|∇2
R(x,y)| Magnitude of the Laplacian response at pixel coordinates (x,y) 

d
2
R(x,y)/ds

2
 Second directional derivative along the gradient direction 

Δk(x,y) Differences in details between scale k and the benchmark for Laplacian response

a Logarithm base 

δ A small offset to avoid mathematical singularity at zero 

dIlog(x,y)/dIorig(x,y) Derivative of the logarithmic transformation at position (x,y) 

αk(x,y) Importance coefficient of the pixel at position (x,y) and scale k 

λ A factor that controls the detail enhancement sensitivity 

 𝐹{⋅} Fourier transform operator 

(u,v) Spatial frequency coordinates 



Gaussian-dependent multiscale analysis, while 

effective for noise reduction, intrinsically 

compromises fine structural details through the 

systematic attenuation of high-frequency 

components that are essential for defect 

characterization[3, 10]. Methods based on 

discrete wavelet transform (DWT) encounter 

challenges in optimal basis selection and often 

introduce reconstruction artifacts when 

processing complex defect morphologies[11-13]. 

Histogram equalization (HE) and contrast-limited 

adaptive histogram equalization (CLAHE) 

techniques, despite their computational 

simplicity, frequently produce unnatural contrast 

amplification and fail to preserve subtle intensity 

gradients that are critical for accurate defect 

assessment[14-16]. Although deep learning (DL) 

approaches, such as methods based on 

convolutional neural network (CNN), are 

promising in certain domains, they face 

substantial limitations, including extensive data 

requirements, limited interpretability, poor 

generalization across diverse industrial scenarios, 

and a lack of physical interpretability[9, 10, 17, 

18]. Furthermore, these methods collectively 

exhibit significant computational complexity, and 

their parameter sensitivity necessitates extensive 

manual optimization, undermining operational 

efficiency in industrial environments[3, 10, 19, 

20]. These multifaceted challenges underscore the 

critical need for a fundamentally new paradigm 

that can simultaneously address the competing 

demands of computational efficiency, physical 

interpretability, and uncompromised detail 

preservation[6, 21, 22]. 

To address these challenges, this study introduces 

a paradigm-shifting framework characterized by a 

Gaussian-free architecture and pixel-level fusion 

technology. The proposed method establishes a 

novel integration of perceptually aligned 

logarithmic transformation with direct multiscale 

Laplacian analysis, achieving unprecedented 

detail preservation while maintaining 

computational tractability. The framework 

incorporates an adaptive fusion mechanism 

governed by hyperbolic tangent importance 

coefficients, enabling the selective enhancement 

of defect regions while preserving structural 

integrity through physically interpretable 

operations. This approach ensures complete 

mathematical transparency and eliminates the 

black-box characteristics that impede the 

industrial adoption of many contemporary 

techniques. The principal contributions of this 

study encompass three key innovations: (1) a 

comprehensive Gaussian-free mathematical 

framework that fundamentally redefines 

multiscale enhancement while preserving 

computational efficiency; (2) an adaptive 

pixel-level fusion technology with precise control 

mechanisms for defect-specific enhancement; and 

(3) a rigorous theoretical foundation with 

complete mathematical derivations validated 

across diverse industrial applications. These 

advances collectively provide an 

engineering-friendly solution that balances the 

enhancement efficacy with the ease of 

implementation while maintaining full physical 

interpretability throughout the enhancement 

pipeline. 

This paper is systematically organized to present a 

novel detail-enhancement method for industrial 

DR images using multiscale pixel-level fusion 

techniques. Section 2 establishes the theoretical 

foundation by reviewing the fundamental 

concepts of Laplacian transform theory, 

differential geometric interpretations, discrete 

implementations, logarithmic transformation 

principles, and industrial DR imaging 

characteristics. Section 3 introduces the proposed 

methodology in detail, beginning with the 

fundamental principles, followed by the 

mathematical formulation of the pixel-level 

adaptive fusion coefficient, construction of 

multiscale space using Laplacian convolution 

operator, multiscale pixel-level fusion 

methodology, enhanced image reconstruction 

procedures, and strategic avoidance of 

Gaussian-induced detail destruction. Section 4 

presents the experimental setup and analytical 

methodologies employed for the validation. 

Section 5 discusses the experimental results and 

provides a comprehensive analysis of the 

method's performance, limitations, and potential 

improvements. Finally, Section 6 concludes the 
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several methodological approaches[3, 8, 9]. 



continuous image intensity function at spatial 

coordinates (x,y), ∂
2
f(x,y)/∂x

2
 indicates the 

second-order partial derivatives in the respective 

spatial direction X, and ∂
2
f(x,y)/∂y

2 
indicates the 

second-order partial derivatives in the respective 

spatial direction Y.  

The discrete implementation employs central 

difference approximations to achieve 

computational efficiency while maintaining the 

mathematical accuracy: 

 

 

 

 
 (3) 

where I(x,y) represents the discrete image intensity at pixel coordinates (x,y), and I(x+1,y), I(x-1,y), 

I(x,y+1), and I(x,y-1) denote the intensity values at adjacent pixel positions. The composite discrete 

Laplacian operator combines these approximations as follows: 

  

 

         

      (4) 

where L(x,y)  represents the discrete Laplacian 

response at position (x,y).  

The Laplacian transform effectively computes the 

difference between each pixel and its local 

neighborhood average, functioning as a high-pass 

filter that amplifies regions with significant 

intensity variations and suppresses homogeneous 

areas. It captures the essence of the local 

curvature in intensity surfaces by quantifying how 

the average value of a function in the 

neighborhood of a point differs from its value at 

the point. 

The geometric interpretation of the Laplacian 

operator reveals its profound connection to 

surface curvature characteristics [26, 27]. This 

relationship is formalized by the mean curvature 

equation: 

           (5) 

where H(x,y) represents the mean curvature of 

the intensity surface at pixel (x,y), ∇2
G(x,y) 

denotes the Laplacian of the intensity function at 

pixel (x,y), ∇G(x,y) represents the gradient 

vector field at pixel (x,y), and |∇G(x,y)| indicates 

the magnitude of the gradient vector at pixel (x,y). 

This mathematical relationship demonstrates that 

Laplacian responses correlate directly with the 

local curvature of the intensity landscape, 

generating strong outputs in regions with high 

curvature, such as edges, corners, and fine details, 

while producing minimal responses in relatively 

flat homogeneous areas. 

2.2   Logarithmic Transformation Theory 

The logarithmic transformation addresses the 

fundamental challenge of a high dynamic range in 

industrial DR images through nonlinear mapping, 

which compresses the extensive intensity range 

while preserving the relative contrast 

 

𝜕𝜕2𝑆𝑆(𝑥𝑥,𝑦𝑦)
𝜕𝜕𝑥𝑥2 ≈ 𝑆𝑆(𝑥𝑥 + 1, 𝑦𝑦) − 2𝑆𝑆(𝑥𝑥,𝑦𝑦) + 𝑆𝑆(𝑥𝑥 − 1,𝑦𝑦)#

𝜕𝜕2𝑆𝑆(𝑥𝑥,𝑦𝑦)
𝜕𝜕𝑦𝑦2 ≈ 𝑆𝑆(𝑥𝑥,𝑦𝑦 + 1)− 2𝑆𝑆(𝑥𝑥,𝑦𝑦) + 𝑆𝑆(𝑥𝑥, 𝑦𝑦 − 1)#

 (2) 

where ∇2
f(x,y) denotes the Laplacian operator at 

spatial coordinates (x,y), f(x,y) represents the 

 

II. RELATED WORK 

2.1   Laplacian Transform Theory 

The Laplacian transform is a fundamental 

mathematical construct in image processing that 

serves as a second-order differential operator that 

characterizes local intensity variations through 

the divergence measurement of the gradient 

field[23-25]. The continuous two-dimensional 

equation expresses this relationship as follows: 

 (1) ∇2𝑓𝑓(𝑥𝑥,𝑦𝑦) =
𝜕𝜕2𝑓𝑓(𝑥𝑥,𝑦𝑦)
𝜕𝜕𝑥𝑥2 +

𝜕𝜕2𝑓𝑓(𝑥𝑥,𝑦𝑦)
𝜕𝜕 2 #

𝐿𝐿(𝑥𝑥, 𝑦𝑦) = 𝑆𝑆(𝑥𝑥 + 1, 𝑦𝑦) + 𝑆𝑆(𝑥𝑥 − 1,𝑦𝑦) + 𝑆𝑆(𝑥𝑥,𝑦𝑦 + 1) + 𝑆𝑆(𝑥𝑥, 𝑦𝑦 − 1) − 4𝑆𝑆(𝑥𝑥, 𝑦𝑦)#

𝐻𝐻(𝑥𝑥,𝑦𝑦) =
∇2𝐺𝐺(𝑥𝑥, 𝑦𝑦)

2(1 + |∇𝐺𝐺(𝑥𝑥,𝑦𝑦)|2)3/2 #

paper by summarizing the key findings and 

 outlining future research directions.  
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relationships. The mathematical equation 

defining this transformation is as follows: 

  (6) 

where Iorig(x, y) is the original pixel value at 

position (x, y),  Ilog(x, y) represents the pixel value 

at position (x, y) after the logarithmic 

transformation, a denotes the logarithm base, and 

δ provides a small offset to avoid mathematical 

singularity at zero.  

The transformation employs a compressive 

nonlinearity to enhance contrast in dark regions 

and prevent saturation in bright areas, thereby 

directly addressing the challenge of defects 

distributed across the full intensity spectrum in 

industrial DR imaging[28, 29]. Furthermore, 

derivative analysis confirms that this process 

intrinsically converts multiplicative noise into an 

additive form. This critical transformation, which 

simplifies subsequent denoising while preserving 

structural integrity, is mathematically expressed 

as 

       (7) 

where dIlog(x,y)/dIorig(x,y) represents the 

derivative of the logarithmic transformation at 

position (x,y), indicating the local gain applied 

during mapping.  

By applying a high gain to the dark regions and a 

low gain to the bright regions, this derivative 

enables adaptive enhancement across the 

dynamic range, directly overcoming the 

limitations of the uniform linear gain. Moreover, 

the logarithmic operation renders the noise 

additive, allowing for its effective removal while 

protecting critical spatial details from the blurring 

effects of spatial smoothing. Together, these 

properties establish a robust method for reducing 

the influence of noise in DR-image-detail 

enhancement. 

