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ABSTRACT 

 

This paper discusses the complexities of non-destructive testing (NDT) for solid propellants in rocket 
motors, emphasising on the significance and evolution of various inspection techniques. It addresses 

the challenges associated with different propellant types and the inherent difficulties in defect detection. 

By highlighting recent advancements in digital methodologies and automated defect recognition (ADR), 
the study underscores the critical role of NDT in ensuring the safety and effectiveness of rocket motors, 

and points towards future technological trends and research needs. Given the crucial role of solid 

rocket motors in aerospace and defence, their inspection is paramount. Traditional methods, such as 

visual inspection (VI), have been essential for identifying surface defects such as cracks and debonding, 
though they are limited to surface anomalies. Advancements in radiographic testing, including 

conventional and digital radiography, have improved the detection of internal flaws such as voids, 

porosity, foreign objects or inclusions, and cracks. Digital radiography, utilising computed 
radiography (CR) and digital detector arrays (DDA), provides superior resolution and faster imaging, 

making it invaluable for detailed inspections. Ultrasonic testing (UT) has been instrumental, with pulse 

echo and through-transmission methods offering insights into internal discontinuities and bonding 

integrity. UT methods, particularly through-transmission, avoid contamination from couplants and are 
suitable for automated scanning. Shearography, using laser light to detect surface and subsurface 

defects, offers real-time feedback and quantitative analysis, particularly for detecting debonding and 

improper adhesion. Industrial computed tomography (ICT) provides high-resolution three-dimensional 
imaging, crucial for identifying structural abnormalities and ensuring propellant integrity, although it 

is challenged by high costs and operational complexity. Laser scanning thermography (LasST) 

generates detailed thermal maps to identify defects and material inconsistencies, making it suitable for 
in-line inspections during manufacturing. Recent advancements in NDT include integrating artificial 

intelligence (AI) and machine learning (ML) for ADR, enhancing defect detection, reducing human 

error, and supporting predictive maintenance. However, these technologies face challenges such as 

high costs, the need for specialised skills and the complexity of integration with existing methods. The 
future of NDT for solid propellants lies in developing cost-effective methods, standardised procedures, 

and portable equipment for on-site inspections. Embracing AI and ML will further automate and 

improve defect analysis, ensuring higher safety and performance standards for solid rocket motors. 
 

Keywords: Non-destructive testing (NDT); solid propellants; defect detection; inspection challenges; 

artificial intelligence (AI) and machine learning (ML).  
 

1. INTRODUCTION  

 

Solid propellants are energetic materials that can store substantial chemical energy, which is released 
through self-sustaining reactions that do not require additional oxygen. These propellants have diverse 

applications, including pyrotechnics, high explosives, as well as propellants for guns, missiles and 

rockets. They play a crucial role in rocket motor combustion, propelling missiles or rockets over 
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specified distances and ranges. Upon ignition, the propellant's exposed surface starts to burn, sustaining 
combustion within a confined chamber without the need for additional oxygen. The resulting 

combustion gases accumulate in the chamber and, once sufficiently pressurised, are released through 

the nozzle, generating thrust that propels the missile forward. A notable characteristic of these 

propellants is their inability to be extinguished or restored once ignited. This feature is essential for the 
missile's functionality, ensuring continuous propulsion once launched (Elghafour et al., 2018; Courty 

et al., 2021). 

 
Quality management and inspection of solid propellants are essential for ensuring their safety during 

storage and use. Traditionally, some inspection methods are destructive, involving the removal of rocket 

motors and conducting mechanical tests on small samples of the propellant. Visual inspections assess 
the condition of the grain, cylinder and structural integrity of the propellant. Chemical analysis is also 

performed to evaluate the stability of the propellant and ensure its composition remains stable without 

adverse reactions to the environment (Elbasuney et al., 2018). Periodic inspections, including 

destructive testing, require dismantling missiles or rockets, rendering them unusable for these tests. 
Samples are typically drawn from a batch and assumed to represent the overall condition of the batch, 

but they may not always accurately reflect the condition of each individual missile or rocket. These 

destructive methods are costly, and the results, when applied to the entire batch, necessitate a large 
safety margin for a significant portion of the batch (Bai et al., 2019). 

 

In the high-stakes realm of aerospace and defence, maintaining the integrity of solid rocket motors is 
critical. Non-destructive testing (NDT) has emerged as an essential technique, offering a comprehensive 

view of the internal condition of these motors without compromising their structure. An important 

advantage of NDT is its ability to be conducted without dismantling the components, allowing for the 

inspection of rockets and motors that are still in service (Zhirnov et al., 2021). This aspect not only 
conserves resources but also ensures the continuous assessment of operational equipment. Far from 

being merely precautionary, NDT is a vital practice for identifying potential defects that could lead to 

catastrophic outcomes (Jin et al., 2022). The methodologies of NDT have evolved significantly, 
adapting to the complex nature of solid propellants. Each method, from ultrasonic testing to 

sophisticated radiography, provides unique insights crucial for ensuring that solid rocket motors meet 

the rigorous safety and performance standards required in their applications (Genov et al., 2019).  

 
This paper explores the complexities of NDT techniques as applied to solid rocket motor inspections. 

The objectives include reviewing the different types of propellants and their common defects, as well 

as highlighting the critical role of various NDT methods in detecting these defects. The paper also 
discusses on significant challenges, such as high costs, as well as environmental and handling factors, 

that complicate inspections. Furthermore, it highlights recent advancements in technology, including 

the integration of artificial intelligence (AI) and machine learning (ML), which enhanced defect 
detection and analysis capabilities. The paper outlines future directions for NDT, emphasising the 

development of more sophisticated and cost-effective methods, the establishment of standardised 

procedures, as well as the adoption of portable and wireless equipment for on-site inspections. By 

examining these critical points, this paper aims to provide a comprehensive understanding of the current 
landscape and future potential of NDT in ensuring the safety and reliability of solid rocket motors.   

 

 

2. TYPE OF SOLID PROPELLANTS 

 

Solid propellants are categorised by their composition, physical form and burning characteristics 
(Sutton & Biblarz, 2010). There are two main types, which are homogeneous or colloidal, and 

heterogeneous or composite. Homogeneous propellants, such as single-base (nitrocellulose) and 

double-base (nitrocellulose with nitroglycerin), are uniform in composition and often include additives 

for stability and performance enhancement (Lysien et al., 2021). These propellants are shaped using 
extrusion or casting methods and find use in small arms and specific rocket applications due to their 

predictable burning rates (Cooper & Kurowski, 2016). Heterogeneous or composite propellants consist 

of binder or fuel matrix (e.g., hydroxy-terminated polybutadiene and castor oil), and oxidiser particles 
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(e.g., ammonium perchlorate), offering adaptable burning rates and high energy release for large-scale 
rocket applications (Yakovlev, 2018; Liu et al., 2023). Recent developments focus on environmentally 

friendly formulations, such as those based on ammonium dinitramide (ADN), addressing concerns such 

as toxicity and ozone depletion (Turner & Stowe, 2021). 

 
The physical form of solid propellants significantly influences their burning behaviour. Common 

geometries include cylindrical, tubular, star-shaped, cruciform, multi-perforated and anchor designs 

(Figure 1). These shapes control the surface area exposed to combustion, thereby dictating the thrust 
profile. For instance, star-shaped grains provide a larger surface area, leading to higher initial thrust, 

which then decreases as the star points recede (Sutton & Biblarz, 2010). The burning rate of solid 

propellants is a crucial factor in rocket performance, controlled by both the grain geometry and chemical 
composition of the propellant. Typically, the burning pattern progresses from the inner surfaces 

outward, influenced by the grain shape. Innovations in grain design aim to achieve more controlled and 

efficient burning patterns, tailored to specific mission requirements (Cooper & Kurowski, 2016). The 

burning pattern of the grain can be categorised into three types: neutral, which maintains a constant 
burning surface and consistent thrust; progressive, which features an increasing burning surface and 

ascending thrust curve; and regressive, which has a decreasing burning surface and descending thrust 

curve (Dîrloman et al., 2020; Alexander et al., 2024). 
 

 

 
Figure 1: Various shapes of solid propellants with the corresponding thrust patterns. 

Source: Korompili et al. (2024) 
 

 

3. TYPES OF SOLID PROPELLENT DEFECTS 
 

Propellant faults in solid rocket motors can significantly affect both performance and safety. These 

defects can notably impact the interior ballistic performance of a thruster, potentially causing the 
combustion chamber pressure and thrust deviation to exceed required limits. This can result in excessive 

burning surface and potential premature failure, which can negatively affect the thruster's performance 

and even lead to an explosion (Manson & Roland, 2019). The faults can be primarily categorised as 
grain defects and surface debonding. Grain defects are related to issues within the solid propellant, while 

bonding defects are linked to debonding at the propellant bonding interface and the presence of 

inclusions. Common flaws include voids, porosity, foreign inclusions, cracks, debonding and 

inadequate adhesion (Rong et al., 2022). 
 

 

3.1 Voids and Porosity 
 

Voids and porosity play a crucial role in the performance and reliability of solid propellants, 

significantly impacting both combustion properties and structural strength. Voids, which are air-filled 
spaces within the solid propellant, can range from tiny to several millimetres in diameter. These voids 

may arise from various manufacturing process characteristics, such as suboptimal mixing, inadequate 

gas elimination and uneven solidification rates. Additionally, the inherent properties of the propellant 

components may lead to the formation of vacant areas. Voids can be categorised into surface and interior 
voids, and further classified based on size into microscopic or macroscopic. According to Li et al. 
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(2014), the presence of voids can significantly alter the rate of propellant combustion, leading to 
unpredictable and inefficient burning. This diminishes the resilience of the propellant grain, increasing 

the likelihood of fracturing and raising the danger of accidents due to unpredictable combustion patterns 

and heightened susceptibility to external effects. Addressing these challenges requires a comprehensive 

strategy focusing on improving manufacturing techniques to minimise voids, implementing stringent 
quality control measures for early detection, and exploring new compositions and predictive modelling 

methods to mitigate the adverse effects of voids on propellant performance (Ponti et al., 2021). 

 
Porosity refers to the condition of having many small pores or empty spaces within a substance, which 

might be filled with gas or be empty. These pores significantly impact the physical properties and 

combustion characteristics of the propellant. Pores in solid propellants primarily result from the 
production process and are influenced by factors such as mixing methods, curing conditions and 

compatibility of propellant constituents (binder, oxidiser, fuel, etc.). Environmental factors, including 

temperature and humidity during storage, can also influence porosity (Bekhouche et al., 2016; Mezroua 

et al., 2016). Greater porosity can result in elevated burn rate due to increased surface area exposed to 
combustion. However, this can also lead to erratic and less manageable burn patterns, potentially 

undermining the reliability of the propulsion system. High porosity adversely affects the structural 

integrity of the propellant, making it more susceptible to mechanical stresses and probable fracture. In 
severe cases, this can result in catastrophic failure during operation (Naseem et al., 2019). 

 

Understanding and managing voids and porosity are essential for maximising the efficiency of solid 
propellants. Effective methods involve improving manufacturing processes, implementing strict quality 

control measures, as well as conducting continuous research on novel materials and prediction models. 

These measures ensure the safe and effective utilisation of solid propellants in propulsion systems 

(McClain et al., 2019). 
 

 

3.2 Foreign Objects or Inclusions 
 

Foreign objects or inclusions present substantial obstacles to both performance and safety in solid 

propellants. Contamination or deterioration of equipment during the propellant's mixing, casting or 

curing stages often introduces foreign substances, including metal shards, plastic fragments or dust 
particles. According to Gnanaprakash et al. (2019), the presence of these external entities within the 

propellant matrix is a critical concern, as they can significantly alter combustion dynamics, leading to 

unpredictable changes in burn rates and pressure profiles. Moreover, these inclusions serve as stress 
concentration points within the propellant grain, compromising its mechanical strength and increasing 

the likelihood of structural failures such as cracks or fractures. This not only undermines the propellant's 

effectiveness but also heightens potential dangers, especially during the demanding conditions of a 
rocket launch. In order to mitigate these risks, the industry has implemented strict quality control 

protocols and adopted advanced detection techniques such as X-ray imaging and ultrasound scanning 

(Gupta & Khan, 2021). These techniques are designed to quickly identify and locate any foreign objects. 

Additionally, there is a strong focus on improving the manufacturing process to enhance environmental 
cleanliness and precision. Ponti et al. (2021) suggested that regular maintenance and inspection of 

production equipment can also help to prevent contamination. Managing foreign objects or inclusions 

is crucial in propellant manufacturing, requiring strict adherence to procedures and use of advanced 
technologies to ensure the reliability and safety of rocket propulsion systems. 
 

 

3.3 Cracks 
 

Cracks are severe flaws with significant consequences for both the functionality and safety of solid 

propellants. Cracks typically occur due to a combination of factors, including mechanical stresses, 

thermal cycling, inadequate curing during manufacturing, as well as the presence of impurities and 
inclusions within the propellant matrix (Li et al., 2020). They range in size from microscopic fissures 

to larger fractures visible to the naked eye and can spread and grow over time due to operational stresses. 
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Cracks in a propellant grain substantially impact its combustion behaviour, resulting in higher burn 
rates and potential pressure instabilities in the rocket motor. This non-uniform combustion can lead to 

uneven propulsion, negatively affecting flight path and stability. Cracks also compromise the propellant 

grain's structural integrity, making it vulnerable to catastrophic failure during the high-stress conditions 

of rocket operation (Wu et al., 2022). Addressing this issue requires meticulous oversight of the 
manufacturing process, ensuring consistent curing, as well as minimising thermal and mechanical 

strains. Rong et al. (2022) suggested that early detection of cracks is crucial to prevent the production 

of low-quality solid propellants. Additionally, ongoing research focuses on developing new propellant 
formulations and additives to enhance material durability and reduce the likelihood of cracking. 

Emphasising early detection and prevention is essential for preserving the structural integrity and 

reliability of solid propellants, thereby ensuring the safety and effectiveness of rocket motors. 
 

 

3.4 Debonding and Improper Adhesion 

 
Bonding issues between solid propellant components pose significant engineering challenges in the 

design and optimisation of rocket motors, substantially impacting both effectiveness and safety. 

Bonding in rocket motors refers to the adhesion between separate layers of propellant, or between the 
propellant and motor casing. Establishing this bond is crucial for maintaining structural integrity and 

enabling efficient force transmission during rocket operation. Primary factors contributing to bonding 

issues include inadequate surface preparation, incompatibility between propellant and liner materials, 
environmental degradation, as well as defects in the propellant curing process (Hoffmann et al., 2020). 

Insufficient adhesion can lead to the formation of gaps or separations at the interface, resulting in 

localised areas of high temperature and uneven propulsion. This can cause deviations in the intended 

path or, in extreme cases, complete failure. Additionally, the presence of debonds increases the 
likelihood of crack formation and propagation, further undermining the structural integrity of the 

propellant grain, particularly under the extreme conditions experienced during launch and flight (Lei et 

al., 2022). 
 

In order to address these bonding issues, it is essential to enhance the manufacturing process through 

meticulous surface preparation, careful selection of compatible materials and precise regulation of 

curing conditions (Liu et. al, 2022). Advanced diagnostic techniques, such as ultrasonic testing and 
radiography, can evaluate bond integrity without causing harm. Contemporary rocketry research 

focuses on developing new bonding agents and techniques that can withstand extreme operational 

conditions, aiming to improve the reliability and safety of solid rocket motors in various aerospace 
applications (Hoffmann et. al., 2020). Incorporating rigorous quality control measures, such as NDT 

methods, throughout the manufacturing process is crucial for assessing adhesion quality and ensuring 

the safe and effective functioning of the motors (McClain et al.,2019). 
 

 

4. NDT INSPECTION METHODS 

 
As discussed in the previous section, solid propellants can experience numerous manufacturing defects 

and operational deteriorations. The subtle and hidden nature of these flaws necessitates the use of 

advanced NDT methods for detection. These techniques enable early identification and characterisation 
of potential defects, allowing for timely corrective actions. Technological advancements in NDT have 

introduced various specialised methods tailored for solid propellants, such as visual inspection, X-ray 

radiography, ultrasonic testing, microwave testing, shearography, computed tomography and live 
scanning thermography radiography. Each technique provides unique insights into the structural 

condition of the propellant. Employing NDT for inspecting solid propellants not only enhances the 

safety and reliability of rocket motors but also plays a crucial role in optimising production processes 

and extending the lifespan of rocket motors (Viswanathan & Suryanarayana, 2023). 
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4.1 Visual Inspection (VI) 

 

VI is a fundamental and extensively employed NDT technique for assessing solid propellants. Figure 2 

shows an example of a borescope available in the market for conducting VI for solid propellants. 
According to Gamdha et al. (2021), this approach relies on the observational skills of the inspector, 

supported by various tools, to evaluate the external condition and structural soundness of the propellant. 

VI is effective in identifying surface-related flaws such as cracks, surface erosion, inadequate bonding 
and foreign material inclusion (Dwivedi et al., 2018).  

 

 

 
Figure 2: An example of a borescope available in the market for conducting VI for solid propellants. 

Source: Triplett (2024) 

 

 

Korompili et al. (2024) stated that VI can be conducted through direct observation or with the aid of 
inspection tools. Direct observation involves a qualified inspector directly examining the propellant 

surface for visible defects such as fractures, voids, surface irregularities, colour variations or other 

anomalies that may indicate underlying problems. They found that tool-assisted inspection is an 
advanced VI method that uses magnifying glasses, mirrors, videoscopes or borescopes to examine hard-

to-reach areas or magnify small flaws. High-resolution cameras or video equipment are sometimes used 

for documentation and detailed examination, converting images into video signals for digital analysis. 

 
The advantages of VI include its ability to easily identify surface damage and defects, operational 

simplicity, and high testing efficiency. It is characterised by its simplicity, cost-effectiveness and ability 

to yield immediate results. However, VI has limitations, including its inability to detect subsurface 
problems, as it can only identify surface defects. The efficacy of this approach is influenced by human 

factors, increasing the likelihood of errors. VI is commonly used as an initial assessment method, which 

can be supplemented by more sophisticated non-destructive procedures for comprehensive evaluation 

(Hassani & Dackermann, 2023). 
 

 

4.2 Radiographic Testing  

 

Radiographic testing utilises radiation absorption to penetrate materials, considering their density and 

thickness. The radiation source can be an X-ray tube or gamma rays emitted by radioactive isotopes 
such as Iridium-192 or Cobalt-60. As the radiation beam penetrates the substance, the absorbed dosage 

varies with the material's density and thickness. Thicker or denser areas absorb more radiation, 

appearing lighter on the image, while thinner or less dense areas absorb less, appearing darker. 

Radiographic testing can be divided into traditional and digital methods. It is a reliable technique for 
detecting internal flaws in solid propellants, such as voids, inclusions, cracks and porosity. This 

technology provides two-dimensional imagery, making it highly beneficial for routine inspections and 

quality control (Namboodiri et al., 2020). 
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4.2.1 Conventional Radiography 
 

Conventional radiography utilises industrial film to capture images. After exposure to radiation, the 

film is developed in a darkroom, revealing an image that maps the internal structure of the propellant. 

This process provides a tangible and permanent radiographic record valuable for research and 
documentation. However, conventional radiography cannot provide real-time imaging. The film 

requires time for development in a darkroom and must be handled carefully to avoid light exposure 

before the image is fully developed. Remakanthan et al. (2015) used conventional radiography to 
analyse and inspect solid rocket motors. They examined large rocket motors with diameters exceeding 

300 mm using a high-energy x-ray source. Two methods were employed: tangential radiography to 

inspect the interface between the case or insulation and the propellant grain; and normal radiography to 
detect flaws or cracks in the propellant grain. For this high-energy X-ray application, film as an image 

capture method is suitable due to its ability to absorb and handle high dose of radiation. This technique 

was also employed by Bikash & Kankane (2007) to estimate the location of defects in propellant grain. 

They used two radiographic images at different orientations and fixed a known point of a lead letter on 
the propellant. The dimensions of the letters were computed from the (r, θ) values of two corners, 

showing close agreement with the actual dimensions and confirming the method's applicability for 

estimating defect locations. 
 

 

4.2.2 Digital Radiography  
 

Digital radiography testing surpasses conventional radiography in technological advancement. The two 

predominant techniques are computed radiography (CR) and digital detector array (DDA). Both utilise 

radiation absorption to create digital images, offering enhanced clarity and precision when examining 
solid propellants. High-resolution images facilitate the identification of tiny faults, crucial for ensuring 

the rocket motor's performance and security by identifying weaknesses that could undermine them 

(Economou et al., 2022). 
 

A CR system consists of a correlated readout unit and a storage phosphor imaging plate (IP). The 

phosphor layer in the IP absorbs energy and creates a hidden image using differential absorption patterns 

that correlate to the material's internal structure. A laser scans the IP in the reader, activating the 
phosphors to emit light proportional to the accumulated radiation energy. Photodetectors capture this 

light and transform it into an electrical signal (Williams et. al., 2007). Bikash et al. (2011) compared 

CR and conventional radiography for a rocket engine with diameter of 225 mm and filled with 
composite propellant grain using a 450 kV x-ray source. The CR system used a high-density IP (HDIP) 

or blue plate, while MX-125 industrial film captured the image. They demonstrated CR's wide dynamic 

range in analysing solid propellant by capturing intricate details of the propellant grain and surfaces in 
a single exposure. They also used a 4 MeV linear accelerator (LINAC) X-ray source to examine solid 

propellant rocket motors with diameters of 540 and 740 mm. 

 

DDA is a flat panel device that converts radiation energy into a digital image. DDA offers faster imaging 
capabilities, superior image resolution and decreased radiation exposure as compared to CR. It consists 

of a matrix of discrete detector elements or pixels that detect the incoming radiation beam penetrating 

the object under examination. Each pixel serves as a small-scale radiation detector that absorbs the 
energy. There are two mechanisms to convert radiation energy into a digital image, direct and indirect. 

Direct detection systems use detector material, such as amorphous selenium, which directly converts 

X-ray photons into an electrical charge, providing high-resolution photos. Indirect detection systems 
employ scintillator material to transform X-ray photons into visible light, which is then converted into 

an electrical signal by photodetectors, such as charge-coupled device (CCD) or complementary metal-

oxide-semiconductor (CMOS). sensors. This two-step procedure is sensitive and efficient in reducing 

radiation exposure. The system's software processes the electrical impulses from each pixel to generate 
a digital image (Morigi & Albertin, 2022). Figure 3 shows a digital radiography system that can be use 

either a DDA or CR system. 
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Figure 3: Digital radiography systems: (a) DDA (b) A CR system consisting of a reader and IP. 

Source: Durr NDT (2024) 

 

Ravindran (2006) used a flat panel detector with resolution of 400 microns to examine solid propellants 

measuring 10 mm in diameter, identifying flaws such as cracks, voids and irregularities within the 
propellant grain. Muhammad et al. (2023) employed DDA to examine a double-based solid propellant 

with diameter of 50 mm and length of 120 mm. They demonstrated that using a high-energy X-ray 

source and increasing the frame integration number enhanced the signal-to-noise ratio (SNR). The 

frame integration number amalgamates several images into a single average image, reducing the impact 
of random variations and resulting in improved image quality. Enhanced radiation energy improves 

signal penetration through the object while reducing scattering effects (Figure 4). 

 

Figure 4: Digital radiography image of a propellant taken at 80 kV with a frame integration number of 8. 

Source: Muhammad et al. (2023). 

4.2.3 Safety and Hazard Management of Radiation Exposure 
 

Safety in controlling ionising radiation exposure is paramount in both traditional and digital 

radiography. Film processing for conventional radiography requires the use of hazardous chemicals and 

higher radiation doses, necessitating significant safety measures such as thorough shielding, personal 
protective equipment and careful handling of chemical reagents. While digital radiography requires 

lower radiation doses and eliminates chemical processing hazards, strict safety protocols remain 

essential. This includes adherence to safety regulations to protect operators, routine equipment 
maintenance, and continuous radiation level monitoring. In Malaysia, the Atomic Energy Licensing 

Board (AELB) enforces the regulation regarding the licensing and supervision of atomic energy use, 

including radiographic equipment and radiation safety, under the Atomic Energy Licensing Act 1984. 

This act ensures that all radiographic practices comply with stringent safety and regulatory standards. 
Training in radiation safety, adherence to regulatory standards and use of dosimetry to monitor exposure 

are crucial for maintaining a safe radiography workplace. Despite advancements in digital radiography 

technology, the fundamental principles of radiographic safety, which prioritise mitigating radiation 
threats and rigorous adherence to safety criteria, remain unchanged (Government of Malaysia, 2011). 

 

(a) 

Imaging Plate (IP)  Reader 
DDA 

(b) 
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4.3 Ultrasonic Testing (UT) 
 

UT employs a transducer to generate high-frequency ultrasonic sound waves that penetrate materials. 

These sound waves travel through materials at velocities determined by their acoustic properties, 
specifically density and elastic modulus. In a homogeneous, defect-free material, the waves propagate 

uniformly and continuously. UT is particularly useful in examining solid rocket motors to detect issues 

with propellant coating layers and interface debonding (Li et al., 2015). The two primary types of UT 
are pulse echo and through-transmission. Pulse echo uses a single transducer, while through 

transmission utilises two transducers (Kurabayashi et al., 2010).  
 
 

4.3.1 Pulse Echo  

 
Pulse echo employs ultrasonic pulses directed into the propellant. When these pulses encounter 

boundaries or discontinuities, such as defects, within the material, they are reflected back to the 

transducer. The time it takes for the echoes to return is measured to determine the location and size of 

the defect (Nudurupati, 2021). The strength of the echo provides insights into the nature of the defect. 
This method requires a couplant to act as a medium between the transducer and the solid propellant, 

ensuring effective transmission of ultrasonic waves. Without the couplant, the air gap between the 

transducer and propellant surface would significantly reflect and scatter the ultrasonic waves, impeding 
their entry into the material. Different materials have varying acoustic impedances, which define the 

resistance an ultrasound wave encounters as it travels through a medium. The couplant helps match the 

acoustic impedance between the transducer (typically piezoelectric material) and the solid propellant, 
minimising energy loss at the interface. The couplant also displaces air from the surface interface, 

preventing the reflection and absorption of sound waves in air gaps, which would otherwise lead to poor 

signal quality and false indications. It provides a consistent medium through that ultrasound waves can 

travel, ensuring uniform signal strength and clarity, which is crucial for accurate defect detection and 
characterisation in solid propellants (Smith & Doe, 2020).  