2.3   DR Image Display Principles 

DR images are often stored in Digital Imaging and 

Communications in Medicine (DICOM) files with 

a 16-bit grayscale[4, 30]. The 16-bit grayscale 

depth of DR images far exceeds the 256 levels 

available in standard 8-bit displays. This 

fundamental disparity creates a critical 

visualization bottleneck that can obscure subtle 

defect signatures and material variations essential 

for an accurate nondestructive evaluation. 

Practical visualization of DR images employs 

window-level adjustments to accommodate 

conventional display systems using the following 

equation: 

 

 

 

 

𝑆𝑆log(𝑥𝑥, 𝑦𝑦) = log𝑎𝑎⁡(𝑆𝑆orig(𝑥𝑥,𝑦𝑦) + 𝛿𝛿)#

d𝑆𝑆log(𝑥𝑥, 𝑦𝑦)
d𝑆𝑆orig(𝑥𝑥 ,𝑦𝑦 )

=
1

(𝑆𝑆orig(𝑥𝑥, 𝑦𝑦) + 𝛿𝛿)ln⁡𝑎𝑎 #

𝑉𝑉display =

⎩
⎪⎪
⎨

⎪⎪
⎧0 𝑉𝑉grayscale ≤ WL −

WW
2

255
𝑉𝑉grayscale − (WL − WW

2
)

WW WL −
WW

2 < 𝑉𝑉grayscale < WL +
WW

2

255 𝑉𝑉grayscale ≥ WL +
WW

2

�#

 

where Vdisplay is the display value, WL represents 

the window level that determines the dynamic 

range centered for display, and WW denotes the 

window width that controls the contrast by 

determining the width of the range of values 

mapped to the display range. This essential 

visualization technique enables inspectors to 

navigate the vast intensity space by dynamically 

adjusting the displayed contrast and brightness, 

effectively isolating regions of interest within the 

16-bit data for detailed examination[20, 31]. 

III. PROPOSED METHOD 

3.1   Methodological Principles 

Fig. 1 depicts the overall architecture of the 

proposed framework, which addresses the 

fundamental challenges of industrial DR image 

enhancement by integrating logarithmic 

transformation with a multiscale Laplacian 

analysis. The proposed framework is initiated 

with a logarithmic transformation of the input 

image to compress its dynamic range and 
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      (8) 



 

 

 

 

 

 

 

 

 

attenuate noise interference. A multiscale 

representation is then constructed by convolving 

the transformed image with Laplacian kernels of 

progressively increasing sizes, generating a series 

of response maps that capture the edge and detail 

information across distinct spatial frequencies. 

Subsequently, a pixel-importance coefficient map 

is derived at each scale by comparing its Laplacian 

response to a designated benchmark. These 

comparative measurements are processed 

through a nonlinear activation function to ensure 

numerical stability. The resulting coefficients 

subsequently orchestrate a pixel-level fusion 

process, wherein multiscale detail components are 

adaptively and proportionally integrated into the 

logarithmically transformed image. The 

procedure culminates in a reconstruction phase 

accompanied by dynamic range normalization, 

ultimately yielding an enhanced DR image with 

fused pixels. 

 

Fig. 1: Principle of Proposed Method 

The key idea is to develop a mathematical 

formulation that entirely obviates Gaussian 

convolution while preserving the effective 

enhancement performance. The detail detection 

mechanism is derived from the fundamental 

relationship between the Laplacian response and 

the second-order directional derivative: 

    (9) 

where |∇2
R(x,y)| represents the magnitude of the 

Laplacian response at pixel coordinates (x,y), 

d
2
R(x,y)/ds

2
 denotes the second directional 

derivative along the gradient direction, and the 

proportionality indicates that the Laplacian 

magnitude corresponds directly to the 

acceleration of intensity change along the gradient 

directions, responding most strongly to locations 

where intensity transitions occur rapidly, such as 

at edges, corners, and fine texture patterns.  

The Laplacian operator capitalizes on its 

second-order nature to identify fine defects in 

industrial DR images by highlighting localized 

intensity transitions. This enables a detailed 

enhancement scheme that performs pixel-level 

adaptive fusion using importance coefficients 

from multiscale Laplacian responses, as follows: 

 
  (10) 

 

  |∇2𝑃𝑃(𝑥𝑥,𝑦𝑦)| ∝ �
d2𝑃𝑃(𝑥𝑥,𝑦𝑦)

d𝑠𝑠2 �#

𝑆𝑆final(𝑥𝑥, 𝑦𝑦) =
1
𝑃𝑃�  (1 + 𝛼𝛼𝑘𝑘(𝑥𝑥,𝑦𝑦))

𝑃𝑃

𝑘𝑘=1

  𝑆𝑆log(𝑥𝑥, 𝑦𝑦)
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where Ffinal(x,y) represents the final pixel-level 

fusion result at position (x,y), N denotes the total 

number of scales,  and αk(x,y) signifies the 

pixel-importance coefficient at position (x,y) and 

scale k. This formulation represents a 

sophisticated blending of multiscale information, 

in which the term (1+αk(x,y)) functions as an 

adaptive gain factor that varies spatially and 

across different scales. When αk(x,y) assumes 

positive values, indicating the presence of 

significant details at scale k, the gain increases to 

enhance these details. Conversely, when αk(x,y) 

takes negative values, suggesting the absence of 

meaningful details, the gain decreases to suppress 

the noise or irrelevant variations.  

3.2   Method for Calculating Pixel-Level Adaptive 
Fusion Coefficient 

The pixel-importance coefficient serves as the 

pixel-level adaptive fusion coefficient. It plays a 

pivotal role in determining the appropriate 

enhancement strength at each pixel location 

across different scales, with the calculation 

employing the hyperbolic tangent function for 

adaptive coefficient generation as follows: 

   (11) 

where tanh(⋅) denotes the hyperbolic tangent 

function, Δk(x,y) represents the differences in 

details between scale k and the benchmark for the 

Laplacian response differential analysis at 

position (x,y), λ is a factor that controls the detail 

enhancement sensitivity  because Δk(x,y) is often a 

small value, and the term λ(1-k/(N+1)) adaptively 

tunes Δk(x,y) based on the fact that the 

convolution result of a smaller Laplacian kernel 

contains more important information than a 

larger one. A higher λ enhances the contrast but 

loses some extremely fine features. Empirical 

evidence suggests that λ typically ranges from 3N 

to 7N.  

According to Laplace theory, larger Laplace 

kernels preserve global textures, whereas smaller 

Laplace kernels retain local details. Based on this 

principle, the physical implication of Equation 

(11) is that the greater the deviation of the 

convolutional responses using Laplace kernels of 

analytical baseline, the more detailed the 

information contained in the pixel, and the more 

critical it becomes for enhancing details. 

In Equation (11), the hyperbolic tangent function 

serves as a smooth, bounded activation function 

that converts raw detail differences into 

normalized importance coefficients within the 

range (-1,1). The characteristic S-shaped curve of 

this function provides several advantageous 

properties: (1) for small detail differences, it 

operates in an approximately linear region, 

delivering a proportional response to subtle 

variations; (2) for large differences, it saturates to 

±1, preventing over-enhancement that could 

introduce artificial artifacts or unnatural 

appearances. This saturation behavior is crucial 

for maintaining visually coherent results while 

providing a robust enhancement. The parameter λ 

controls the steepness of the transition between 

the linear and saturated regions, effectively 

determining the sensitivity to detail variations 

and allowing adjustment based on specific image 

characteristics and enhancement requirements. 

Based on the principle of Laplacian response, the 

method for calculating the differences in details is 

as follows: 

   (12) 
 

where Rbase(x,y) is the benchmark for the 

Laplacian response differential analysis, which is 

initialized with zeros and becomes the 

convolution result of the minimal Laplacian 

kernel once the Laplacian operation is performed, 

and Rk(x,y) represents the Laplacian response at 

scale k and position (x,y), obtained by convolving 

the image with the kth Laplacian kernel. 

Based on Equation (12), positive values of Δk(x,y) 

indicate that the finest-scale kernel detects details 

that are not captured by the larger kernel, 

suggesting the presence of fine-scale features such 

as small defects or sharp edges, whereas negative 

values of Δk(x,y) suggest that the larger kernel 

responds more strongly, indicating the presence 

of larger-scale structures or more gradual 

variations in the intensity. This multiscale 

difference approach effectively separates the 

 

𝛼𝛼𝑘𝑘(𝑥𝑥, 𝑦𝑦) = tanh⁡(𝜆𝜆(1 −
𝑘𝑘

𝑃𝑃 + 1)Δ𝑘𝑘(𝑥𝑥, 𝑦𝑦))#

Δ𝑘𝑘(𝑥𝑥,𝑦𝑦) = 𝑃𝑃base (𝑥𝑥, 𝑦𝑦) − 𝑃𝑃𝑘𝑘(𝑥𝑥, 𝑦𝑦)#

different sizes relative to the Laplacian response 
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details of different spatial extents, enabling the 

targeted enhancement of specific feature sizes 

without affecting others and providing 

comprehensive coverage across the spectrum of 

defect scales present in DR images. 

3.3  Method for Building Multiscale Space using 
Laplacian Convolution Operator 

Multiscale analysis employs direct Laplacian 

kernels of varying sizes applied to the 

logarithmically transformed image, completely 

avoiding the Gaussian convolution operations that 

characterize traditional approaches. 

 

 

       
        (13) 

where * denotes the convolution operation, and 

KLaplace,k signifies the Laplacian kernel of size 

(3+2k)×(3+2k) at scale k. This multiscale 

methodology represents a fundamental departure 

from Gaussian-based methods by applying 

Laplacian kernels of different sizes directly to the 

image, thereby preserving the high-frequency 

information that would otherwise be attenuated 

by the Gaussian smoothing. Each kernel size 

responds preferentially to features of particular 

spatial extents: smaller kernels capture fine 

details and sharp edges, whereas larger kernels 

respond to broader structures and more gradual 

intensity variations. This comprehensive 

representation across feature scales is essential 

The kernel design follows a systematic expansion 

methodology based on the Manhattan distance 

weighting. For the standard 3×3 kernel: 

   (14) 

where K3×3 represents the 3×3 Laplacian kernel 

with elements arranged to approximate the 

discrete second-derivative operation. For 5×5 or 

larger kernels, weights are assigned according to 

the Manhattan distance d = |i - c| + |j - c|, where c 

is half the kernel size. The 5×5 kernel design 

exemplifies this approach. 

 

 

 

     (15) 

where K5×5(i,j) represents the value of the 5×5 

Laplacian kernel at position (i,j), d denotes the 

Manhattan distance from the center, and c is the 

center position index of the Laplacian kernel. All 

kernels maintain the zero-sum property essential 

for the Laplacian operation: 

  (16) 

where the summation covers all kernel positions 

(i,j), the symbol size represents the Laplacian 

kernel size, and the zero result ensures that the 

kernels respond only to intensity variations in the 

image and produce zero response in regions of 

constant intensity, preventing unnecessary 

enhancement of homogeneous areas while 

amplifying variations associated with defects and 

structural features. 

The relationship between the kernel size and 

spatial frequency response follows the 

approximate equation: 

                   (17) 

where fc represents the cutoff frequency in cycles 

per pixel and fk denotes a proportionality constant 

typically ranging from 0.6 to 0.8. This 

relationship reveals the fundamental connection 

between the kernel size and the spatial 

frequencies to which the kernel responds: smaller 

 

𝑃𝑃𝑘𝑘(𝑥𝑥, 𝑦𝑦) = 𝑆𝑆log(𝑥𝑥,𝑦𝑦) ∗ 𝐾𝐾Laplace,𝑘𝑘 , 𝑘𝑘 = 1,2, … ,𝑃𝑃#

for detecting the diverse range of defects 

encountered in industrial DR applications. 

 

𝐾𝐾3×3 = �
0 1 0
1 −4 1
0 1 0

�#

𝐾𝐾5×5(𝑖𝑖, 𝑗𝑗) = �

−20 𝑑𝑑 = 0
4 𝑑𝑑 = 1
1 𝑑𝑑 = 2 ∧ |𝑖𝑖 − 𝑐𝑐| = |𝑗𝑗 − 𝑐𝑐| = 1
0 otherwise

�#

�  
size−1

𝑖𝑖=0

  �  
size−1

𝑗𝑗=0

 𝐾𝐾Laplace,𝑘𝑘(𝑖𝑖, 𝑗𝑗) = 0# 𝑓𝑓𝑐𝑐 ≈
𝑓𝑓𝑘𝑘

size #
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kernels with higher cutoff frequencies capture 

finer details and sharper edges, whereas larger 

kernels with lower cutoff frequencies respond to 

broader features and more gradual intensity 

variations. This frequency-space interpretation 

provides a comprehensive framework for 

understanding how different kernel sizes capture 

distinct aspects of the image content, ensuring 

that defects of various scales, from microscopic 

cracks to larger structural anomalies, are 

appropriately detected and enhanced. 

3.4  Method for Performing Pixel-Level Multiscale 
Adaptive Fusion  

The pixel-level fusion process integrates enhanced 

representations from all scales through a weighted 

combination that adapts to the local detail 

characteristics. The enhancement at each 

individual scale follows the equation: 

 (18) 

where Fk(x,y) represents an enhanced image at 

scale k. This equation embodies the core 

enhancement mechanism at each scale, with the 

term (1+αk(x,y)) functioning as a spatially varying 

gain that amplifies or attenuates the pixel value 

based on the coefficient importance. When 

significant details are detected at a particular scale 

(αk(x,y) > 0), the pixel value is amplified, 

enhancing the visibility of these details. When no 

significant details are present (αk(x,y)≤0), 

minimal or no enhancement is applied, 

preventing the artificial amplification of noise or 

irrelevant variations. This scale-specific approach 

enables the targeted enhancement of features 

based on their size characteristics, ensuring that 

small defects receive appropriate enhancement 

without adversely affecting larger structures. 

Multiscale fusion combines all scales through 

equal-weight averaging as follows: 

   (19) 

This equation can be algebraically expanded to 

reveal the underlying enhancement mechanism as 

follows: 

 

                  (20) 

where the expanded form clearly separates the 

original image content Ilog(x,y) from the 

enhancement component .  
1
𝑁 𝐼

𝑙𝑜𝑔
(𝑥, 𝑦)

𝑘=1

𝑁

∑  α
𝑘
(𝑥, 𝑦)

This separation has significant implications: the 

enhancement is proportional to both the local 

intensity value and the cumulative importance 

across all scales. Multiplication by Ilog(x,y) ensures 

that the enhancement respects the local intensity 

context: brighter regions receive stronger absolute 

enhancement, whereas darker regions receive 

more modest enhancement, maintaining a natural 

appearance and preventing artificial-looking 

results. The summation over the importance 

coefficients ensures that the details detected at 

multiple scales contribute collectively to the final 

enhancement, providing comprehensive detail 

amplification across the entire spectrum of 

feature sizes present in the image. 

3.5 Method for Reconstructing Enhanced DR 
Image 

The final enhanced image requires transformation 

back to the conventional 16-bit grayscale 

representation to ensure compatibility with 

standard display systems and analysis tools. The 

method used to reconstruct the final enhanced DR 

Image is as follows: 

 (21) 
where Ienhanced(x,y) represents the enhanced image 

pixel value in grayscale levels at position (x,y), 

round(⋅) signifies the rounding function to the 

nearest integer, Ffinal(x,y) denotes the final fusion 

result, Fmin=min(Ffinal) represents the minimum 

value of the fusion result across the entire image, 

Fmax=max(Ffinal) indicates the maximum value of 

the fusion result across the entire image, and 

65535 corresponds to the maximum value in the 

 

𝑆𝑆𝑘𝑘(𝑥𝑥, 𝑦𝑦) = (1 + 𝛼𝛼𝑘𝑘(𝑥𝑥, 𝑦𝑦))𝑆𝑆log(𝑥𝑥, 𝑦𝑦)#
𝑆𝑆final(𝑥𝑥, 𝑦𝑦) =

1
𝑃𝑃�  

𝑃𝑃

𝑘𝑘=1

 𝑆𝑆𝑘𝑘(𝑥𝑥, 𝑦𝑦)#

𝑆𝑆final(𝑥𝑥, 𝑦𝑦) = 𝑆𝑆log(𝑥𝑥,𝑦𝑦) +
1
𝑃𝑃 𝑆𝑆log(𝑥𝑥,𝑦𝑦)� 

𝑃𝑃

𝑘𝑘=1

 𝛼𝛼𝑘𝑘(𝑥𝑥,𝑦𝑦)#

𝑆𝑆enhanced(𝑥𝑥,𝑦𝑦) = round �65535
𝑆𝑆final(𝑥𝑥,𝑦𝑦) − 𝑆𝑆min

𝑆𝑆max − 𝑆𝑆min
�

#
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65535 corresponds to the maximum value in the 

16-bit representation.  

This normalization process serves two crucial 

purposes in the enhancement pipeline: first, it 

maps the processed floating-point values back to 

the standard 16-bit integer format required for 

display, storage, and subsequent analysis; second, 

it preserves the relative contrast relationships 

established during the multiscale fusion. This 

mapping preserves the proportional differences 

between pixel values, ensuring both enhanced 

visibility of details and maintained fidelity of 

image intensity relationships. This preservation is 

crucial for quantitative analysis, where absolute or 

relative intensities have physical significance 

pertaining to material properties, thickness 

variations, or defect characteristics.  

3.6  Gaussian Blurring Induced Detail Destruction 
and Avoidance Strategy 

Traditional multiscale analysis methods employ 

Gaussian convolution for scale-space 

representation, with the convolution operation 

mathematically expressed as 

  (22) 

where Ismooth(x,y,σ) represents the result of the 

smoothed image at scale σ and position (x,y), * 

denotes the convolution operation, and G(i,j,σ) 

denotes the value of the Gaussian kernel at scale σ 

and position (i,j). The Gaussian kernel is defined 

as follows: 

   (23) 

where the term 1/(2πσ
2
) serves as a normalization 

constant. The frequency response of this 

operation reveals its fundamental limitation:  

 
      (24) 

where  denotes the Fourier transform, and 𝐹{⋅}
(u,v) represents the spatial frequency coordinates. 

This exponential decay demonstrates that the 

Gaussian convolution systematically attenuates 

the high-frequency components in the image, with 

the degree of attenuation increasing with both the 

spatial frequency and scale parameter σ.  

While this smoothing behavior is beneficial for 

noise reduction, it fundamentally damages the 

most critical information for industrial DR image 

enhancement: fine details, sharp edges, and 

high-frequency textures that correspond to defect 

signatures and material discontinuities. This 

creates an inherent trade-off in traditional 

approaches—the same operation that reduces 

noise also destroys important details, severely 

limiting the effectiveness for industrial inspection 

applications where preserving fine features is 

essential for reliable defect detection. 

The proposed method addresses this limitation by 

eliminating Gaussian convolution operations and 

employing a three-pronged alternative strategy: 

(1) this comprehensive approach preserves the 

high-frequency components containing critical 

defect signatures while providing robust 

enhancement through complementary processing 

stages; (2) the logarithmic transformation handles 

dynamic range issues without spatial averaging, 

thereby maintaining finer detail integrity than 

Gaussian convolution; and (3) the direct 

multiscale Laplacian methodology extracts the 

information of details across the spatial 

frequencies without the blurring inherent using 

Gaussian operations. The adaptive fusion process 

achieves noise robustness through selective 

enhancement rather than spatial smoothing, 

representing a fundamentally different paradigm 

for handling image quality challenges while 

preserving the essential structural information. 

IV. RESULTS 

4.1   Experimental Setup 

The experimental study employed DR images 

obtained from nondestructive welding quality 

inspections to comprehensively validate the 

proposed method. These DR images were sourced 

from nondestructive testing across three welding 

scenarios and were stored in DICOM format with 

a dynamic range of 0-65535. 

To rigorously assess the efficacy of the proposed 

method, a comparative analysis was performed 

using several DR image detail-enhancement 

techniques. These benchmark methods included a 

method based on histogram equalization (HE) 

 

𝑆𝑆smooth(𝑥𝑥, 𝑦𝑦,𝜎𝜎) = 𝑆𝑆(𝑥𝑥,𝑦𝑦) ∗ 𝐺𝐺(𝑖𝑖, 𝑗𝑗,𝜎𝜎)#

𝐺𝐺(𝑖𝑖, 𝑗𝑗,𝜎𝜎) =
1

2π𝜎𝜎2 e−
𝑖𝑖2+𝑗𝑗2

2𝜎𝜎2 #

ℱ{𝐺𝐺(𝑖𝑖, 𝑗𝑗,𝜎𝜎)} = e−2π2𝜎𝜎2(𝑢𝑢2+𝑣𝑣2)#
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Fig. 2: Experimental platform: (a) hardware and (b) software 

Table 2: A Brief Summary of the 30 DR Images 

Source Resolution Major Defects Average Thickness/mm Total 

Weld in ship plate 2048 x 1800 Linear defects and pores 33 10 

Weld in boiler 1820 x 768 Linear defects and pores 38 10 

Weld in oil pipeline 1280 x 1024 Linear defects and pores 26 10 

 

Three metrics were employed for the quantitative 

assessment of detail-enhancement performance. 