 

 

4.3.2 Through Transmission 

 

Through transmission utilises two transducers, one acting as a transmitter and the other as a receiver. 

In this non-contact method, ultrasonic waves are transmitted by one transducer and received by the 
other through the test material. This approach has been stated by Tiwari & Raisutis (2016) that is 

superior to the contact method, which requires a couplant as a medium, leading to time-consuming and 

unstable acoustic coupling when the transducer moves on the test surface. Additionally, it prevents 
secondary contamination on the test material's surface since no couplant is applied. Kurabayashi et al. 

(2010) suggested that using air as a medium in the non-contact method is effective for inspecting solid 

propellants. They reported that this method is better suited for automatic scanning as it avoids 
contaminating the solid propellant with couplant. However, the significantly lower acoustic impedance 

of air compared to other materials poses a challenge, causing acoustic damping. Another study by Huan 

et al. (2022) on solid propellant quality using ultrasonic testing found that air coupling yielded stable 

signals, good reproducibility and signal amplitude unaffected by coupling pressure. The transducer used 
in their study was made from special materials capable of transmitting ultrasonic waves at different 

frequencies. They recommended that the thickness of the solid propellant inspected using this through 

transmission method should be limited to up to 100 mm (Figure 5). 



 

114 
 

 

Figure 5: Application of ultrasonic trough transmission for solid propellant examination at a 

laboratory scale. 

(Source: Huan et al., 2022) 

 

 

4.4  Shearography 

 

Shearography employs a laser light source to coherently illuminate an object, forming a speckle pattern 
when light of the same wavelength and phase reflects off an uneven surface. This pattern results from 

the stochastic interference between reflected light waves. The speckle pattern of an object is captured 

when it is not subjected to any external force. After applying external stress, such as thermal, mechanical 

or vacuum stress, another speckle pattern is recorded to capture the resulting deformations. By 
comparing these patterns, shearography can identify and measure surface and subsurface abnormalities 

such as delaminations, cavities, cracks and inclusions (Tao et al., 2022). 

 
Shearography is highly beneficial for examining solid propellants because it can accurately identify 

surface and subsurface defects with great sensitivity. Detecting areas of high-stress concentration helps 

forecast potential failure locations in propellant materials. Shearography can also be performed in real 
time, providing instant feedback and enabling quick assessment during manufacturing or maintenance 

inspections. This method is essential for assessing adhesive strength at the interface between distinct 

propellant layers and is extremely effective in identifying small imperfections that might be overlooked 

by other methods. Studies by Wang et al. (2021) and Liu et al. (2022) demonstrated that shearography 
can detect debonding defects with a minimum diameter of 2 mm. Figure 5 shows phase maps of solid 

propellants containing debonding defects measuring 2, 3 and 4 mm respectively. Shearography offers 

numerous benefits, including its non-contact nature, ensuring safety when handling dangerous or fragile 
materials, its capacity to identify even the tiniest flaws, as well as its ability to produce accurate 

quantitative data. However, the method has several drawbacks, such as its complex nature, the need for 

expert interpretation of results, as well as potential restrictions on analysing certain types of materials 

or geometries (Sun et al., 2019).  
 

 

Figure 6: Phase maps of the solid propellants with debonding defects of (a) 2 mm, (b) 3 mm and                

(c) 4 mm. 

(Source: Liu et al., 2022) 
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4.5  Industrial Computed Tomography (ICT) 

 

ICT is an advanced NDT method used for examining solid rocket motors. It relies on X-ray absorption 

to provide accurate geometric data from cross-sectional images of both external and internal structures. 
An ICT system comprises an X-ray source, a rotary table, an X-ray detector, a workstation for 

processing and software for 3D image construction and data analysis. ICT utilises emitted photons to 

project a radiation beam through an object from various angles, generating cross-sectional images after 
a full revolution (Figure 7). As the radiation beam traverses the object, part of it is absorbed, while the 

remainder is scattered or transmitted. The detector collects the photons that pass through the object, 

which are then visualised by the computer, allowing for a complete reconstruction of the scanned object. 
The scattered and absorbed X-rays undergo attenuation, decreasing radiation intensity and preventing 

them from reaching the detector. This method is highly regarded for its numerous advantages, including 

high-resolution imaging, crucial for identifying tiny structural abnormalities and flaws, ensuring the 

dependability and safety of the propellants. ICT's non-invasive characteristic preserves the structural 
integrity of the propellant, enabling multiple inspections over time (Dai et al., 2022). 

 

 
Figure 7: An example of an ICT system that is available in the market. 

(Source: Visiconsult, 2024) 

 

A distinct advantage of ICT is its capacity to generate three-dimensional analyses, providing a 
comprehensive view of the propellant's internal structure, which is crucial for evaluating the material's 

integrity and performance. It excels in analysing materials by differentiating them according to their X-

ray attenuation coefficients, allowing for the evaluation of propellant mixture uniformity and the 
identification of any foreign materials. Moreover, sophisticated ICT systems are equipped with 

automated defect recognition algorithms, enhancing the efficiency and precision of the inspection 

process. ICT is highly effective at identifying a wide range of flaws in solid propellants, including void 
formations that can significantly impact combustion rates and overall performance, as well as the 

detection of cracks and fissures that may expand under pressure, leading to structural collapse 

(Ravindran et al., 2008; Fan & Tan, 2013). Additionally, it effectively identifies changes in density, 

ensuring uniform propellant function, and evaluates the strength of connections when propellants are 
combined with other substances (Muralidhar et al., 2009). 

 

Despite its significant benefits, ICT is not without limitations and challenges. One major issue is the 
substantial financial cost involved in purchasing and maintaining the equipment, making it a significant 

investment for many organisations. The high operational expenses are further exacerbated by the need 

for skilled personnel with expertise in ICT operation and data interpretation. Additionally, the 
thoroughness of ICT scanning and data reconstruction processes can be time-consuming, leading to 

longer inspection cycles as compared to other NDT methods. This can be a significant challenge in 

high-volume production environments where fast throughput is crucial. Furthermore, although ICT 

offers exceptional precision and thoroughness, its resolution constraints may occasionally hinder the 
identification of extremely subtle flaws, particularly in materials with low X-ray contrast (Dakak et al., 

2022). Managing the large amounts of data generated by ICT scans also poses a challenge, requiring 

robust computational resources and sophisticated software for storage, processing and analysis, which 
can result in higher operational complexity and cost. Moreover, as radiation safety in ICT systems is 
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comparable to other conventional and digital systems, it involves implementing strict protective 
measures and maintaining controlled operating environments to minimise X-ray exposure. These 

precautions could complicate the setup and use of ICT systems. Comprehensive shielding and safety 

protocols to protect operators and other personnel from radiation exposure can increase operational and 

infrastructure complexity (Inoue, 2023). 
 

 

4.6  Laser Scanning Thermography (LaaST) 
 

LasST is a thermal imaging technique that detects and analyses potential defects that could undermine 

the integrity of solid propellants. LasST's advanced scanning abilities offer detailed thermal maps 
crucial for identifying even the tiniest defects or variations in composition, which can lead to significant 

performance problems or catastrophic failure. As the line-shaped heat source moves across the 

propellant's surface, the infrared camera detects and records the thermal reaction, capturing small 

differences that could indicate inclusions, voids, cracks or areas with uneven density. These 
imperfections affect the material’s thermal conductivity and heat storage capacity, resulting in abnormal 

thermal behaviour observable in the recorded data (Xie et al., 2024). 

 
Rong et al. (2022) demonstrated LasST's ability to detect multiple orientations of surface and hidden 

cracks in solid propellant (Figure 8). Additionally, it can detect adhesion defects in the cladding layer 

(Wang et al., 2021). The real-time monitoring capability of LasST is well-suited to the production and 
quality control processes of solid propellants, allowing for swift scanning of extensive surfaces, making 

it ideal for in-line inspection. This ensures that any irregularities are promptly identified during 

manufacturing, minimising risks and reducing the probability of defects in the final product. This 

feature is particularly advantageous given the rigorous safety and reliability standards mandated in the 
aerospace sector. Furthermore, LasST's ability to detect changes in thermal properties can be utilised to 

evaluate the uniformity of the propellant mixture. Uneven distribution of the binder or oxidiser within 

the propellant can be identified by meticulously analysing the thermal images, as such inhomogeneities 
can negatively impact the burn rate and overall effectiveness of the propellant. This capability assists 

in examining completed propellant grains and offers valuable input during the propellant mixing and 

casting processes (Kakami et al., 2008). 
 
However, applying LasST in solid propellant inspection is not without challenges. The complex 

geometry of some propellant grains, combined with the inherently heterogeneous composition of the 

material, can complicate the interpretation of thermal data. Advanced data processing algorithms and a 
thorough understanding of the material's thermal behaviour are essential to accurately identify and 

characterise defects. Additionally, the presence of highly energetic materials necessitates stringent 

safety protocols during inspection to prevent any risk of ignition by the heat source (Buchanan, et al., 
2019).  

 

 

Figure 8: Schematic diagram of LasST. 

(Source: Rong et al., 2022) 
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5.  COMPARISON OF NDT INSPECTION METHODS 

 

Solid propellant inspection is crucial for ensuring the reliability and safety of rocket motors, given the 

complex and heterogeneous nature of these materials. This paper explores various NDT methods, 

including VI, radiographic testing, UT, shearography, ICT and LaaST. Each method offers distinct 
advantages and limitations, and is employed to detect and characterise internal defects and material 

inconsistencies that could compromise the integrity and performance of solid propellants. Collectively, 

these techniques provide a comprehensive evaluation framework for solid propellant inspection. A 
summary of these techniques, highlighting their benefits and drawbacks, is presented in Table 1. 

 
Table 1: Summary of NDT methods with their advantages and limitations. 

NDT Method 
Type of Defects 

Identified 
Advantages Limitations References 

Visual 

Inspection 

(VI) 

 Surface-related 

flaws: Cracks, 

surface 

erosion, 

debonding and 

inclusion. 

 Simple. 

 Cost-effective. 

 Immediate results. 

 Easily identifies 

surface damage and 

faults. 
 High level of testing 

effectiveness. 

 Cannot detect subsurface 

defects. 

 Relies heavily on the 

skill and observation 

abilities. 

 Human errors are more 
likely. 

 Korompili et 

al. (2024) 

Conventional 

Radiography  

 Internal flaws: 

Debonding, 

inclusions, 

cracks, voids 

and porosity. 

 Provides a permanent 

radiographic record. 

 Suitable for high-

energy X-ray 

applications. 

 Can inspect large 

rocket motors.  

 Capable of estimating 

defect locations using 

multiple images. 

 Inability to provide real-

time imaging. 

 Requires time for 

development in a 

darkroom. 

 High radiation dosage 

required. 

 Usage of dangerous 

chemicals for film 

processing. 

 Bikash & 

Kankane 

(2007) 

 Remakanthan 

et al. (2015) 

 

Digital 
Radiography: 

Computed 

Radiography 

(CR) 

 Internal flaws: 
Debonding, 

inclusions, 

cracks, voids 

and porosity. 

 Wide dynamic range. 
 High-resolution 

images. 

 Suitable for analysing 

solid propellants. 

 Capable of detailed 

inspection in a single 

exposure. 

 Can utilise high-energy 

X-ray sources for large 

propellant grains. 

 Expensive technology. 
  Requires careful 

handling and processing. 

 Sensitive to radiation 

levels and environmental 

conditions. 

 Regular maintenance 

needed. 

 Regulatory compliance 

necessary. 

 Continuous radiation 

level monitoring 
required. 

 Bikash et al. 
(2011) 

Digital 

Radiography: 

Digital 

Detector 

Array (DDA) 

 Internal flaws: 

Debonding, 

inclusions, 

cracks, voids 

and porosity. 

 Superior image 

resolution.  

 Faster imaging 

capabilities. 

  Decreased radiation 

exposure. 

  Effective for detecting 

small defects. 

 Capable of direct and 

indirect radiation 

detection. 

 Image averaging 
improves image 

quality. 

 Expensive technology. 

 Requires complex 

calibration and setup. 

 High sensitivity to 

environmental 

conditions. 

 Regular maintenance 

needed. 

 Requires high-energy X-

ray sources for optimal 

results. 

 Regulatory compliance 
necessary. 

 Ravindran 

(2006) 

 Muhammad 

et al. (2023) 
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  Continuous radiation 

level monitoring needed. 

Ultrasonic 

Testing (UT): 

Pulse Echo  

 Defects such as 

boundaries and 

discontinuities 

within the 

material. 

 Can determine location 

and size of defects. 

 Provides insights into 

the nature of the 

defect. 
 Contact method 

ensures effective 

transmission of 

ultrasonic waves. 

 Requires couplant for 

effective transmission. 

 Couplant displacement 

necessary to avoid 

reflection and absorption 
of sound waves in air 

gaps. 

 Potential for poor signal 

quality and false 

indications if not 

properly coupled. 