The Peak Signal-to-Noise Ratio (PSNR) functions 

as a statistical metric for evaluating the ratio 

between the maximum possible signal power and 

the power of the corrupting noise, and is 

commonly used for image quality assessment. The 

Structural Similarity Index Measure (SSIM) 

quantifies the perceived structural fidelity 

between a processed image and its original, 

unprocessed counterpart. The Spatial Frequency 

(SF), which indicates the overall activity level in 

an image, is used to measure the change rate of 

intensity across pixels. Elevated SF values are 

associated with sharper edge definitions and 

richer textural details, correlating with superior 

perceptual quality. The computations for PSNR, 

SSIM, and SF are defined by Equations (25), (26), 

and (27), respectively, as follows: 

 

                                 (25) 

                                        (26) 

 

 

[32], a method based on contrast-limited adaptive 

histogram equalization (CLAHE) [33], a method 

based on discrete wavelet transform (DWT) [34], 

and a CNN-based detail enhancement method 

(CNN-DEMD) [35]. It should be specifically noted 

that the dataset employed for training the 

CNN-DEMD benchmark comprised 1202 original 

DR images sourced from nondestructive testing 

results of weld quality. Following data 

augmentation, the dataset used to train the 

CNN-DEMD comprised 3606 samples. 

The experiment utilized 30 DR images of weld 

nondestructive testing sourced from different 

industrial sectors (10 DR images from each 

sector) for comprehensive testing. All DR images 

were acquired using the system shown in Fig. 2. A 

brief summary of the 20 DR images is presented 

in Table 2. 

(a) (b) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑬𝑬,𝑺𝑺) = 10 log10 �
655352

∑ ∑ [𝑬𝑬(𝑥𝑥 ,𝑦𝑦)−𝑺𝑺(𝑥𝑥 ,𝑦𝑦)]2𝑊𝑊
𝑦𝑦=1

𝐻𝐻
𝑥𝑥=1

𝑊𝑊×𝐻𝐻

�#

𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆(𝑬𝑬,𝑺𝑺) =
(2𝜇𝜇𝐸𝐸𝜇𝜇𝑃𝑃 + 𝑐𝑐1)(2𝜎𝜎𝐸𝐸𝑃𝑃 + 𝑐𝑐2)

(𝜇𝜇𝐸𝐸2 + 𝜇𝜇𝑃𝑃2 + 𝑐𝑐1)(𝜎𝜎𝐸𝐸2 + 𝜎𝜎𝑃𝑃2 + 𝑐𝑐2) #
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where  is the peak signal-to-noise ratio 𝑃𝑆𝑁𝑅 𝐸, 𝑆( )
of the image  relative to the image ,  𝐸 𝑆 𝑆𝑆𝐼𝑀 𝐸, 𝑆( )
is the structural similarity index measure of the 

image  relative to the image ,  is the 𝐸 𝑆 𝑆𝐹 𝐸( )
spatial frequency of the image ,  computes 𝐸 𝐻

𝐺
𝐸( )

the horizontal gradient of the image ,  𝐸 𝑉𝐺 𝐸( )
computes the vertical gradient of the image ,  𝐸 𝑊
is the image width,  is the image height,  is the 𝐻 µ

𝐸
mean of the image ,  and  are two constants, 𝐸 𝑐

1
𝑐

2
 is the mean of the image ,  is the variance of µ

𝑆
𝑆 σ

𝐸
the image E,  is the variance of the image , and σ

𝑆
𝑆

 is the covariance of the images E and . σ
𝐸𝑆

𝑆

The parameter configuration for the proposed 

method utilized N=4 scales with kernel sizes 

progressively increasing from 3×3 to 9×9, 

enhancement factor λ=5N=20 controlling detail 

enhancement sensitivity, and logarithm base a=10 

compressing the DR image grayscale. This 

parameter set was determined through systematic 

optimization of the experimental dataset to 

achieve a balanced performance across different 

image types and defect characteristics. 

4.2   Objective Analysis 
After applying several distinct methodologies for 

detail enhancement to the DR images obtained 

from three different sources, the processed results 

are presented in Figs. 3–5. It should be noted that 

the red-marked areas in these figures indicate 

defect regions. For reference, although the entire 

experiment comprised 30 images, only 

representative samples from each source are 

displayed here. 

 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧𝑃𝑃𝑆𝑆(𝑬𝑬) = �𝐻𝐻𝐺𝐺(𝑬𝑬)2 + 𝑉𝑉𝐺𝐺(𝑬𝑬)2

𝐻𝐻𝐺𝐺(𝑬𝑬) = �
1

𝑊𝑊 ×𝐻𝐻��[𝑬𝑬(𝑥𝑥, 𝑦𝑦)− 𝑬𝑬(𝑥𝑥,𝑦𝑦 + 1)]2

𝐻𝐻−1

y=1

𝑊𝑊

𝑥𝑥=1

𝑉𝑉𝐺𝐺(𝑬𝑬) = �
1

𝑊𝑊 × 𝐻𝐻 � �[𝑬𝑬(𝑥𝑥,𝑦𝑦) − 𝑬𝑬(𝑥𝑥 + 1,𝑦𝑦)]2

𝐻𝐻

y=1

𝑊𝑊−1

𝑥𝑥=1

�#

(1) (2)

(3) (4)

 
Fig. 3: Performance of different methods on a ship plate weld image: (1) original, (2) HE, (3) CLAHE, 

(4) DWT, (5) CNN-DEMD, and (6) proposed method 
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Fig. 4: Performance of proposed method against existing methods on a boiler weld image: (1) original, 

(2) HE, (3) CLAHE, (4) DWT, (5) CNN-DEMD, and (6) proposed method 

Fig. 5: Performance of the proposed method against existing algorithms on an oil-pipeline weld image: 

(1) original, (2) HE, (3) CLAHE, (4) DWT, (5) CNN-DEMD, and (6) proposed method 

(1) (2)

(3) (4)

(5) (6)

(1) (2) (3)

(4) (5) (6)

A visual examination of Figs. 2–4 reveals that the 

proposed method achieves superior performance 

compared with other algorithms, exhibiting 

enhanced clarity, sharpness, fidelity, delicacy, and 

artifact reduction compared with other 

algorithms. This method effectively enhances 

images via pixel-level adaptive fusion, leveraging 

logarithmic transformation and a multiscale 

Laplacian transform. 
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4.3   Result Analysis 

Notably, the proposed method achieved superior 

performance, attaining the highest mean PSNR 

across all three industrial weld inspection 

scenarios—ship plates, boilers, and oil 

pipelines—with values of 26.12, 25.17, and 26.96, 

respectively (Table 3). This reflects a statistically 

significant and consistent enhancement over 

existing techniques. 

As illustrated in Table 3, performance escalates 

progressively from conventional approaches such 

as HE and CLAHE (PSNR: 11–15), through 

moderate gains with DWT (~17–20), to a marked 

improvement via CNN-DEMD (23–26). The 

proposed method builds upon this trajectory, 

delivering further gains. 

Moreover, the proposed approach demonstrates 

enhanced statistical robustness, exhibiting the 

lowest standard deviation in PSNR across test 

cases (0.68, 0.74, 0.71), as shown in Table 4. This 

trend of declining variability—from traditional to 

advanced techniques—culminates in the proposed 

method, underscoring its stability and reliability. 

 

Table 3: Average PSNR Across Different Enhancement Methods 

DR Image Source HE CLAHE DWT CNN-DEMD Proposed Method 

Weld in ship plate 13.68 14.29 19.33 24.89 26.12 

Weld in boiler 12.86 14.35 17.87 23.38 25.17 

Weld in oil pipeline 11.53 15.18 20.12 25.57 26.96 

 

Table 4: Standard Deviation of PSNR across different enhancement methods 

DR Image Source HE CLAHE DWT CNN-DEMD Proposed Method 

Weld in ship plate 1.53 1.37 1.15 0.82 0.68 

Weld in boiler 1.68 1.42 1.23 0.87 0.74 

Weld in oil pipeline 1.71 1.29 1.08 0.93 0.71 

 

A comparative analysis of the experimental results 

(Tables 5 and 6) demonstrates the consistent 

superiority of the proposed method in terms of 

structural fidelity and robustness across all test 

scenarios. As indicated in Table 5, the proposed 

technique attained the highest mean Structural 

Similarity Index Measure (SSIM) for welds from 

ship plates (0.75), boilers (0.73), and oil pipelines 

(0.76), reflecting more effective structural 

preservation relative to the benchmark 

approaches. The performance hierarchy remains 

stable: the proposed method surpasses 

CNN-DEMD, which in turn exceeds the Discrete 

Wavelet Transform (DWT) method, whereas 

conventional techniques such as Histogram 

Equalization (HE) and CLAHE yield markedly 

lower SSIM values. 

This performance advantage is complemented by 

enhanced robustness, quantified by the SSIM 

standard deviations in Table 6. For the 

challenging "Weld in ship plate" dataset, the 

proposed method achieved the highest mean 

SSIM and the lowest deviation (0.062), indicating 

superior stability. A comparable trend was 

observed for the boiler welds. Although the 

deviation for oil pipeline welds (0.069) slightly 

exceeded that of the DWT method (0.061), this 

marginal trade-off was substantially offset by a 

significant advantage in the mean SSIM (0.76 vs. 

0.61). Collectively, the high mean SSIM and 

generally low variance underscore the efficacy and 

reliability of the proposed method in delivering 

structurally faithful enhancements across various 

industrial radiography contexts. 
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Table 5: Average SSIM across different enhancement methods 

 

DR Image Source HE CLAHE DWT CNN-DEMD Proposed method 

Weld in ship plate 0.33 0.47 0.68 0.72 0.75 

Weld in boiler 0.42 0.56 0.63 0.68 0.73 

Weld in oil pipeline 0.38 0.49 0.61 0.73 0.76 

 

Table 6: Standard Deviation of SSIM across different enhancement methods 

DR Image Source HE CLAHE DWT CNN-DEMD Proposed method 

Weld in ship plate 0.084 0.081 0.076 0.072 0.062 

Weld in boiler 0.075 0.077 0.069 0.069 0.067 

Weld in oil pipeline 0.073 0.068 0.061 0.064 0.069 

 

As shown in Table 7, the proposed image 

enhancement method consistently achieved the 

highest average Spatial Frequency (SF) across all 

three industrial weld inspection scenarios. For 

welds in ship plates, boilers, and oil pipelines, SF 

values of 18.86, 18.27, and 19.18 were attained, 

respectively, indicating superior image clarity and 

textural enhancement. A clear performance 

hierarchy is observable: conventional techniques 

like HE and CLAHE yield the lowest SF values 

(9.84-13.76), followed by a moderate 

improvement with DWT (14.82-15.26). A 

significant leap is realized by the CNN-DEMD 

method (17.33-18.42), which the proposed 

method subsequently surpasses. 