 Nudurupati 

(2021) 

Ultrasonic 

Testing (UT): 

Through 

Transmission  

 Defects such as 

boundaries and 

discontinuities 

within the 

material. 

 Allows for automatic 

scanning. 

 Stable signals with 

good reproducibility. 

 No couplant needed, 

thus avoiding 

contamination. 

 Lower acoustic 

impedance of air as 

compared to other 

materials can cause 

acoustic damping. 

 Limited effectiveness for 

solid propellants thicker 
than 100 mm. 

 Potential challenges in 

maintaining stable 

acoustic coupling when 

using air as a medium. 

 Kurabayashi 

et al. (2010) 

  Huan et al. 

(2022) 

Shearography  Surface and 

subsurface 

abnormalities 

such as 

delaminations, 

cavities, 

cracks, and 
inclusions. 

 High sensitivity in 

identifying small 

flaws. 

 Real-time feedback. 

 Accurate quantitative 

data. 

 Effective for detecting 
small imperfections 

and assessing adhesive 

strength. 

 Complex equipment 

 Requires expert 

interpretation of results 

 Potential restrictions on 

analysing certain 

materials or geometries. 

 Wang et al. 

(2021) 

 Tao et al. 

(2022) 

 Liu et al. 

(2022) 

 

Industrial 

Computed 

Tomography 

(ICT) 

 Internal voids, 

cracks, 

inclusions and 

density 

changes. 

 

 High-resolution 

imaging for identifying 

tiny structural 

abnormalities. 

 Enables multiple 

inspections over time. 

 Generates three-

dimensional analyses 

to provide 
comprehensive internal 

views. 

 Differentiates materials 

based on X-ray 

attenuation 

coefficients. 

 Automated defect 

recognition algorithms 

enhance efficiency and 

precision. 

Evaluates uniformity 

and foreign material 
presence in propellant 

mixture. 

 High financial cost for 

equipment procurement 

and maintenance. 

 Requires skilled 

personnel for operation 

and data interpretation. 

 Time-consuming 

scanning and data 

reconstruction processes. 
 Longer inspection cycles 

as compared to other 

methods. 

 Requires robust 

computational resources 

and sophisticated 

software for data 

management. 

 Complex setup and 

operation due to radiation 

safety measures. 

 Ravindran et 

al. (2008) 

 Muralidhar et 

al. (2009) 

 Fan & Tan 

(2013) 

 Dai et al. 

(2022) 

 Dakak et al. 
(2022) 
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Line Array 

Scanning 

Thermography 

(LasST) 

 Internal 

defects, 

material 

inconsistencies, 

inclusions, 

voids, cracks, 
and areas of 

inconsistent 

density in solid 

propellants. 

 High-resolution and 

rapid scanning 

capabilities. 

  Provides detailed 

thermal map. 

 Suitable for in-line 
inspection. 

 Real-time monitoring. 

 Detects minute defects. 

 Helps assess 

homogeneity of 

propellant mixture. 

 Complex geometry and 

heterogeneous 

composition can 

complicate thermal data 

interpretation. 

 Requires advanced data 
processing algorithms 

and thorough 

understanding of thermal 

behaviour. 

 Stringent safety 

protocols needed due to 

highly energetic 

materials. 

 Wang et al. 

(2021) 

 Rong et al. 

(2022) 

 Xie et al. 

(2024) 
 

 

 

6.  CHALLENGES IN SOLID PROPELLENT INSPECTION 

 
The inspection of solid propellants poses several challenges, each rooted in the intricate nature of 

propellant grains, diversity of composition materials, limitations of NDT instruments, cost 

considerations and other relevant factors. One significant challenge lies in the inherent complexity of 

propellant grains, whereby these grains often exhibit intricate geometries and internal structures, 
making it challenging to detect subtle defects or irregularities that may impact performance or safety. 

The diverse formulations and configurations of propellant grains necessitate sophisticated inspection 

techniques capable of comprehensively evaluating their structural integrity. The complexity of solid 
propellant composition is also significant as they consist of various chemical components, including 

oxidisers, fuels, binders and stabilisers. This complex composition presents significant challenges in 

inspection as defects or inconsistencies in any component can lead to catastrophic failures. Detecting 

such flaws requires sophisticated analysis techniques (Cooper & Kurowski, 2016). 
 

These challenges are further exacerbated when considering hypersonic missiles, which utilise very high 

energetic materials. The extreme conditions these missiles endure, including high velocities and 
temperatures, demand an even higher level of scrutiny in propellant inspection. The reliability and 

safety of hypersonic missiles depend on the flawless performance of their solid propellants, making the 

detection of minute defects and material inconsistencies critical. Advanced NDT methods, integrated 
with AI and ML, can enhance the detection capabilities for such high-stakes applications. These 

technologies enable the identification of defects that traditional methods might miss, ensuring that the 

high energetic materials used in hypersonic missiles maintain their integrity under extreme operational 

conditions. Consequently, the development and implementation of these advanced inspection 
techniques are vital for the continued advancement and safety of hypersonic missile technology (Gupta 

et al., 2021). 

 
Moreover, ageing and environmental exposure cause significant physical and chemical changes in solid 

propellants, impacting their performance and stability. These effects, accelerated by factors such as 

temperature, humidity and mechanical stress, necessitate advanced monitoring and maintenance 
strategies to ensure long-term reliability and safety in defence applications (Hasanoğlu, 2008; Hamza 

et al., 2021; Deswandri et al., 2023). In Malaysia's tropical climate, characterised by frequent rainfall 

and high humidity, these ageing processes are further exacerbated. The region's environmental 

conditions lead to increased moisture absorption and accelerated degradation of propellant materials, 
resulting in higher risks of cracks and mechanical failures (Li et al., 2019; Tang, 2019). Consequently, 

specific strategies tailored to Malaysia's unique climate are essential for maintaining propellant 

integrity. 
 

Limitations in NDT instruments represent a pivotal challenge in the inspection process. The 

conventional instruments employed for inspecting solid propellants may face constraints in terms of 

resolution, sensitivity, or the ability to penetrate dense or opaque materials. These limitations can hinder 
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the accurate detection of subtle defects, internal inconsistencies and other critical anomalies that could 
compromise the performance and safety of the propellant (Goose et al., 2011). Moreover, traditional 

NDT methods may not effectively address the complex geometries and diverse compositions of solid 

propellant grains, further complicating the inspection process. Overcoming these limitations requires 

the development and implementation of state-of-the-art NDT technologies, including those integrated 
with AI, to enhance detection capabilities, and provide more accurate and reliable results. Advanced 

technologies such as high-frequency ultrasonics, digital radiography and terahertz imaging, when 

combined with AI-driven data analytics, can significantly improve the resolution and sensitivity of 
inspections, enabling the identification of minute defects that were previously undetectable (Choi et al., 

2023). 

 
Additionally, the skill and experience of NDT operators play a crucial role in ensuring reliable 

inspections. Interpreting NDT data is often subjective and requires high level of expertise. Experienced 

operators can distinguish between true defect signals, and false positives or background noise, reducing 

the risk of misdiagnosis. They can also assess the significance of detected defects in the context of the 
material's operational environment. In addition, skilled operators possess the technical expertise needed 

to set up and calibrate sophisticated equipment accurately, interpret complex data and troubleshoot 

issues during inspections (Silva et al., 2023). Their ability to adapt to advanced technologies further 
enhances the accuracy and efficiency of inspections. Continuous training and certification can ensure 

that operators remain proficient and up-to-date with the latest industry standards and technological 

advancements. However, the cost to purchase advanced NDT equipment and to train operators can be 
substantial. High-quality NDT instruments are often expensive and their sophisticated nature requires 

comprehensive training programmes to ensure operators can use them effectively (Gupta et al., 2021). 

Nonetheless, investing in both the technology and continuous development of operator skills is essential 

to maintain the reliability and safety of solid propellants in defence and aerospace applications. 

 

 

7. RECENT ADVANCEMENTS AND FUTURE DIRECTIONS IN SOLID PROPELLANT 

INSPECTION 

 

The integration of AI has significantly influenced recent advancements in NDT inspection methods for 

solid propellants (Hoffmann et al., 2020). These advancements are transforming the field of propellant 
inspection, bringing about increased levels of precision, efficiency and dependability. Automated defect 

recognition (ADR) systems are becoming increasingly prominent in the field of solid propellant 

inspection (Gamdha et al., 2021). These AI-powered systems are mainly used to analyse X-ray 
radiographs of solid propellants. AI algorithms, particularly deep learning models, excel at detecting 

and categorising subtle abnormalities and flaws in propellant grains that may be overlooked by 

conventional techniques. Automated systems offer not only substantial increase in speed but also 
decrease in the probability of human error, thereby guaranteeing a more dependable quality control 

process (Remakanthan et al., 2015; Hu et al., 2023). 

 

Huang et al. (2021) applied ML techniques to identify anomalies in solid propellants. The study 
employed a dataset of physicochemical properties and stability parameters to predict critical properties 

of high energy density materials (HEDMs) with high accuracy using models such as XGBoost, 

AdaBoost and random forest. The results emphasise the efficacy of ML in identifying crucial factors 
that impact the trade-off between performance and stability. Additionally, they offer recommendations 

for the most advantageous design of HEDMs. Regarding solid propellant inspection, comparable ML 

techniques can be utilised to examine and forecast the stability and performance of solid propellant 
grains. By incorporating data obtained from X-ray inspections, these models have the ability to enhance 

the identification of flaws and abnormalities, thereby improving the dependability and security of solid 

propellant development (Williams et al., 2020). 

 
Another significant trend is the utilisation of synthetic radiographic data, which is facilitated by ray 

tracing-based radiographic simulations (Li et al., 2014). This methodology facilitates the automatic 

identification of abnormalities in X-ray images by deep learning algorithms. Hena et al. (2024) 
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proposed that synthetic data generation techniques play a crucial role in training AI models, particularly 
in situations where genuine faulty samples are scarce or not accessible for training. Furthermore, the 

incorporation of AI in NDT techniques for solid propellants extends beyond the scope of identifying 

defects. It also encompasses predictive maintenance and life cycle assessment. For example, AI models 

have the ability to forecast the process of ageing and deterioration of propellants by analysing both 
historical and real-time data. This capability assists in proactive maintenance and guarantees safety 

(Gamdha et. al., 2021). 

 
The future of NDT for structural composites is poised for significant advancements driven by emerging 

sensing technologies and sophisticated data processing techniques. These developments have profound 

implications for the inspection of solid propellants, where similar challenges in detecting subtle defects 
and ensuring material integrity exist. Data-driven approaches, including deep learning and physics-

informed ML, promise to improve the accuracy and reliability of defect detection in propellants. 

Furthermore, advanced sensing technologies, such as frequency modulated continuous wave (FMCW) 

radar, offer non-contact and real-time capabilities resilient to environmental interferences, making them 
ideal for inspecting solid propellants in diverse conditions (Wibowo & Zulkifli, 2019; Guillet et al., 

2024). The implementation of digital twin systems can also facilitate detailed monitoring and predictive 

maintenance strategies for solid propellant storage and usage. Advanced non-contact methods, such as 
digital image correlation (DIC) and infrared thermography, are increasingly prevalent, offering high-

resolution monitoring crucial for assessing the integrity of solid propellants (Zaba et al., 2021). 

Breakthroughs in UT and integration of internet of things (IoT) devices further enhance real-time 
monitoring and data collection, promoting continuous health monitoring of propellant grains. 

Application-specific innovations, tailored to the unique demands of sectors such as defence and 

aerospace, are set to address specific inspection challenges, ensuring the reliability and safety of solid 

propellants (Almutairi et al., 2024). These advancements collectively herald a new era in NDT, marked 
by enhanced accuracy, efficiency and comprehensive monitoring capabilities, which is crucial for 

maintaining the integrity and performance of solid propellants in various high-stakes applications. 

 

8. CONCLUSION 

 

NDT techniques are pivotal in the inspection of solid propellants, ensuring their safety and reliability. 

The evolution from traditional methods such as VI and conventional radiography to advanced 
techniques such as digital radiography, UT, shearography and LasST highlights significant progress in 

the field. These advancements enhance defect detection capabilities, providing more accurate and real-

time data crucial for maintaining the integrity of rocket motors. Future trends indicate a move towards 
integrating AI and ML to further automate and improve defect analysis, ensuring even higher levels of 

safety and performance for solid propellants. 
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ABSTRACT 
 

Lugless joining shackles (LJS) are foundational elements in the structures of various heavy-duty 

industrial applications. Despite their widespread use and importance, the failure of LJS during their 
operations is scarcely reported, indicating that this issue is yet to be fully explored. Hence, this study 

investigates the underlying causes of these failures through a combination of fractographic analysis 

and X-ray digital radiography. The analysis reveals the presence of internal voids and cavities, 

particularly concentrated at the connection area of the shackle halves. These defects, likely originating 
from manufacturing inconsistencies, acted as stress concentrators, leading to localised stress 

amplification, crack initiation, and eventual structural failure under operational loads. These findings 

highlight the crucial need for stringent quality control in the manufacturing process to prevent the 
occurrence of such defects. Ensuring the homogeneity and integrity of shackle materials is essential for 

maintaining the structural reliability of LJS, especially in demanding maritime environments. 