The superior performance of the proposed 

method is coupled with its exceptional stability. 

The standard deviation data presented in Table 8 

consistently demonstrate the lowest or nearly 

lowest variance in the SF output. With standard 

deviations of 0.24, 0.21, and 0.23 for the 

respective test cases, the method exhibited 

remarkable robustness. This trend of decreasing 

standard deviation from traditional to advanced 

methods culminates in the proposed algorithm, 

confirming its reliability in minimizing 

performance fluctuations while maximizing 

spatial frequency. 

 

Table 7: Average SF across different enhancement methods 

DR Image Source HE CLAHE DWT CNN-DEMD Proposed method 

Weld in ship plate 10.15 12.15 15.14 18.19 18.86 

Weld in boiler 9.84 11.83 15.26 17.33 18.27 

Weld in oil pipeline 11.33 13.76 14.82 18.42 19.18 

 

Table 8: Standard Deviation of SF across different enhancement methods 

DR Image Source HE CLAHE DWT CNN-DEMD Proposed method 

Weld in ship plate 0.53 0.43 0.33 0.23 0.24 

Weld in boiler 0.55 0.41 0.31 0.26 0.21 

Weld in oil pipeline 0.52 0.44 0.32 0.22 0.23 
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As quantified in Table 9, the proposed method 

yields substantial PSNR enhancements across all 

benchmarked image-enhancement techniques in 

three welding inspection scenarios. Two principal 

findings emerged: first, traditional methods, 

notably HE and CLAHE, exhibited the most 

marked relative gains, with PSNR increases 

exceeding 75% and, in one case, surpassing 130%, 

underscoring a pronounced performance gap 

relative to the proposed technique. Second, and 

more significantly, the method demonstrates 

universal applicability, consistently refining even 

advanced approaches, such as CNN-DEMD. The 

modest yet consistent gains (approximately 

4–8%) observed here are paradoxically indicative 

of CNN-DEMD’s strong baseline performance, 

thereby highlighting the proposed method’s 

efficacy as a robust post-processing or integration 

module. In summary, the results systematically 

affirm the method’s capacity to markedly augment 

conventional algorithms while delivering 

measurable improvements to the state-of-the-art 

deep learning models. 

 

Table 9: The proposed method's enhancement of the PSNR for other methods 

Compared Method  Weld in Ship Plate /%  Weld in Boiler /% Weld in Oil Pipeline /% 

HE 90.94 95.72 133.82 

CLAHE 82.79 75.40 77.60 

DWT 35.13 40.85 34.00 

CNN-DEMD 4.94 7.66 5.44 

 

As evidenced by the SSIM enhancement metrics 

in Table 10, the proposed method consistently 

improves the structural similarity across a 

spectrum of benchmark techniques, following a 

distinct and interpretable trend. The most 

pronounced gains were observed with traditional 

algorithms: HE achieved a remarkable 127.27% 

improvement in "Weld in ship plate" and 

100.00% in "Weld in oil pipeline," culminating in 

a total improvement of 100.36%, whereas CLAHE 

exhibited a 48.34% total gain. These results 

indicate a strong compensatory effect on the 

structural distortions inherent to conventional 

approaches. 

In contrast, enhancements for advanced methods, 

such as DWT and CNN-DEMD, although 

consistent, were more moderate (16.92% and 

5.21%, respectively). This inverse correlation 

between methodological sophistication and 

improvement magnitude underscores the 

proposed method’s capacity to deliver substantial 

benefits for weaker algorithms while still 

providing statistically meaningful refinements to 

the state-of-the-art techniques. 

In summary, the consistent positive 

improvements validate the robustness and 

general applicability of the proposed method as a 

universal enhancer of structural fidelity in 

welding inspection imagery. 

 

 

Table 10: The proposed method's enhancement of the SSIM for other methods 

Compared Method  Weld in Ship Plate /%  Weld in Boiler /% Weld in Oil Pipeline /% 

HE 127.27 73.81 100.00 

CLAHE 59.57 30.36 55.10 

DWT 10.29 15.87 24.59 

CNN-DEMD 4.17 7.35 4.11 
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As demonstrated in Table 11, the proposed 

method significantly enhanced the performance of 

various techniques across multiple welding 

inspection scenarios. Notably, the most 

substantial improvement was observed for the HE 

method, with a total improvement of 80.26%, 

reflecting considerable gains in weld detection 

accuracy for ship plates (85.81%), boilers 

(85.67%), and oil pipelines (69.29%). 

Conversely, CLAHE exhibited moderate 

enhancement, achieving a 49.69% overall 

improvement, although its absolute performance 

remained lower, particularly in oil pipeline 

contexts (39.39%). The DWT-based method 

showed more limited gains, with a total 

improvement of 24.57%, whereas CNN-DEMD 

demonstrated the least improvement (4.41%), 

indicating its inherent robustness and lower 

susceptibility to further enhancement under the 

proposed framework. 

These results collectively underscore the 

versatility and efficacy of the proposed method in 

augmenting both traditional and advanced 

techniques, with the degree of improvement being 

inversely related to the baseline sophistication of 

each compared method. 

Table 11: The proposed method's enhancement of the SF for other methods 

Compared Method  Weld in Ship Plate /%  Weld in Boiler /% Weld in Oil Pipeline /% 

HE 85.81 85.67 69.29 

CLAHE 55.23 54.44 39.39 

DWT 24.57 19.72 29.42 

CNN-DEMD 3.68 5.42 4.13 

 

V.    DISCUSSION 

A Gaussian-free multiscale detail-enhancement 

framework is proposed for industrial DR images 

that fundamentally addresses the inherent 

limitation of detail destruction in conventional 

approaches using Gaussian convolution. The core 

innovation lies in the integration of logarithmic 

transformation with direct multiscale Laplacian 

analysis, the development of adaptive importance 

coefficients using hyperbolic tangent functions, a 

systematic methodology for generating Laplacian 

kernels, and achieving multiscale pixel-level 

adaptive fusion. Collectively, these elements 

establish a rigorous and mathematically coherent 

framework for detail-preserving DR-image-detail 

enhancement. 

The experimental results demonstrate the efficacy 

and general applicability of our method. The 

proposed framework universally enhances the 

established techniques—HE, CLAHE, DWT, and 

CNN-DEMD—across diverse industrial weld 

inspection scenarios (ship plate, boiler, and oil 

pipeline). Most strikingly, it elevates the PSNR of 

HE by 133.82% for the oil pipeline welds. 

Substantial gains were also observed in the SSIM 

(HE improved by 127.27% for ship plate welds) 

and SF (HE enhanced by 85.81% for the same 

application). Although the performance uplift 

over more sophisticated methods, such as 

CNN-DEMD, is more modest (e.g., 4.94–7.66% 

for PSNR), the consistent positive enhancement 

across all benchmarks underscores its robustness 

as a superior preprocessing or integrated solution 

for nondestructive testing. 

The significant results achieved through 

experimental validation include demonstrated 

superiority in micron-scale defect detection, 

robust performance across diverse industrial 

applications and image characteristics, and 

practical implementation feasibility for real-time 

inspection systems. The method's ability to 

enhance detail visibility while preserving 

structural integrity addresses a critical need in 

industrial nondestructive testing, where reliable 

defect detection must be balanced with 

maintaining an accurate structural representation 

for subsequent analysis and decision-making. 
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This study had several limitations that warrant 

consideration. First, the proposed framework was 

developed and validated specifically on DR images 

of weld defects; its efficacy on DR images from 

other industrial sources (e.g., castings or 

composite materials) remains unverified. Second, 

despite its performance gains, the computational 

complexity of the multiscale analysis requires 

further optimization for real-time deployment in 

resource-constrained environments. Finally, the 

experimental validation, while demonstrating 

robust results, was conducted on a limited 

dataset, and large-scale comprehensive testing is 

required to fully ascertain its generalizability. 

Future research should prioritize three principal 

avenues of investigation. First, efforts should be 

directed toward broadening the scope of 

application of the method to encompass a wider 

array of industrial nondestructive testing (NDT) 

scenarios, with a rigorous assessment of its 

cross-domain robustness. Concurrently, dedicated 

efforts will be channeled into algorithmic 

refinement and implementation optimization to 

improve the computational efficiency. 

Furthermore, a more comprehensive evaluation 

using large-scale, multi-source datasets will be 

undertaken to thoroughly validate the 

performance of the proposed method. This may 

be supplemented by the development of adaptive 

parameter strategies and their integration with 

deep learning models to augment feature learning 

capabilities. 

VI.​ CONCLUSION 

To address the limitations inherent in existing 

detail-enhancement techniques for industrial DR 

images, this study introduces a novel 

Gaussian-free detail-enhancement framework by 

integrating logarithmic transformation and 

multiscale Laplacian analysis. This method 

fundamentally departs from traditional 

Gaussian-based approaches by eliminating the 

blur-inducing convolution operations. This study 

establishes a new detail-enhancement paradigm 

for industrial DR images through a multiscale, 

pixel-level adaptive fusion mechanism that 

directly and faithfully preserves critical image 

details. 

The superior performance and generalizability of 

the framework were demonstrated through 

rigorous quantitative evaluations. It achieves 

unprecedented enhancement across diverse weld 

inspection scenarios, elevating the PSNR of a 

basic HE method by 133.82% for oil 

pipeline-welds. Substantial gains in the SSIM (up 

to 127.27%) and SF (up to 85.81%) further 

confirmed its efficacy. Critically, it delivers 

consistent, albeit more modest, improvements 

over sophisticated benchmarks such as CLAHE, 

DWT, and CNN-DEMD, underscoring its 

robustness as a premier preprocessing or 

integrated solution for nondestructive testing. 

This study makes three pivotal contributions: (1) 

it provides a highly effective technical foundation 

with significant potential to transform quality 

assurance in manufacturing; (2) it inaugurates a 

Gaussian-free paradigm that prioritizes structural 

fidelity, which is a critical requirement for 

high-precision industrial applications; and (3) it 

provides an adaptive pixel-level fusion technology 

with precise control mechanisms for defect- 

specific enhancements. 
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ABSTRACT  

Background:　Exhibitions are an activity that is 

often attended by many companies around the 

world because of its benefits as a promotional 

event. Companies can build the image of their 

company and products and interact directly with 

buyers through an exhibition. With recent 

advances in technology, virtual exhibitions have 

begun being created as an alternative to 

conventional face-to-face exhibitions. This 

presents an opportunity to implement other 

technologies within these new type of exhibition, 

namely generative artificial intelligence. 