 
Keywords: Lugless joining shackles (LJS); failure analysis; fractographic analysis; X-ray digital 

radiography; voids and cavities. 

 
 
1. INTRODUCTION  

 

Lugless joining shackles (LJS), commonly known as kenter shackles, are critical integral components 
used in a wide array of industrial and maritime operations, serving as crucial links in lifting, rigging and 

load-securing systems. These shackles are designed to connect and secure chains, ropes, or cables, and 

thus play a vital role in ensuring the safe transfer of loads (Kim et al., 2010; Pauw et al., 2013; The 

Royal Navy, 2023). Their importance cannot be overstated, given their ubiquitous utilisation in 
industries ranging from construction, shipping, mining and offshore drilling (Cochet et al., 2016, 2019). 

In maritime applications, LJS are used in mooring systems, towing operations and cargo handling 

(Mcmaster et al., 2010; Spong et al., 2022). Additionally, in construction and mining, they aid in lifting 
heavy components and material handling systems respectively (Kang & Huang, 2007; Butterfield, 

2024).  

 
LJS are typically constructed from materials such as nickel, alloy and stainless-steel, and consist of 

specific components that include a pair of shackle halves (usually U-shaped or bow-shaped), a lead 

pellet, a metal spile / taper pin and a stud, as shown in Figure 1. These shackles are engineered to 
withstand significant tensile and shear forces, making them indispensable in applications where 

reliability and durability are paramount (Pauw et al., 2013; Nair et al., 2024; Tunçel et al., 2024). 

 
In order to ensure the safe use of LJS, stringent standards and regulations from organisations such as 

the American Society for Testing and Materials (ASTM) and International Organization for 

Standardization (ISO) have been established, outlining specifications for material properties, 

manufacturing processes, and load capacities. The relevant ASTM standards are ASTM A952/A952M-
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02: Standard Specification for Forged Grade 80 and Grade 100 Alloy Steel Lifting Components and 
Welded Attachment Links (ASTM, 2022a), and ASTM F1145-05: Standard Specification for 

Turnbuckles, Swaged, Welded, Forged (ASTM, 2022b). Meanwhile, the relevant ISO standards are 

ISO 18279: Imperfections in Brazed Joints (ISO, 2023), ISO 2415: Forged Shackles for General Lifting 

Purposes – Dee Shackles and Bow Shackles (ISO, 2022), and ISO 16857: Ships and Marine Technology 
– Loose Gear of Lifting Appliances on Ships – Shackles (ISO, 2013). Compliance with these standards 

is crucial to prevent failures that could result in catastrophic accidents. 

 
 

 

 

 
Figure 1: (a) Typical commercially available LJS (Source: Wescovan, 2024). (b) Schematic diagram of 

main components of LJS: shackle halves, a lead pellet, a metal spile and a stud. 

 

 
 

 

Due to their widespread use and importance, failures of LJS can cause severe consequences, including 
injuries, fatalities and substantial financial losses (Wang et al., 2019; Rezende et al., 2021; Rezende et 

al., 2024). However, research on failure analysis of LJS is limited, highlighting a gap in scientific 

understanding within this area. In view of this, further studies are required to comprehensively analyse 

the causes of LJS failures during operations to enhance safety and prevent accidents. To this end, this 
paper presents a systematic study that has been specifically conducted on the inner structure of failed 

LJS during operations.  

 
 

2. METHODOLOGY 

 

2.1  LJS Properties and Sample Preparation 

 

In this study, several LJS that failed during operations in a local naval ship were examined. They are 

made from austenitic stainless-steel grade 304. Prior to testing, the shackles were cleaned with an 
industrial solvent to remove any surface contaminants and then air-dried. The samples were inspected 

for any visible defects and measurements were taken to confirm adherence to specific dimensions. All 

the samples had length of 88.90 mm, height of 225.14 mm and weight of 1.15 kg. The obtained samples 
were categorised as follow: (1) broken LJS (failed sample during operation); (2) utilised LJS (used 

sample without any damage); and (3) as-received LJS (new sample). They were labelled as SA and SB 

(broken samples), SC (utilised sample) and SD (new sample) as shown in Figure 2. 

(a) (b) 
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Figure 2: Tested LJS samples: (a) and (b) Broken LJS samples that failed during operation, labelled as 

SA and SB respectively. (c) Utilised LJS sample without any damage during operation, labelled as SC.  

(d) As-received LJS sample, labelled as SD. 

 

2.2 Material Inspection 

 

2.2.2 Fractographic Analysis 

 
Fractographic analysis is a critical technique used in material science to examine fracture surfaces of 

materials to understand the causes and mechanisms of failure (Carroll & Lisin, 2024). In this study, the 

analysis was specifically applied to the LJS samples. The procedure for conducting fractographic 

analysis involves several key steps, including cleaning, preparation, examination and documentation of 
the fractured surfaces. 

 

The first step in the process is the preparation of the samples, which started with thorough cleaning to 
remove any contaminants that might interfere with the analysis. The fracture surfaces of the LJS 

samples were initially cleaned using a sodium hydroxide (NaOH) solution. This step was essential for 

removing oily residues that could obscure important fracture features, as NaOH is effective in breaking 
down and removing organic residues. Following the NaOH treatment, the samples were rinsed with 

ethanol, a common cleaning solvent that evaporates quickly and leaves no residue, ensuring that the 

fracture surfaces are free from contaminants. After cleaning, the samples were air-dried at room 

temperature of approximately 25°C, under ambient relative humidity of 60%. The drying process is 
crucial to prevent any moisture from altering the fracture surface features. Once dried, the samples were 

stored in a desiccator cabinet, which provides a low-humidity environment essential for preserving the 

integrity of the fracture surfaces, and preventing atmospheric corrosion or contamination. 
 

Fractographic analysis was carried out by first examining the fracture surfaces through visual 

inspection, where the entire fracture surface was viewed with the naked eye or through a low 

magnification optical microscope. During this phase, the fracture surfaces were photographed and 
documented at various magnifications to capture the overall appearance of the fracture and any 

(a) SA (b) SB 

(c) SC (d) SD 
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significant features observable without high magnification. This macroscopic examination facilitated in 
identifying key fracture features such as the location of crack initiation sites, crack propagation paths 

and the overall mode of failure. Crack initiation sites are areas where the fracture process begins, with 

identification of these sites being crucial for understanding the root cause of failure. Propagation paths, 

which are the routes taken by the crack as it spreads through the material, provide valuable information 
about the loading conditions and the material’s resistance to crack growth. The mode of failure, whether 

brittle, ductile or fatigue, can be inferred from the fracture surface features, offering critical insights 

into the failure mechanism and guiding subsequent material or design improvements (Carroll & Lisin, 
2024). 

 

 

2.2.2 X-Ray Digital Radiography 

 

In order to investigate and evaluate the internal structures of the LJS samples, digital radiography was 

performed using an X-ray machine (Yxlon XPO EVO 225D) as the X-ray source and a digital detector 
array (DDA) (NOVO DR NV22WNSR03) to convert the X-ray images into digital format. The profile 

radiography technique was employed, allowing for real-time evaluation and analysis of the captured 

digital images. The arrangement of the X-ray source, sample and DDA is illustrated in Figure 3. 
 

 

  

Figure 3: Arrangement of the X-ray source, LJS sample and DDA. 

 

 

3. RESULTS 

 
As shown in Figure 4(a), fractographic examination of the fracture surface for sample SA (marked by 

the red circle) revealed a hollow structure located at the centre of the shackle’s halved surface. 

Additionally, grunting surfaces were also observed adjacent to the hollow structure, highlighted by the 
red arrows. Further inspection indicated that this hollow structure is interconnected with cavities, as 

indicated in Figure 4(b). Similar findings were observed for sample SB. 

 
In order to gain a deeper insight into this specific issue, internal structure analysis was conducted using 

X-ray digital radiography. The results discovered the presence of anomalies within the structures for 

samples SA, SB and SC. As depicted in Figures 5(a)–(c), noticeable colour contrasts in the digital 

radiographic images signified the presence of voids or empty spaces within the internal structures of 
these samples, as indicated by the yellow arrows. Conversely, no defects were observed in sample SD, 

as shown in Figure 5(d). From the acquired images, it can be inferred that samples SA and SB exhibited 

the most significant damage, with larger voids as compared to sample SC. Notably, these voids were 
predominantly concentrated at the connection areas of the shackle halves. 
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Figure 4: Fractographic analysis of fracture surface for sample SA: (a) A hollow structure was found, 

with the centre area showing apparent grunting surfaces at the vicinity of the hollow zone.  

(b) Formation of cavities that are interconnected to the hollow structure. 

 
 

 
 

Figure 5: Digital radiographic images of the LJS samples: (a) and (b) Voids can be observed in both 

samples SA and SB. However, the void within sample SA was noticeably slightly larger as compared to 

sample SB. (c) Relatively small void found in sample SC. (d) No anomality was found within sample SD. 
 

(a) (b) 

(a) SA 

(c) SC (d) SD 

(b) SB 
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4. DISCUSSION 
 

The failure of LJS samples SA and SB, as investigated in this study, can largely be attributed to the 

presence of internal voids and cavities within the shackle material. These defects, especially when 

located in critical load-bearing regions such as the connection areas of shackle halves, play a significant 
role in compromising the structural integrity of the LJS. These defects act primarily as stress 

concentrators, amplifying localised stress when the shackles are subjected to operational loads. This 

phenomenon can significantly increase the localised stress beyond the material's yield strength, leading 
to plastic deformation and initiation of crack formation at these sites. Once a crack is initiated, the cyclic 

nature of the loads commonly encountered in marine environments can cause the crack to propagate. 

Over time, the crack can grow to a critical size, which reduces the effective cross-sectional area of the 
material that can carry the load, thereby lowering the overall load-bearing capacity of the shackle (Pauw 

et al., 2013; Lee et al., 2018; Sachan et al., 2020). 

 

The detection of these defects via fractographic analysis and confirmation by X-ray digital radiography 
suggests that the manufacturing process may have been inadequate in ensuring the homogeneity and 

integrity of the shackle material. Possible causes include improper casting or forging techniques, 

insufficient control over material composition, as well as inadequate quality control during 
manufacturing. For instance, during the casting process, improper cooling rates can lead to the 

formation of voids or porosities within the metal. Additionally, inadequate material mixing or 

contamination could result in non-uniformities, leading to the formation of cavities. These defects are 
particularly detrimental in high stress regions of LJS where they can severely compromise the 

mechanical properties of the material (Zerbst et al., 2019; Liu et al., 2022). 

 

The concentration of voids at the connection areas of the shackle halves is particularly concerning. This 
region is subjected to high tensile and bending stresses during operations, making it a critical point of 

potential failure. The presence of these defects in such a critical region likely accelerated the initiation 

and propagation of cracks, ultimately leading to premature failure of the shackles under operational 
loads (Davis et al., 2017, Dwivedi et al., 2024). 

 

Concisely, it can be deduced that the failure of the LJS samples on the naval ship in this study is likely 

due to the presence of manufacturing defects in the form of voids and cavities, particularly in the critical 
connection areas of the shackle halves. These defects compromised the structural integrity of the 

shackles, leading to stress concentration, crack initiation and eventual failure under load. This analysis 

underscores the importance of stringent quality control measures in the manufacturing process to 
prevent the occurrence of such defects, thereby ensuring the reliability and safety of critical components 

in demanding operational environments (Wang et al., 2020). 

 

 

5. CONCLUSION 

 

In summary, a systematic study on the failure analysis of LJS during operations on a naval ship has 
been presented, which can be attributed to the presence of internal voids and cavities within the shackle 

structures, particularly concentrated at the connection areas of the shackle halves. This conclusion is 

supported by the findings from both fractographic analysis and X-ray digital radiography, which 
revealed significant internal defects that are likely to have compromised the mechanical integrity of the 

shackles. In addition, this study has indirectly highlighted the significant impact of LJS manufacturing 

process on the structural integrity, which is crucial for preventing future failures. 
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ABSTRACT 

 

Personnel who are assigned to driving for long periods of time can be exposed to whole-body vibration 
(WBV) and hand-arm vibration (HAV) directly to the body through the driver's seat and steering wheel. 

This paper will evaluate the comparison of WBV and HAV exposure for military vehicle drivers for 

wheeled and tracked armoured vehicles in Malaysian tropical environments. The study is performed on 

a Malaysian highway with tarmac road surface for different speed ranges. The results show that tracked 
vehicles contribute to higher WBV and HAV exposure as compared to wheeled vehicles especially when 

the vehicle is moving. These readings do not exceed the daily exposure limit values set by the European 

Directive Physical Agent (Vibration) 2002/44/EC. However, for tracked vehicles, the daily exposure 
action values are exceeded during cruising, indicating that an action plan must be implemented to 

prevent the exposure from exceeding the exposure limit values. 

 
Keywords: Human comfort; armoured vehicles whole-body vibration (WBV); hand-arm vibration 

(HAV); tropical environment. 