Methods:　This research involved the use of the 

Unity game engine to create a virtual 

environment resembling an exhibition space. 

Within this environment users can navigate their 

surroundings and view the products displayed at 

the exhibition. Generative artificial intelligence 

was then implemented to generate content based 

on the products available in the exhibition. A 

head mounted display and virtual reality 

controllers were used to view and control the 

application. Participants were instructed to test 

the application. Once done, they then filled out a 

user acceptance test in order to evaluate their 

experience of using the application and how the 

use of generative artificial intelligence impacted 

that experience.  

Results:　Five participants tested and evaluated 

the application. The implementation of 

generative artificial intelligence had a positive 

impact on the quality of the information provided 

by the application. In addition, it did not impact 

the immersion of the experience.  

Conclusions:　Generative artificial intelligence 

can be used in a virtual exhibition setting to 

dynamically generate content regarding 

available products.  

Keywords: generative artificial intelligence, unity, 

virtual exhibitions, virtual reality. 

Author α σ Ѡ: Department of Informatics, Universitas 

Multimedia Nusantara, Tangerang 15810, IDN. 

ρ: Department of Communication, Universitas 

Multimedia Nusantara, Tangerang 15810, IDN. 

I.​ INTRODUCTION  

Exhibition activities are a promotional event that 

is often followed by many companies and visited 

by many visitors all over the world. This activity is 

where companies can display products and 

services offered directly to exhibition visitors. 

There have been many exhibitions that have been 

held and new exhibitions continue to be held until 

now. There are several factors behind why many 

companies are willing to participate in 

exhibitions. Exhibitions provide opportunities for 

companies to build and improve the image of the 

company and products with consumers [1]. In 

addition, exhibitions provide an opportunity for 

companies to meet and interact directly with 

visitors in promoting them. Visitors can also 

interact with the products they are interested in 

and ask about the products [2]. 

However, there are some drawbacks experienced 

by companies and visitors when participating in 

exhibition activities. For companies, participating 

in exhibitions is something that requires 

significant expenditure. Capital will need to be 

spent to pay for things like exhibition employee 

salaries, venue rental prices, exhibition stand 

construction, and other promotional materials 

[3]. All of these costs make exhibition activities 

one of the largest expenses in many companies' 

promotional strategies [4]. Large exhibitions are 

also often crowded and crowded, which can make 

the experience confusing for both companies and 

visitors [5]. And, visitors will be limited in which 
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exhibitions they can attend due to factors such as 

exhibition capacity, exhibition location, and 

exhibition operating hours. 

Seeing the drawbacks of conventional exhibitions, 

the idea came up to build a virtual exhibition 

system using virtual reality technology. This 

system can bring a number of advantages for 

companies compared to conventional exhibitions. 

The costs spent will be cheaper [6]. This is 

because building stands or paying exhibition staff 

is no longer required. The benefits received for the 

costs incurred will also be valid for a longer period 

of time. They will not be limited to just a few days 

as with conventional exhibition periods. Products 

and services can also be updated according to 

company needs. In addition, a virtual exhibition 

can be offered throughout the world in countries 

that are initially difficult to reach using 

conventional exhibitions [6]. 

The use of virtual reality and artificial intelligence 

technology will also enhance the virtual exhibition 

experience with its own advantages. Virtual reality 

does this by allowing users to interact with the 

information in the application more naturally [7]. 

The use of virtual reality can create an experience 

as if the user is visiting a real exhibition. Artificial 

intelligence can be used to generate high-quality 

content [8]. This can be used to help fill the 

application content and provide the information 

that users want. 

However, virtual exhibitions have their own 

drawbacks. Companies that participate in virtual 

exhibitions find it difficult to measure the 

effectiveness of their marketing activities. 

Companies also find that interaction with visitors 

is more difficult to do in a virtual exhibition. It 

was found that direct interaction and follow-up 

contact with visitors is not as easy as compared to 

conventional exhibitions. And, the experience of 

visitors to virtual exhibitions also depends on the 

quality of the technology used such as hardware 

or visitor bandwidth [6]. Although virtual 

exhibitions have several drawbacks, the creation 

of a virtual exhibition system will give companies 

and visitors additional choices in how to 

participate in exhibition activities. These 

additional choices can help facilitate participants 

based on their individual needs. 

Similar research regarding virtual exhibitions has 

been carried out previously by a research paper 

titled "Evaluation of virtual tour in an online 

museum: Exhibition of Architecture of the 

Forbidden City" [9]. In it, a virtual tour of an 

online museum exhibition was constructed where 

users can move to pre-determined locations using 

movement buttons. User evaluation done in this 

research found that although the application was 

able to create a good sense of reality, the 

interactivity and methods of navigation in the 

application were found to be lacking. Another 

research paper titled “Efficacy of Virtual Reality in 

Painting Art Exhibitions Appreciation” created a 

virtual art gallery using virtual reality technology 

which was then also evaluated by user testing 

[10]. This research found that the use of virtual 

reality can be suitable for creating virtual art 

exhibitions. One more research paper titled 

“Virtual Reality Exhibition Platform” created 

virtual environments to represent a virtual 

exhibition which was done with the 

implementation of virtual reality [11]. 

However, the research papers previously 

mentioned are lacking in some areas. The first 

research paper did not implement virtual reality 

technologies in its virtual exhibition. There is also 

a difference in the type of exhibitions being made. 

The first research paper created a virtual museum 

tour whilke the second created a virtual art 

gallery. These are different from the type of 

exhbition that this reasearch paper would like to 

explore, namely the ones in which companies can 

market their products and services. The third 

research paper successfully created this type of 

exhibition. However, it did not conduct any user 

testing and evaluation to see the efficacy and 

levels of user satisfaction of the application. 

As such, this research aims to design and build a 

virtual exhibition system which uses virtual reality 

and artificial intelligence technology. This 

research also aims to measure the level of user 

satisfaction towards the virtual exhibition 

application. This paper will first discuss a 

literature review regarding topics related to the 
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research. The methodlogy of the research and how 

it was carried out will then be laid out. The results 

and findings of this research will be discussed 

next followed by conclusions that can be taken 

from this research. 

II.​ LITERATURE REVIEW 

2.1.​ Virtual Exhibitions 

Virtual exhibitions are often referred to as digital 

exhibitions, online exhibitions, online galleries, 

exhibitions in cyberspace. By using virtual 

exhibitions, exhibitors can develop the material 

presented in a broader and more lasting manner 

to attract the interest of exhibition visitors. In 

addition, the use of virtual exhibitions can save 

production costs, such as saving on insurance, 

shipping and installation costs [12]. And, virtual 

exhibitions can reach more people than 

conventional exhibitions. This is because everyone 

can access the information they need, as long as 

they have a computer or another device. Virtual 

exhibitions are also not limited by exhibition 

opening or closing times and can be available 24 

hours unlike conventional exhibitions [13]. 

In the current era, conventional exhibitions that 

are usually held by museums, libraries and other 

cultural organizations have now begun to switch 

to virtual exhibitions. This is because there are 

many benefits that can be obtained, such as 

convenience and cost savings. Virtual exhibitions 

can also be carried out via online video, 

streaming, social media, or via online chat. Each 

virtual exhibition method has its own advantages 

and disadvantages [14]. 

2.2.​ Virtual Reality 

Virtual reality is a technology that implements a 

virtual 3D environment that users can navigate 

and interact with [15]. The nature of virtual reality 

makes it different compared to other forms of 

digital media. Users are more involved in the 

virtual reality experience and can interact with 

information more naturally in the virtual world 

[7]. This is because virtual reality can provide an 

experience that feels more real [16]. Several 

different types of hardware are required to be able 

to use virtual reality. This includes stereoscopic 

displays, input devices, motion tracking hardware, 

and desktop/mobile platforms [17]. 

Virtual reality is often used by developers in 

various fields such as education, health and 

entertainment [18]. The adoption of virtual reality 

technology occurs because of a number of benefits 

obtained from its use. For example, the use of 

virtual reality can have a positive impact on 

students' ability to absorb learning materials [19]. 

The main advantage that virtual reality has is the 

freedom it gives users in the way they interact and 

navigate their virtual environment. This helps 

create a more realistic and natural experience for 

users [20]. 

2.3.​ Non-Player Character 

A non-player character is an interactive agent that 

is not controlled by the user. Instead, they are 

controlled by the AI ​​system in the application or 

system where they are implemented. The behavior 

and actions of a non-player character can be 

determined rigidly or created dynamically as the 

application progresses based on the design and 

algorithms used[21]. There are several functions 

that can be fulfilled using non-player characters. 

They can be used to teach users about features or 

mechanics in a game or application. They can act 

as allies who can help the user or enemies who 

will fight the user. They can also be neutral 

characters in virtual environments that can help 

contribute to atmosphere and realism [22]. 

A non-player character is an interactive agent that 

is not controlled by the user. Instead, they are 

controlled by the AI ​​system in the application or 

system where they are implemented. The behavior 

and actions of a non-player character can be 

determined rigidly or created dynamically as the 

application progresses based on the design and 

algorithms used[21]. There are several functions 

that can be fulfilled using non-player characters. 

They can be used to teach users about features or 

mechanics in a game or application. They can act 

as allies who can help the user or enemies who 

will fight the user. They can also be neutral 

characters in virtual environments that can help 

contribute to atmosphere and realism [22]. 
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One popular way that is often used to control 

non-player characters is to use finite state 

machines [23]. In a finite state machine, 

non-player characters will have several 

predetermined actions or behaviors that are 

represented as a state. The non-player character 

will then transition from one state to another 

when an input is received or a condition is met. 

Another way to implement non-player characters 

is to use behavior trees. A behavior tree consists of 

nodes that are connected in one direction to each 

other. Behavior trees start their execution from 

the root node which acts as the first node. After 

that there are several different nodes that can be 

used to model the desired behavior such as 

fallback, sequence, parallel, decorator, action, and 

condition nodes [24]. 

2.4.​ Generative Artificial Intelligence 

Generative artificial intelligence refers to artificial 

intelligence systems that have the ability to create 

new pieces of media through the use of generative 

models [25]. Generative artificial intelligence is a 

section of AI that has been gaining widespread 

use over recent years. One example of its use is 

the implementation of generative artificial 

intelligence in natural language processing. With 

this generative artificial intelligence can be used 

to process, interpret, as well as generate text [26]. 

Another way generative artificial intelligence is 

commonly used is in the creation of images. 