 

 

1. INTRODUCTION 

 

In human vibration, the human body acts as a mechanical structure to allow vibration to spread until 
the mechanical coupling is lost and the vibration is no longer propagating.  According to the European 

Directive Physical Agent (Vibration) 2002/44/EC (EU-OSHA, 2002), human vibration can be classified 

as either hand-arm vibration (HAV) or whole-body vibration (WBV) where HAV is vibration that is 

transmitted to the human hand-arm system and can cause  deficits in sensory perception, reduced muscle 
strength in forearms and tendonitis in wrist, elbows, or shoulders (Dong et al., 2021) while WBV is 

vibration that is transmitted to the whole body and can cause  hyperventilation syndrome, cramps, 

mental fatigue and affect biodynamic response of the spine (Marieke  et al., 2021) 
 

Human vibration occurs in a moving vehicle when ground vibration is generated from the engine, and 

the interaction between tyres and road surface transmits from the components in-contact, such as car 
seat, steering-wheel and floor, to the human body (Krylov et al., 2007; Wang et al., 2020). In the idle 

condition, the source of vibration is commonly from the engine (Shen et al., 2020). Normally, the car 

seat is the component with the widest contact area with the passenger and hence directly influences 

driving comfortability due to vibration exposure (Luo et al., 2023). This vibration is dependent on 
several factors such as type and particularities of the road, suspension type, as well as type of vehicle 

and load (Voicu et al., 2023). In addition, the posture of the driver also contributes to the level of 

vibration exposure (Raffler et al., 2016). 
 

In military settings, vibration exposure is critical considering heavy-duty vehicle design with massive 

loads and mounts for equipment, operation of military vehicles in adverse environmental conditions, as 
well as posture of the personnel during the operation that sometimes requires standing and being 

unfastened. Zafer & Aybar (2022) found that the main source of vibration in tracked armoured vehicles 

https://www.mdpi.com/2079-9292/12/14/3152
https://www.mdpi.com/2079-9292/12/14/3152
https://www.mdpi.com/2079-9292/12/14/3152
https://link.springer.com/article/10.1007/s42417-022-00739-x
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is the running gear system, which includes moving tracks, sprockets, support rollers and idler wheels. 
As military vehicle vibrations are amplified by these factors, prolonged exposure to excessive vibrations 

can reduce the fatigue life of parts and components, leading to operational unreliability  (Kashyzadeh 

et al., 2015; Li et al., 2022). In some cases, it will aggravate the vibration, such as worn-out engine 

mounting due to friction-vibration effects (Jaiswal, 2014). In regards to human vibration, Katu et al. 
(2003) found that personnel exposed to such vibration are prone to increased discomfort, while 

Mohammad et al. (2016) established that vibration poses risks to safety and health, including head, 

lumbar and organ pain, as well as fatigue. These factors contribute to decrease in personnel attention, 
thus affecting performance during operations (Park et al., 2019).  

 

In tropical countries, vibration levels in military vehicles are important to be assessed considering the 
high possibility of adverse vibration levels due to vehicle design requirements and road surface 

irregularities. Malaysia, as a tropical country with a variety of landforms, provides challenges to 

military vehicle manufacturers in ensuring that the comfort level of the driver and crew is at the 

optimum level (King et al. 1998, 2006; Aziz & Ibrahim 2022). The design requirements of military 
vehicles also emphasise on heavy duty and off-road usage that will intensify vibration levels,  such as 

the usage of tracks instead of wheels in armoured vehicles (Zafer & Aybar, 2022). These inevitable 

contributing factors highlight the need to test vehicles to ensure that precautions and countermeasures 
can be taken. The assessment of vibration levels in vehicles can be carried out in accordance with ISO 

2631-1: 1997 for WBV (ISO, 1997) and ISO 5349-1 for HAV (ISO, 2001). In addition, the European 

Directive 2002/44/EC (EU-OSHA, 2002) provides a guideline on requirements for WBV and HAV. 
 

Various assessments and studies have been conducted for WBV and HAV in vehicles. Khan et al. 

(2010) found that differences in road surfaces has significant impact on WBV readings in the vehicle 

cabin. It was demonstrated that rough road conditions exhibit higher WBV readings as compared to 
smoother tarmacs. Wang (2010) explained that different types of vehicles and engine configurations 

produce different vibration exposures to the driver. Aziz et al. (2014) conducted a study on HAV for 

steering wheels of three-tonne trucks used by the Malaysian Army (MA). They investigated the speed-
vibration relationship under various road conditions, noting that vibration levels increased with speed. 

This finding is valid for asphalt, bumpy and Belgian road surfaces, but not for block road surfaces, 

where vibration is inversely proportional to speed (Yoo et al., 2011; Aziz et al., 2017). Given that road 

surface irregularity is a major contributing factor to vibration, the dynamic nature of tyres plays a 
significant role to counter the issue. While Stosiak et al. (2023) found high levels of vibration for 

different types military vehicle applications, Zafer & Aybar (2022) noted that the severity of vibrations 

encountered in armoured track vehicles is much higher as compared to those in wheeled vehicles. 
 

There are two types of armoured vehicles used by the Malaysian Armed Forces (MAF), which are 

wheeled armoured vehicles that are primarily deployed in all-terrain conditions, and tracked armoured 
vehicles that are mainly utilised for off-road operations. This study aims to establish a database focusing 

on MAF vehicles, specifically concerning human vibration in Malaysia's tropical environment. 

Conducted by the Science & Technology Research Institute for Defence (STRIDE), the study involved 

comprehensive tests on several MAF vehicles during their evaluation and acceptance phases as part of 
the procurement process. In order to ensure relevance to current military vehicle technologies, the data 

collection focused on vehicles from the year 2020 onwards. This study specifically focuses on human 

vibration tests, encompassing WBV and HAV. Its objective is to analyse the patterns of vibration 
exposure within the cabins of military vehicles during idling and cruising. Subsequently, it aims to 

assess human vibration levels for compliance with international standards, considering Malaysia's 

weather and topography. 
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2. RESEARCH METHODOLOGY 
 

This study was conducted on a Malaysian highway with a tarmac road surface. This is due to the fact 

the test procedure only applies to paved roads and there is no specific method for unpaved roads. All 

the tests were conducted while the vehicle was idle as well as cruising at multiple speed ranges, i.e., 60-
100 km/h for armoured wheeled vehicles and 20-50 km/h for armoured tracked vehicles. The speed 

selection was based on engine power and the maximum speed allowed for heavy vehicles on Malaysian 

highways under the Road Transport Act 1987. 
 

 

2.1 Whole-Body Vibration (WBV) 
 

The measurement of WBV in the cabin was performed using a seat pad containing a tri-axial 

piezoelectric accelerometer that was connected to a SVANTEK SV 106A vibration analyser, which 

logged the total vibration level in each axis. Calibration of the accelerometer was performed prior to all 
data collections using a vibration calibrator with calibration reference acceleration level of 10 m/s2 and 

calibration reference frequency of 159.2 Hz, which is the point in the calibration with the lowest 

uncertainty and the response is flat (SVANTEK, 2015). At these calibration reference values, the 
measurement uncertainty is the lowest and the response is flat. 

 

The procedure for the measurement and assessment of human exposure to WBV is specified in ISO 
(1997), while compliance with daily exposure limits is based on EU-OSHA (2002). Exposure to 

individual sources of constant WBV was calculated from the magnitude of the vibration, expressed as 

acceleration in m/s2, and the duration of exposure. The daily vibration exposure, A(8) is the amount of 

vibration to which a driver or crew is exposed during a working day, normalised to an 8 h reference 
period. A(8) can be calculated using the following equation: 

 

𝐴(8) = 𝑎𝑤 √
𝑇

𝑇0
           (1) 

 

where 𝒂𝒘 is the vibration magnitude (in m/s²) on the axis that was measured, T is the actual duration of 

exposure to 𝒂𝒘 in hours, and To is the reference duration of 8 h. 

 

 
2.2 Hand-Arm Vibration (HAV) 
 

Human exposure to HAV was assessed based on ISO (2017), while compliance with daily exposure 

limits was based on EU-OSHA (2002), with daily exposure action value of 2.5 m/s2 and daily exposure 

limit of 5 m/s2. The measurement was performed at the interface between the driver’s hands and steering 
wheel. The calibrated hand-arm accelerometer was connected to the vibration analyser and a transducer 

was mounted on hand-arm measurement adapters positioned close to the usual hand grip position. 

 
All three axes were used for frequency weighting when determining the overall HAV value. The three 

frequency weighted acceleration components, denoted as 𝑎ℎ𝑥 , 𝑎ℎ𝑦  and 𝑎ℎ𝑧 , were combined to give the 

total HAV value, 𝑎ℎ (m/s2). The root sum of the three components with the weighting factor of 𝑘 =1.0 

for each axis can be calculated using the following equation: 

 

𝑎ℎ = √(𝑘 𝑎ℎ𝑥 
)

2
+ (𝑘 𝑎ℎ𝑦 )

2
+ (𝑘 𝑎ℎ𝑧 

)
2

  (2) 
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The daily vibration exposure is standardised to a reference period of 8 h: 

𝐴(8) = 𝑎ℎ √
𝑇

𝑇0
 (3) 

 

where T is the actual duration of exposure to the vibration magnitude 𝑎ℎ  in hours and 𝑇0 is the reference 

duration of 8 h. 

 
 

3. RESULTS AND DISCUSSION 

 

3.1 Whole-Body Vibration (WBV) 
 

Figure 1 shows the average WBV values for wheeled and tracked armoured vehicles under different 

conditions: idle, at cruising speeds of 20-30 and 40-50 km/h for tracked vehicles, and at cruising speeds 
of 60-100 km/h for wheeled vehicles. In general, it is found that tracked vehicles have higher WBV as 

compared to wheeled armoured vehicles. This is as tracked armoured vehicles consist of running gear 

systems that predominantly contribute to higher vibration levels, especially while driving, as compared 
to wheeled armoured vehicles. This is consistent with the findings observed in Zafer & Aybar (2022), 

which suggested that running gear systems are the main source of vibration in tracked armoured 

vehicles. For wheeled vehicles, the graph shows that WBV increases with vehicle speed, with the WBV 

values at the idle condition and cruising speed of 60-100 km/h being 0.05 and 0.37 m/s2 respectively. 
These WBV values are considered as benign, as it is well below the daily exposure action value of 0.5 

m/s2 and the daily exposure limit value of 1.15 m/s2 (EU-OSHA, 2002). 

 

  

Figure 1: WBV for different types of evaluated vehicles. 

 

In contrast, for tracked vehicles, inconsistency is found in the relationship between WBV and vehicle 

speed. At the idle condition, WBV is 0.06 m/s2 and increases up to 0.98 m/s2 for cruising speed of 20-

30 km/h. At cruising speed of 40-50 km/h, WBV drops to 0.95 m/s2. This indicates that WBV is 
indirectly proportional to speed when the vehicle is travelling at cruising speed. This is as for the 

tensioning systems of idler pulleys, higher vehicle speed leads to lower tension of the chains. This 

contributes to increase in slippage, which minimises frictional vibrations between the parts of the 
suspension system (Balamurugan et al., 2017). Consequently, WBV decreases with increasing speed. 
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For the tracked vehicle, at cruising speeds of 20-30 and 40-50 km/h, while the WBV values are below 

the daily exposure limit value, they exceed the daily exposure action value, indicating that an action 
plan must be implemented to prevent the exposure from exceeding the exposure limit values (EU-

OSHA, 2002). 

 
 

3.2 Hand-Armed Vibration (HAV) 

 

Figure 2 shows the average HAV values for wheeled and tracked armoured vehicles under different 

conditions: idle, at cruising speed of 20-30 and 40-50 km/h for tracked vehicles, and at cruising speed 
of 60-100 km/h for wheeled vehicles. Based on the graph, the HAV values for both types of vehicles 

increase with increasing speed, with tracked vehicles having higher HAV values as compared to 

wheeled vehicles, except when idling. A comparable result was reported by Aziz et al. (2015), where a 
regression model was used to observe the relationship between vehicle speed and HAV exposure. 

Similar to WBV, the pattern of HAV from wheeled vehicles shows that HAV increases relative to 

vehicle speed, with HAV increasing from 0.26 m/s2 at idle to 0.60 m/s2 at cruising speed of 60-100 
km/h. Both values are well below the daily exposure action value of 2.5 m/s2 and the daily exposure 

limit value of 5 m/s2.  
 
 

 
 

Figure 2: HAV for different types of evaluated vehicles. 

 

 
The same pattern can also be observed for armoured tracked vehicles. However, the HAV values during 

cruising are significantly higher, with the values for cruising at speeds of 20-30 km/h and 40-50 km/h 

being 1.72 and 3.63 m/s2 respectively. At speed of 40-50 km/h, while the HAV value are below the 
daily exposure limit value, it exceeds the daily exposure action value. 
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4. CONCLUSION 
 

WBV and HAV in military vehicles are largely influenced by vehicle design, in particular the 

components that come into contact with the road while driving, while when in the idle condition, the 

source of vibration is mainly from the engine.  Both the WBV and HAV results show that vibration 
levels are higher while cruising than when idling, due to additional contributing factors such as tyre-

road interaction. It is also found that tracked armoured vehicles contribute to higher WBV and HAV 

exposure as compared to wheeled armoured vehicles especially when the vehicle is moving. Normally, 
most studies show that human vibrations are proportional to increase in speed. However, in this study, 

this was not the case for the WBV of tracked armoured vehicles due to the mechanism of the tensioning 

systems of idler pulleys.  
 

The WBV and HAV values for both types of vehicles do not exceed the daily exposure limit values 

specified in the European Directive 2002/44/EC. However, for the tracked vehicle, the daily action limit 

values are exceeded, indicating that an action plan must be implemented to prevent the exposure from 
exceeding the exposure limit values. Among the steps that should taken include proper and regular 

maintenance of the vehicles and machineries to minimise vibrations caused by mechanical issues. 

Wheels and tracks also should also be well balanced and aligned to reduce vibration. In addition, 
personal protective equipment, such as anti-vibration gloves and vibration-absorbing seat cushions, can 

be used to reduce the effect of vibration on personnel.  

 
In this study, the WBV and HAV of armoured wheeled vehicles and armoured tracked vehicles were 

measured at different cruising speeds, as wheeled and tracked vehicles can generally reach different 

maximum speeds due to different operational requirements and vehicle designs. Therefore, the 

comparison of the vibration data for both vehicle types is not a direct comparison. Nonetheless, the data 
generally provides an overview of the WBV and HAV patterns for both vehicle types. 
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ABSTRACT 

 

Organophosphates (OPs) have been utilised as pesticides in agricultural contexts for many years. 
Nevertheless, due to their high levels of toxicity, these substances are also illicitly produced into 

hazardous chemical weapons, posing a threat to both humans and the environment. As a result of its 

impact on public safety and overall welfare, this subject has gained international attention. Improper 
handling or intentional self-harm can result in the penetration of toxic compounds through the skin, 

leading to acute toxicity that can potentially progress to fatality. Therefore, in such critical situations, 

implementing a rapid and effective method of decontamination for these compounds is to reduce the 
risk of intoxication. There are a number of methods for decontaminating OPs, including physical, 

chemical and biological methods. However, no single method is universally effective, and there are still 

challenges in developing effective decontaminating agents against OPs. Therefore, given the 

availability of various decontamination agents, this paper will discuss on recent advances in the 
development of decontaminating agents for OPs and their effectiveness on OP compounds with 

highlights of future strategies to develop decontaminating agents that are safe, reliable and efficient to 

be used under various circumstances.   

 
Keywords: Organophosphate (OP) compounds; OP poisoning; decontamination agents; degradation; 

neutralisation.  
 

 

1.  INTRODUCTION 

 

Organophosphate (OP) chemicals have been widely used around the world for many years, particularly 
in agriculture, where they are used as pesticides to protect crops. OP pesticides have become widely 

used worldwide, which accounts for 45% of total global market usage (Mali et al., 2023). Although 

these pesticides have numerous benefits, the major concern is that these compounds are highly toxic to 

both humans and the environment due to their ability to inhibit acetylcholinesterase enzyme. This could 
eventually lead to acetylcholine accumulation at synapses in both the central and peripheral nervous 

systems, which results in serious health problems (Ganie et al., 2022). Kamaruzaman et al. (2020) found 

that agricultural insecticides, particularly OPs, are the second most common type of pesticides involved 
in pesticide poisoning incidents, accounting for 34% of incidents and ranking in the top 40% of OP 

poisoning cases. Furthermore, 20% of all suicides globally involve deliberate ingestion of pesticides, 

with the majority of incidents occurring in developing countries (Pathak et al., 2022). The data suggests 
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that pesticide poisoning incidents involving OP pesticides are common, hence, it is crucial to develop 
and implement effective strategies to minimise the use and impact of these pesticides, as well as 

ensuring the safety of those who handle them. 

In the late 1930s, during World War II, due to the high toxicity effect of OP compounds, the German 

army created neurotoxins from OPs (Gupta, 2020). These neurotoxin agents were developed as 

chemical nerve agents to be used as chemical weapons in wars. These chemical nerve agents are 
extremely toxic, which can be disseminated in liquid, gas or aerosol form (Ganesan et al., 2010). Despite 

being banned by the Chemical Weapons Convention, OPs are still synthesised on a large scale and used 

during military crises and terrorist attacks. In fact, the rate of their production and use seems to have 
increased in recent years. Stockpiles of these chemical weapons are still available since the synthesis 

routes of different nerve agents have been published in open literature (Worek & Thiermann, 2013; 

Collina, 2013; Worek et al., 2020). In fact, due to their readily available raw materials, relative 
inexpensiveness, ease of production and extreme toxicity effects, small terrorist groups can use them to 

cause mass casualties (Ganesan et al., 2010; Valiveti et al., 2015). There have been recent incidents of 

chemical warfare agents causing public fatalities, such as the Sarin attacks in Japan (1994 and 1995), 

VX assassination in Kuala Lumpur, Malaysia (2017), and Novichok poisoning in Salisbury, United 

Kingdom (2018) (Picard et al., 2019).  

OP poisoning is a severe toxicity caused by exposure through ingestion, inhalation and dermal 

absorption of OP compounds commonly present in pesticides and chemical warfare agents (Roby et al., 

2018; Bhadesiya et al., 2020). The high toxicity of OPs can be life-threatening as the compounds ease 
in skin permeation, with the clinical signs of sweating, salivation, diarrhoea, muscle tremors and 

confusion rapidly appearing, with the acute effects progressing swiftly, potentially resulting in death if 

not treated instantly (Kassa et al., 2015; Robb & Baker, 2022). The onset of symptoms is influenced by 

various factors such as the amount of agent absorbed through the skin, which is dependent on exposure 
area, agent concentration and exposure conditions (Thors et al., 2020). Determining an effective 

antidote for OP poisoning remains a challenge, with no optimum solution discovered to date (Bušić et 

al., 2016). In cases of both external and internal exposure to OPs, prompt measures can significantly 
reduce the extent and severity of exposure. At the moment, clinically, administration of atropine and 

oxime injection such as 2-pralidoxime (2-PAM) is essential to reactivate acetylcholinesterase and 

restore the patient to normal condition (Alnoaimi, 2024).  Nevertheless, immediate application of  
decontamination procedure is essential to mitigate the risk of exacerbating the condition prior to 

poisoning. Magnano et al. (2021) found that the most effective method of reducing the risk of 

intoxication is through rapid skin decontamination. Ideally, the decontamination agent used should be 

quick and easy to apply, efficient, environmentally safe and cost effective, as per Federal Drug 

Administration (FDA) guidelines for various classes of chemical agents (Clarkson & Gordon, 2020).  

Therefore, this paper comprehensively discusses the efficiency of various conventional 

decontaminating agents in the remediation of OP compounds, covering chemical, biological and 

physical methods. Additionally, it also explores current advances to the decontamination methods and 
future perspectives, to enhance decontamination efficiency and sustainability. By reviewing the current 

state and future directions of OP decontamination, this paper aims to contribute to mitigating OP 

exposure risks and promoting safer remediation strategies. 

 

2. METHODS FOR DECONTAMINATION 

 

Effective decontaminating agents play a vital role in mitigating the harmful effects of exposure to OPs. 

The decontaminating agents work by neutralising or removing the contaminants from surfaces 
preventing from further absorption of the toxic compounds into the body system. The currently utilised 

approaches for decontaminating OPs can be categorised into three main groups, which are physical, 

chemical and biological (Jacquet et al., 2016; Ore et al., 2023), as illustrated in Figure 1. 
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Figure 1: Types of decontamination agents. 

 

2.1 Physical Decontamination 

 

Physical decontamination is the first phase of elimination or decomposition of toxic and dangerous 
substances into harmless products from individuals, equipment and the environment (Eid et al., 2020). 

During the initial moments of exposure, immediate and effective decontamination steps are crucial to 

prevent OPs from further absorbing into the skin. At this early stage of contamination, it is essential to 

physically remove the contaminant within minutes of exposure (Dachir et al., 2021). 

 

Physical decontamination against OP compounds focuses on the physical removal or destruction of 
these chemicals from surfaces, objects or the human body. One of the most common physical 

decontamination methods used against OPs is thorough washing or rinsing with copious amounts of 

water or with additional specialised decontamination additive solutions including soaps and detergents 

Physical

•Use of mechanical processes 
or physical means to remove 
or reduce OP contamination 
from surfaces, objects or 
individuals.

Chemical

•Use of specific chemical 
agents or solutions to 
neutralise, degrade or break 
down OP compounds. 

Biological

•Use of living organisms or 
biological agents to degrade 
or detoxify OP compounds

 Soap and Water Wash: 

Washing the contaminated 

surface or skin with soap 

and water can help to 

remove OP residues. Soap 

can break down the oily 

nature of the compound, 

making it easier to wash 

away. 

 RSDL (Reactive Skin 

Decontamination Lotion): 
RSDL is a military-grade 

decontamination lotion 

specifically designed to 

remove or neutralise 

chemical warfare agents, 

including OPs, from the 

skin. It works by breaking 

down the agent and 

encapsulating it, allowing it 

to be wiped away. 

 Fuller's Earth (FE): It is 

an absorbent clay material 
that can be used to soak up 

liquid OP spills from 

surfaces. It helps in 

containing and removing 

the agent. 

 Chlorine Dioxide 

(ClO2): Chlorine 

dioxide is another 

powerful oxidising 

agent that can be used 

for decontamination. It 

reacts with OPs, 

breaking down their 

chemical structure. 

 Alkaline Solutions: 

Alkaline solutions, 
such as sodium 

hydroxide (NaOH) and 

potassium hydroxide 

(KOH), can be used to 

hydrolyse OPs. 

Hydrolysis breaks the 

chemical bonds in 

OPs, rendering it less 

toxic or non-toxic. 

 Bleach (Sodium 

Hypochlorite): 
Sodium hypochlorite, 
commonly known as 

bleach, is effective in 

breaking down some 

OP compounds. It 

oxidises the chemical 

agent, reducing its 

toxicity. 

 Bioremediation: 

Bioremediation is a 

process that uses 

microorganisms, such as 
bacteria, fungi and plants, 

to break down and 

metabolise OP 

compounds. These 

microorganisms use OPs 

as a nutrient source, 

converting it into less 

toxic byproducts. 

 Enzymatic Degradation: 

Certain enzymes 

produced by 
microorganisms or plants 

that have the ability to 

break down OP 

molecules. These 

enzymes, such as 

organophosphorus 

hydrolases, cleave the 

chemical bonds in OPs, 

leading to detoxification. 
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(Amend et al., 2020). The most cost-effective and environmentally safe options for decontamination 

are water-only and soapy water hydrolysis (Schwartz et al., 2012; Lin et al., 2017). This mechanism of 

water decontamination exploits the inherent reactivity of water molecules to break down the chemical 

structure of OP compounds, rendering them less harmful (Zhang et al., 2022). It is a cost-effective and 
environmentally safe method that can be readily applied in various decontamination scenarios. 

Additionally, the use of detergents or soaps aids in breaking down and emulsifying the compounds, 

further enhancing their removal (Mijaljica et al., 2022). However, Forsberg (2020) found that skin 
decontamination using soapy water can result in dramatically increased penetration rate for OPs. This 

is due to the wash-in effect that occurs when the soapy water solution does not adequately penetrate or 

interact with OP residue, resulting in incomplete decontamination (Chiang et al., 2021). This can leave 

behind traces of OP compounds, which can pose continued risks of exposure and potential harm. 
 

Another commonly applied physical decontamination method is reactive skin decontamination lotion 

(RSDL), available in lotion or gel form. It effectively removes and neutralises a wide range of chemical 
contaminants by binding to and absorbing harmful substances on the skin's surface, thereby minimising 

their absorption into the body. Schwartz et al. (2012) found that RSDL is particularly effective against 

OPs, including VX, as compared to 1% soapy water. Its compact size and portability make it convenient 
for diverse scenarios, including military operations, industrial accidents or chemical spills. However, 

RSDL is primarily intended for intact skin and may not be suitable for open wounds or sensitive areas 

due to potential irritation or adverse reactions (Connolly et al., 2020). Furthermore, Magnano et al., 

(2021) found that while RSDL's is effective in removing toxins even when applied up to 60 min after 
contact, but it loses effectiveness at 90 and 120 min. Therefore, situations involving extensive 

contamination or more resilient chemical agents may require additional and more thorough 

decontamination procedures. 
 

Fuller’s earth (FE) is a naturally occurring clay material known for its excellent absorbing and purifying 

properties. For centuries, it has been used in the wool fulling process to cleanse wool by removing oils, 
dirt and impurities. Besides its traditional role in textile processing, FE is valued for its cost-

effectiveness and availability. Composed of layers with high ion exchange capacities, FE facilitates 

interaction with OPs, making it ideal for decontaminating and purifying OPs (Danoy et al., 2022). FE 

suspension has proven to be a rapid and reliable method for skin decontamination as compared to free 
powder form and water solutions (Roul et al., 2020; Danoy et al., 2022; Robb & Baker, 2022). However, 

due to its powerful oil-absorbing properties, excessive use of FE may cause dryness and irritation to the 

skin. Therefore, it may not be suitable as a primary skin decontamination tool, especially for those with 
sensitive skin. Another critical consideration in decontamination is ensuring the safety of the 

surrounding area affected by contamination. While FE effectively captures and contains contaminants 

due to its high adsorption capacity, it lacks degradation properties (Thors et al., 2017a). This limitation 

means that while FE can remove harmful substances from the immediate environment, it cannot break 
them down (Magnano et al., 2021). Consequently, the risk to the surrounding contaminated area and 

individuals nearby remains unresolved. Therefore, additional measures must be implemented to 

mitigate the persistent threat and ensure comprehensive safety. 
 