Text-to image generative models have made it 

possible to create images by entering a text 

prompt describing what image should be 

generated [27]. 

There are many different types of generative 

artificial intelligence that have been developed. 

One popular example of these different types are 

generative adversarial networks. Generative 

adversarial networks involve two competing 

neural networks, a generator and a discriminator. 

The generator is used to generate new samples 

while the discriminator judge samples to 

determine whether they are real or fake. These 

networks compete with each other in order to 

keep improving the samples generated by the 

generator until eventually it can no longer be 

distinguished from real samples by the 

discriminator [28]. 

III.​ METHOD 

In this research, virtual reality and artificial 

intelligence technologies were used to create a 

virtual exhibition application. The initial stage in 

creating this application was conducting a 

literature review to gather information on subjects 

related to the study. Virtual reality, non-player 

characters, virtual exhibitions, and generative 

artificial intelligence were among the subjects 

covered in the literature review.  The information 

gathered was then utilized to guide the research. 

Flowcharts were then used to design the 

application. The primary purpose of flowcharts 

was to define the functionality of the application 

and its features, as well as the methods in which 

users would interact with them. The application 

was designed with the use of six flowcharts. These 

include flowcharts for the main application, main 

gate, choice category, car search, non-player 

character, and chatbot features within the 

application. 

The main application flowchart explains the flow 

the application operates and how the user will 

interact with the application. It describes which 

features of the application that the user can 

engage with and in what sequence including the 

main gate, choose category and car search 

features. The main application flowchart can be 

seen in figure 1. 
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Figure 1: Main Application Flowchart 

What the user can accomplish in the application's 

main gate area is explained in the main gate 

flowchart. The primary function of the main gate 

is to allow visitors to select the exhibition they 

wish to view. Following the selection of an 

exhibition, the application will determine whether 

or not it is open for visits. The credits section is an 

additional part of the main gate where list of all 

the resources used to create the application is 

displayed for users to view. Figure 2 shows the 

flowchart for the main gate. 
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Figure 2: Main Gate Flowchart 

For the category selection function, the choose 

category flowchart was created. Users can alter 

the products on display in the exhibition hall here. 

There will be a variety of products linked to each 

category, which in this case are countries. The 

exhibition hall will use the display stands to 

showcase its items after a category has been 

chosen. Depending on how many display stands 

there are at the show, the products in a category 

will be divided into separate halls. For instance, a 

category with 13 products will be divided into two 

halls: one for the first eight products and another 

for the last five. After then, users can switch 

between the halls in a category by pressing the 

previous and next buttons. The choose category 

flowchart can be seen in figure 3. 
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Figure 3: Choose Category Flowchart 

The car search flowchart was used to design how 

players can search for a specific product within 

the application. Users can use two distinct 

dropdown lists to look for a specific product. The 

brand to which the product belongs is chosen 

from the first list. Selecting a brand from this list 

will change the second dropdown list's contents to 

include all of the chosen brand's products. After 

that, users can view the product by choosing it 

from the second selection. Figure 4 shows the 

flowchart for the car search. 
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Figure 4: Car Search Flowchart 

The purpose of the non-player character flowchart 

was to map out how non-player characters would 

behave within the application. It primarily relates 

to how they move through the virtual 

environment. The virtual environment contains 

pre-established checkpoints within it. After 

selecting one of these waypoints at random, the 

non-player character can begin moving in its 

direction. The non-player character's distance 

from its goal will be continuously measured. The 

non-player character will select a new one at 

random after reaching its destination if the 

distance is low enough. Figure 5 shows the 

flowchart for the non-player character. 

Implementation of Generative Artificial Intelligence in a Virtual Reality Exhibition

L
on

d
on

 J
ou

rn
al

 o
f 

E
n

gi
n

ee
ri

n
g 

R
es

ea
rc

h

©2025 Great Britain Journals PressVolume 25 | Issue 5 | Compilation 1.056



 

Figure 5: Non-Player Character Flowchart 

The Gemini API flowchart was made to represent 

how the Google Gemini API will be used in the 

application. The application will first receive a 

prompt from the user. The response text is then 

changed to “Running Chat Request” to inform the 

user that their prompt is being processed. An API 

call is made using the prompt and the application 

will wait for the result of the API call. The 

response string variable is also created with an 

empty value. The application will then check 

whether the result of the API call was successful 

or not. If the API call was successful, the response 

variable is assigned the value of the API call 

result. If the API call was unsuccessful, the 

response variable is assigned the value “An error 

occurred.”. The response text is then replaced 

with the value of the response variable. The 

flowchart can be seen in figure 6. 

 

 

Figure 6: Gemini API Flowchart 

Application development was later carried out 

using the Unity game engine. Development 

involves implementing the designs that have been 

made. Various Unity packages were used in the 

making of the application. The Unity XR Toolkit 

package was used to create the movement system 

allowing players to walk, turn and teleport. It was 

also used to create the interaction system which 

allowed players to interact with objects and UI 

using the virtual reality controllers. Other 

packages such as Probuilder and Terrain Tools 

were used to create the virtual environment of the 

application. 

The application that was developed took the form 

of a 3D virtual environment. Users can navigate 

this virtual space and interact with the objects 

within it. The application required the use of 

virtual reality hardware in order to be used. The 

Oculus Rift headset and controllers were used for 

development and testing purposes in this 

research. The virtual reality headset was used in 

order to display the application to users and to 

rotate the in-game first-person camera. The 
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controllers on the other hand were used by users 

to navigate and move around in the virtual 

environment of the application. 

Evaluation was carried out by having users try the 

application directly using virtual reality hardware 

such as headsets and controllers. A brief 

explanation was be given regarding the 

application and how to use the hardware. Users 

will then use the application and try all the 

features on it. Documentation of the testing 

process carried out by users can be seen in figure 

6. After users have finished trying the application, 

they will fill out a questionnaire to provide their 

level of satisfaction with the application. Testing 

and evaluation was carried out by a total of 5 

users. 

IV.​ RESULTS AND DISCUSSION 

4.1.  Development Results 

This research has succeeded in building a virtual 

exhibition system using virtual technology. 

Application development was carried out using 

the Unity game engine. The application created 

has several main features, namely a movement 

and interaction system, exhibition features, an 

audio system, and non-player characters. 

The movement and interaction system is how 

users can interact with the virtual world that has 

been created in the application. The movement 

system in the application is what allows users to 

traverse the virtual environment. Meanwhile, the 

interaction system facilitates users in interacting, 

influencing and obtaining information from the 

application. Because the application is built based 

on virtual reality technology, users will use a 

special controller as the main way to enter input 

into the application. 

There are several different methods that can be 

used to move within the application. The 

left-hand controller functions to move forwards 

and backwards. To rotate left and right, users can 

use the right-hand controller or the virtual reality 

headset. Apart from that, the right-hand 

controller can also be used to teleport where users 

can adjust their position and rotation instantly. 

Figure 7 shows the use of the teleportation system 

in the application. 

 

 

Figure 7: The Teleportation Feature 

There are also several ways in which users can 

interact with objects in the application. 

Interaction is mainly carried out using the left and 

right controllers which act as the user's hands. 

The desired interaction with an object can be done 

directly, such as holding the object in a user’s 

hand. Users can also use a ray coming out of their 

hands to interact with objects and the UI. This can 

be seen in Figure 8. Interaction with objects uses 

the grip button on the controller while interaction 

with the UI uses trigger button. 
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Figure 8: Interacting with Objects using a Ray 

The exhibition features discussed are features that 

can be used by users in virtual exhibitions on the 

application. The features created are the result of 

implementing the designs produced at the design 

stage. They cover how a user can use the 

application as a virtual exhibition. Included in this 

is how users can select the exhibition they want, 

view the desired product, and view information 

about a product. 

The exhibition selection feature is a way for users 

to select the exhibitions they want to visit. This is 

done at the main gate section of the exhibition 

building. The selection is made by taking an object 

that represents an exhibition and placing it on the 

selection table. If the selected exhibition can be 

visited then the button next to the entrance will 

turn green. If the exhibition cannot be visited then 

the button will turn red and an error message will 

appear once the button is pressed. This can be 

seen in Figure 9. Only the car exhibition can be 

visited at this time. 

 

 

Figure 9: Choosing an Exhibition that is Not Available 

The product selection feature is how users can 

search for the products they want at the 

exhibition. Users can do this by changing the 

contents of the exhibition space. The products at 

the exhibition are divided into several categories 

that users can choose from. Each category will 

then have several rooms that can be selected to 

change the contents of the exhibition space. In the 

car exhibition, the cars are divided based on their 

country of origin. After selecting a category, users 

can select the room or hall they want to view. 

With this, the contents of the exhibition room will 

change to show the cars in the selected hall. The 

category selection table can be seen in figure 10. 
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Figure 10: Category Selection Table 

Selection can also be done individually with the 

product search feature which can be seen in figure 

11. With this, users can search for products more 

specifically. In the car exhibition, the search 

feature functions by using a dropdown list 

containing all car brands in the application. Users 

can then select a desired brand. This action will 

add all products from that brand to the second 

dropdown list. Users can then select the products 

they want from the second dropdown list to make 

them appear. 

 

 

Figure 11: Product Search Feature 

Then there is the feature in the exhibition that 

function to provide information about a product. 

This feature facilitates users in finding 

information about the products they are 

interested in. At the car exhibition, information 

about a car is shown on a screen on the stand 

occupied by the car. The screen shows 

information about the car such as its name, 

dimensions, price, etc. Users can press buttons at 

the bottom of the panel to change the information 

displayed. The information screen display can be 

seen in figure 12. 

 

Figure 12: Product Information Feature 
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An audio system was developed in the application 

to make the application produce sound when 

used. The sound in the application comes from 

objects in the environment. Sounds can be played 

when the user interacts with an object. For 

example, there will be a sound when the user 

picks up and releases an object. There are also 

sounds that play continuously such as the music 

in an exhibition hall. 

The application uses two different types of audio, 

namely 2D audio and 3D audio. 2D audio is audio 

that is always played at the same volume. An 

example of using 2D audio in an application is for 

UI such as buttons and dropdown lists. 3D audio 

is audio that is played at a dynamic volume. The 

volume of 3D audio depends on the distance 

between the sound source and the user's position 

in the environment. 3D audio is used for things 

like the music in the exhibition hall and the sound 

of footsteps belonging to non-player characters. 

The non-player character or NPC feature in the 

application refers to characters who are controlled 

by the user. These characters are controlled by the 

application that will give instructions to regulate 

their behavior. With this, the movements of 

non-player characters are carried out 

independently without input from the user. 

Non-player characters are used in the app as a 

way to simulate the presence of other visitors at 

the exhibition. 

Navigation by non-player characters is carried out 

using the AI ​​navigation system provided by Unity. 

In this system, a NavMesh is used to mark areas 

that can be traveled by non-player characters. The 

shape of NavMesh can be modified using other 

components such as NavMeshObstacle and 

NavMeshVolumeModifier. The non-player 

character can then plan a path to a destination 

located in the NavMesh. Several destination 

points are spread across the exhibition room and 

are chosen by non-player characters at random. 

All this can be seen in figure 13 where the blue 

area is the NavMesh and the yellow dots are the 

destination points. Once selected, the non-player 

character will start walking towards that point. A 

new point will then be selected once the 

non-player character successfully reaches their 

destination. 

 

 

Figure 13: Navigation System for Non-Player Characters 

In addition, there are other non-playable 

characters in the form of guards and salespeople. 

These non-playable characters serve to provide 

the users with information. The guard characters’ 

function is to provide the user with information 

regarding the application. There are two guards 

within the application. The first guard is located 

in the main gate room. Users can ask the first 

guard questions about how to use the application 

such as how to interact with objects or teleport. 

The second guard is located in the exhibition 

room. Users can ask the second guard questions 

about exhibition features such as the car search 

feature or interaction with cars. Then there are 

the salespeople non-playable characters. The 

salesperson character is located at each car stand 

that has a product on display. The salesperson is 

used to ask questions about the cars on the stand. 

The salesperson starts with the user making a 

selection using the grip button on their controller. 

The salesperson will then check if the user also 

presses the trigger button while the grip button is 

being held to activate. If not, the salesperson will 

run the text to speech feature. If the trigger button 
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is also pressed, the salesperson will display the 

chat panel if it is not already displayed and close it 

if it is already displayed. In the chat panel, the 

user can use the AI ​​Chatbot feature to ask the 

salesperson questions about the cars displayed on 

the stand. Figure 14 shows a salesperson character 

within the application. 

In addition, there are other non-playable 

characters in the form of guards and salespeople. 

These non-playable characters serve to provide 

the users with information. The guard characters’ 

function is to provide the user with information 

regarding the application. There are two guards 

within the application. The first guard is located 

in the main gate room. Users can ask the first 

guard questions about how to use the application 

such as how to interact with objects or teleport. 

The second guard is located in the exhibition 

room. Users can ask the second guard questions 

about exhibition features such as the car search 

feature or interaction with cars. Then there are 

the salespeople non-playable characters. The 

salesperson character is located at each car stand 

that has a product on display. The salesperson is 

used to ask questions about the cars on the stand. 

The salesperson starts with the user making a 

selection using the grip button on their controller. 

The salesperson will then check if the user also 

presses the trigger button while the grip button is 

being held to activate. If not, the salesperson will 

run the text to speech feature. If the trigger button 

is also pressed, the salesperson will display the 

chat panel if it is not already displayed and close it 

if it is already displayed. In the chat panel, the 

user can use the AI ​​Chatbot feature to ask the 

salesperson questions about the cars displayed on 

the stand. Figure 14 shows a salesperson character 

within the application. 

 

 

Figure 14: Salesperson Non-Playable Character 

An AI ​​Chatbot feature is developed using the 

Google Gemini API. The resulting AI Chatbot is a 

table where users can type the desired prompt and 

get an answer based on what is entered. The AI 

​​Chatbot display can be seen in Figure 15. To enter 

a prompt, the user first needs to select the input 

column using the virtual reality controller being 

used. After that, the user can type the desired 

prompt using the virtual keyboard provided on 

the AI ​​Chatbot. When the user presses the Enter 

key, the typed prompt will be sent to the Google 

Gemini API. Google Gemini will then generate a 

response using the prompt provided by the user. 

This response will be sent back to the application 

and displayed by the AI ​​Chatbot table. 

The Google Gemini API is also used to display 

information about the cars at the exhibition. Each 

car is stored in the application as a scriptable 

object. This scriptable object contains data about 

a car such as the name, make and 3D model of the 

car. This data is used to send a prompt about the 

car to the Google Gemini API. The application will 

prompt about the description and features for 

each car. The text generated by Google Gemini 

will then be displayed on each car stand. 
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Figure 15: AI Chatbot Feature 

4.2.  Analysis of Evaluation Results 

Evaluation results from the questionairre that was 

filled out by users were analised by calculating the 

mean values. The mean of the answers given by 

users is calculated by dividing the total score of all 

answers by the number of answers. To calculate 

the total score for an answer, all the values ​​given 

by users will be added up based on their 

respective value weights. The final score is then 

calculated by adding up the means of each answer 

and dividing it by the number of answers in the 

questionnaire. The results of the user evaluation 

can be seen in table 1. 

 

The total score is calculated using the following formula: 

 𝑇𝑜𝑡𝑎𝑙𝑆𝑐𝑜𝑟𝑒 = 𝑎𝑛𝑠𝑤𝑒𝑟1𝐴𝑚𝑜𝑢𝑛𝑡 * 1( ) + 𝑎𝑛𝑠𝑤𝑒𝑟2𝐴𝑚𝑜𝑢𝑛𝑡 * 2( ) + 𝑎𝑛𝑠𝑤𝑒𝑟3𝐴𝑚𝑜𝑢𝑛𝑡 * 3( )

 + 𝑎𝑛𝑠𝑤𝑒𝑟4𝐴𝑚𝑜𝑢𝑛𝑡 * 4( ) + 𝑎𝑛𝑠𝑤𝑒𝑟5𝐴𝑚𝑜𝑢𝑛𝑡 * 5( )

The mean is calculated using the following formula: 

 

 𝑀𝑒𝑎𝑛 =  𝑇𝑜𝑡𝑎𝑙 𝑆𝑐𝑜𝑟𝑒
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑅𝑒𝑠𝑝𝑜𝑛𝑑𝑒𝑛𝑡𝑠

 

The final score is calculated using the following formula: 

 𝐹𝑖𝑛𝑎𝑙 𝑆𝑐𝑜𝑟𝑒 =  Σ𝑀𝑒𝑎𝑛
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑄𝑢𝑒𝑠𝑡𝑖𝑜𝑛𝑠

 

Table 1: User Evaluation Results 

Questions 
Number of Responses 

Mean 
1 2 3 4 5 

Is the visual quality of the application good?  0 0 0 2 3 88% 

Is the quality of the movement system in the application 

good? 
0 0 0 1 4 96% 

Are the interactions with objects and UI in the application 

good? 
0 0 1 3 1 80% 

Is the audio quality of the application good? 0 0 1 3 1 88% 

Is the quality of the content in the application good? 0 0 0 0 5 100% 

Is the information provided on products informative? 0 0 0 0 5 100% 

Is the application intuitive and easy to use? 0 0 1 2 2 84% 

Is the experience of using the application immersive? 0 0 0 2 3 92% 

As a whole, are you satisfied with the application? 0 0 0 1 4 96% 

Final Score 91.6% 
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With this, it can be interpreted that the virtual 

exhibition that was made had been received well 

by those who tried it. This is supported by a high 

final score of 91.6%. Users gave the highest score 

to the quality of the content and product 

information in the application with an average 

score of 100%. Meanwhile, the lowest score was 

given to the audio quality and user interaction 

with the objects and UI in the application. It can 

be concluded that the quality of the content in the 

form of exhibition products and the 

implementation of the Google Gemini API to 

display product information is quite good. 

However, the quality of the interaction system, UI 

display, and audio can still be improved. 

The results of this research differes from those of 

the virtual museum tour that had been previously 

discussed. The application that has been made 

performs better in terms of interactivity and 

immersion. This could come down to the less 

restricitve methods of navigation used as well as 

the use of virtual reality technology. With these 

results it can be said that this research has done 

well in creating a well-functioning virtual 

exhibition application which implements virtual 

reality technology and in measuring user 

satisfaction towards the application. The study is 

limited however in the users that were collected 

for evaluation purposes. Only 5 users were able to 

be found for this research. And, there is a lack of 

diversity in the types of users with them all being 

university students within the same age group. 

This research aimed to design and build a virtual 

exhibition system using virtual reality and 

artificial intelligence technology and to measure 

the level of user satisfaction towards the virtual 

exhibition application. With the carrying out of 

this research, user sentiments towards attending 

virtual exhibitions using virtual reality and 

artificial intelligence can be examined. Judging by 

the results, it would appear that users are open 

and willing to the idea. There are still questions to 

be held about the viability of hosting virtual 

exhibitions in this manner as this research only 

focused on the visitor side of things. How 

companies and brands feel about participating in 

these virtual exhibitions and whether the 

exhibitions can perform as well as conventional 

exhibitions still remain unanswered. 

V.   CONCLUSION  

This research has been successful in designing 

building a virtual exhibition system using virtual 

reality and artificial intelligence technology. After 

testing with 5 users using the user acceptance test 

method and Likert scale, the user satisfaction 

level was found to be 91.6%, which shows that 

users are very satisfied with the application that 

was built. Based on this value, it can be 

interpreted that users generally accept that the 

system has been created well. These results 

support the feasibility of using the virtual 

exhibition system based on virtual reality 

technology that has been produced. This provides 

justification to any interested in carrying out such 

exhibitions. The virtual exhibition that was 

produced also performed better in terms of 

immersion and navigation compared to other 

exhibitions which do not use virtual reality and 

artificial intelligence. This suggests that the 

implementation of virtual reality technologies 

played a role in enhancing the user experience 

and that it could perhaps be applied to enhance 

other virtual experiences. To further test the 

viability of virtual exhibitions using virtual reality, 

more research can be done regarding their 

performance for the businesses who decide to take 

part in them.This research has been successful in 

designing building a virtual exhibition system 

using virtual reality and artificial intelligence 

technology. After testing with 5 users using the 

user acceptance test method and Likert scale, the 

user satisfaction level was found to be 91.6%, 

which shows that users are very satisfied with the 

application that was built. Based on this value, it 

can be interpreted that users generally accept that 

the system has been created well. These results 

support the feasibility of using the virtual 

exhibition system based on virtual reality 

technology that has been produced. This provides 

justification to any interested in carrying out such 

exhibitions. The virtual exhibition that was 

produced also performed better in terms of 

immersion and navigation compared to other 

exhibitions which do not use virtual reality and 
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artificial intelligence. This suggests that the 

implementation of virtual reality technologies 

played a role in enhancing the user experience 

and that it could perhaps be applied to enhance 

other virtual experiences. To further test the 

viability of virtual exhibitions using virtual reality, 

more research can be done regarding their 

performance for the businesses who decide to take 

part in them. 
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