 

2.2 Chemical Decontamination 

 

Chemical decontamination refers to the use of specific chemical agents that can break down or 

neutralise the toxic properties of OPs. One of the commonly employed techniques is the use of oxidising 

agents such as chlorine bleach or chlorine dioxide, and hydrogen peroxide that can chemically react 
with OPs, converting them into less toxic derivatives (Roul et al., 2020). Hydrogen peroxide-based 

decontamination solutions can effectively decontaminate chemical warfare agents, such as VX (O-

ethyl-S-(2-diisopropylaminoethyl-methylphosphothiolate) and Soman (GD), via perhydrolysis to their 

non-toxic phosphonates and HD by oxidation to its non-vesicant sulfoxide (Wagner, 2010; Zhao et al., 

2020; Dong et al., 2021;). However, using hydrogen peroxide for decontaminating OPs may have 

limitations and potential risks, including incomplete decontamination, production of toxic byproducts, 
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as well as skin and eye irritation (Oudejans et al., 2020; Yang & Liu, 2021). Careful consideration of 
its effectiveness and safety is necessary in the decontamination process. 

 

Another method used for skin decontamination is a 0.5% solution of household bleach containing 

sodium or calcium hypochlorite, followed by thorough rinsing with water (Clarkson & Gordon, 2020). 
Historically, these bleaching powders were the primary decontaminants used to neutralise chemical 

nerve agents. However, these chemicals may not be suitable for skin decontamination due to their 

moderate toxicity and potential adverse effects, including temporary redness, skin irritation and allergic 
reactions. Consequently, safer and more effective alternatives have been sought for decontamination 

purposes. Another chemical decontamination method commonly employed involves the use of alkalis 

or acids, such as sodium hydroxide (Vakhitova et al., 2019). Sodium hydroxide reacts with OPs, 
breaking them down into phosphonic acids. Although most OP pesticides and nerve agents are rapidly 

neutralised at pH levels between 10 and 13 (Lockridge et al., 2019), this method is unfavourable due to 

the significant risk of chemical burns to the skin and eyes caused by the highly alkaline pH of the 

chemicals used (Clarkson & Gordon, 2020). 
 

Furthermore, to combat a broad spectrum of OP compounds, U.S. and NATO forces have adopted 

commercially available products such as Decontamination Solution 2 (DS2), BX-24 and 

Decontamination Formulation DF-200, which have proven to be highly effective (Thakur et al., 2019). 

Unfortunately, these agents are considered unsafe due to their corrosive nature and generation of 

hazardous waste (Xu et al., 2021). Therefore, there is an urgent demand for decontamination strategies 

that are non-toxic, non-corrosive and environmentally friendly. 

 

 

2.3 Biological Decontamination 

 

Biological decontamination is an innovative approach that utilises living organisms or biological agents 
to neutralise and degrade OPs. This method harnesses the natural capabilities of certain microorganisms 

or enzymes to break down and eliminate these toxic substances, offering a promising solution for 

managing organophosphate contamination. This approach is easy to use, environmentally friendly and 
cost-effective (Huang et al., 2021).  

 

Biological decontamination methods involve introducing specific microorganisms, such as bacteria or 

fungi, that possess the ability to degrade OPs. Several studies have showed that microbial enzymes 
(such as esterase enzymes from Pseudomonas sp. C11 and hydrolase enzyme from Arthrobacter sp. 

HM01) are directly use to remediate pesticides (OPs, pyrethroids and carbamide) in the environment 

(Mali et al., 2023). Among the several IP degrading enzymes, the best characterised is the bacterial 
enzyme phosphotriesterase (PTE) (Dyguda-Kazimierowicz  et al.,2014). 

 

As compared to the previous physical and chemical decontamination strategies, one of the advantages 
of biological decontamination is its specificity and selectivity. Hydrolase, phosphotriesterase, and 

phosphatase enzymes from microorganisms target  the P–O alkyl and aryl bonds of OPs and hydrolyse 

it (Kumar et al., 2018). Moreover, biological decontamination is often considered as an environmentally 

friendly approach (Pathak et al., 2022). It takes advantage of natural processes and avoids the use of 
harsh chemicals or high-energy treatments. This reduces the potential negative impact on ecosystems 

and minimises the generation of hazardous by-products during the decontamination process (Javaid et 

al., 2016). 
 

 

2.4 Summary of Studies Conducted 

 

Based on the literature, numerous studies have been conducted to evaluate the efficacy of different 

decontamination agents against different OP compounds. Table 1 summarises the studies conducted 

over the last five years.  
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Table 1: Summary of studies conducted on the efficacy of decontamination agents against various OP 

compounds. 

 

Authors  Decontaminants Agents 
Type of 

study  
Findings 

Physical Decontamination  

Fentabil et 

al. (2020)  
RSDL 

Parathion 

and aldicarb 

pesticide 

In vivo 

This study assessed the efficacy of the RSDL 
against parathion and aldicarb pesticide 

dermal exposure in a guinea pig model and 

found that animals exposed to 749 mg/kg of 

Parathion died within 24 h without RSDL 

decontamination. RSDL-treated animals 

showed only mild signs of neurotoxicity. 

Gebremed

hin et al. 

(2020)  

RSDL 
Riot control 

agents 

(RCAs) 

In vitro 
RSDL lotion was found to be effective in 

degrading RCAs at certain molar ratios and 

reaction times. 

Cao et al. 

(2018)  

 

Dermal 

Decontamination Gel 

(DDGel) and RSDL 

Diisopropyl 

methylphosp

honate 

(DIMP) 

In vitro 

 DDGel was found to be more effective in 

decontaminating the skin surface even as late 

as 90 min after skin exposure to the simulants. 

Both decontaminants removed more than 90% 

recovery dose of DIMP from the skin as 

compared to control group.  

Thors et 

al. (2020) 
RSDL VX In vitro 

A slightly extended procedure for RSDL-

decontamination is recommended for 

improved efficacy. The study found that 

prolonged skin contact time of RSDL is 

important for efficient decontamination of 

VX. The paper also highlights the importance 

of using low water content procedures for skin 

decontamination of nerve agents. 

Danoy et 

al. (2022)  

 

FE Paraoxon 
In vitro 

and In vivo 

In presence of FE suspensions, disappearance 

of paraoxon from the stratum corneum was 

observed. Water potentiates the absorbing 

capacities of FE powder making FE aqueous 

suspensions as a safe tool for OP skin 

decontamination. 
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Chemical Decontamination 

Redy 

Keisar et 

al. (2021) 

Hydrogel contains 

polyvinyl alcohol, 

borax and sodium 

perborate (NaBO3) 

Sarin (GB), 

VX, and 

sulfur 

mustard 

(HD) 

In vitro 

This gel instantly forms and effectively sticks 

when sprayed on various matrices 

contaminated with the contaminants. It 

efficiently detoxifies GB, VX and HD to 

provide nontoxic products. 

Kim & Lee 

(2020) 

Montmorillonite-based 

acid-activated clay 

(AACL) 

VX In vitro 

With optimised weight ratio of AACL to VX 

(40: 1), 99.6% of VX is chemically 

decontaminated within 10 min. AACL also 

shows good adsorption capacity for CWAs. 

Qi et al. 

(2023) 

Sodium percarbonate 

(SPC) complexed with 

1-acetylguanidine 

(ACG) 

HD and VX In vitro 

HD molecule was oxidised while VX 

molecule was oxidised and nucleophilic 

substituted after treated with SPC/ACG 

solution. 99% decontamination was achieved 

when the molar ratio of active oxygen to 

CWAs ((O)/(CWAs)) was at least 3 for HD 

and 7 for VX. 

Biological Decontamination 

Jacquet et 

al. (2021) 

OPNA-degrading 

enzymes 

G- agents, 

V- agents 

and 

Novichok 

agent 

In vitro 

Two enzymes (GG1 and GG2 engineered 

from Brevundimonas diminuta PTE (P0A434) 

can degrade most of these molecules 
(Cyclosarin, Sarin, Soman, Tabun and VX) at 

high concentrations (25 mM) in less than 5 

min. The enzyme-based solutions can 

decontaminate 97.6% and 99.4% of 10 g∙m2 

of Soman- and VX-contaminated surfaces 

respectively, and also can degrade ethyl-

paraoxon. 

Moon et 

al. (2019) 

Organophosphorus 

hydrolase 

Methyl 

parathion 
In vitro 

100% hydrolysis of methyl parathion into 

para- nitrophenol was observed after 24 h. 

Bigley & 

Raushel 

(2019) 

Bacterial enzyme 

phosphotriesterase 

(PTE) 

GB In vitro 

Hydrolysis of organophosphates by PTE via 

direct nucleophilic attack of a hydroxide on 

the phosphorus centre and cleave the 

phosphorus oxygen bond. 

Soares, 
Birolli, 

Ferreira & 

Porto 

(2021) 

Marine-derived fungi 

Aspergillus sydowii 

CBMAI 935 

Chlorpyrifos
, methyl 

parathion 

and 

profenofos 

In vitro 
Biodegradation of chlorpyrifos, methyl 

parathion and profenofos 
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3. CHALLENGES OF DECONTAMINATION AGENTS 

 

Decontaminating OPs remains a significant challenge due to the various limitations associated with 
existing decontamination methods. Physical, chemical and biological approaches often fail to 

effectively neutralise these toxic compounds. Due to the nature and wide variety of contaminants, each 

with unique characteristics and contamination mechanisms, there is no single approach that can be 
applied in all circumstances of contamination (Khan et al., 2013; Wong et al., 2020).  

 

Physical decontamination is commonly associated with secondary contamination as it only physically 
removes the toxic compound. If the contaminants are embedded deeply in porous materials or adhere 

strongly to surfaces, contaminants still retain their harmful effects and can pose a threat if the 

decontaminated material is not disposed of safely. Moreover, the application of physical methods 

commonly requires a significant amount of water to rinse and remove chemicals from skin and hair, in 
which it can cause huge quantities of contaminated wastewater with additional economic burden for the 

industry and environment (Collins et al., 2021; Dallagi et al., 2023).  

 
Chemical and biological methods also present substantial challenges. Chemical decontamination, 

utilising agents such as bleach and hydrogen peroxide may leave toxic residues, and excess usage have 

been associated with respiratory damage and increased risk of developing asthma (Dewey et al., 2022). 
Additionally, the effectiveness of chemical agents can be compromised by the presence of interfering 

substances, such as organic matter, which can react with the decontaminants and reduce their efficacy 

(Cristale et al., 2017). 

 
The efficacy of biological methods, which employ microorganisms or enzymes to degrade OPs, can 

vary significantly based on environmental conditions such as temperature and pH. These methods are 

often time-consuming, making them less viable for rapid response situations of decontamination 
(Pashirova et al., 2024). Moreover, the introduction of microorganisms into the environment raises 

concerns about potential ecological disruptions and unintended spread of non-native species (Sarker et 

al., 2024). Thus, the development of universally effective decontaminating agents against OPs remains 

a complex and multifaceted challenge, necessitating a combination of approaches tailored to specific 
contamination contexts.  

 

 

4. RECENT ADVANCES AND FUTURE RECOMMENDATIONS 

 

The success of decontamination  depends not only on the decontaminating agent but also on the 
decontamination protocol, including the amount, concentration and application method (Dachir et al., 

2020). Different outcomes were observed in studies with the same decontaminating agents but different 

protocols, as was demonstrated in the study by Taysse et al. (2017). Furthermore, the timing of 

decontamination application and duration of contact with the skin are also important factors. Thors et 
al. (2017b) found that early decontamination is crucial for preventing penetration of toxic compounds 

into the skin. Therefore, these factors should be included as important parameters in developing 

effective methods to decontaminate OPs. 
 

To date, no single approach has been successfully reported as a universal decontamination agent. 

However, recent advancements have introduced innovative and more efficient approaches to OP 
decontamination, enhancing both effectiveness and safety as compared to conventional methods. The 

advancements summarised in Table 2 represent a significant leap forward in the field of OP 

decontamination, offering diverse and innovative solutions.  
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Table 2: Recent advances in decontamination agents. 

Agent Mechanism of 

action 

Advantages References 

Activated carbon from 

agricultural waste 

Adsorbs OP 

compounds 

Cost-effective, sustainable, easy to 

operate and eco-friendly 

Ore et al. (2023) 

Bioremediation / 

Engineered biocatalytic 

systems 

OP degrading 

enzymes 

(PTE/OPH) 

High catalytic activity to rapidly 

degrade / detoxify hazardous 

pesticides in the environment, and 
highly stable in harsh environmental 

conditions 

Mali et al. (2023); 

Jaiswal et al. 

(2024)  

Nanoparticles / 

nanomaterials 

Oxidations and 

adsorption 

High surface area, highly efficient 

and less reaction time 

Boulkhessaim et al. 

(2022) 

Photocatalytic Oxidation and 

degradation 

Economical, fast and efficient Lakshmi et al. 

(2020); Fawad 

Ahmad (2022);  

Emmanuel et al., 

(2024) 

Hydrogel-based systems Perhydrolysis and 

oxidation 

Universal decontamination abilities, 

mild nature and easy application 

Redy Keisar et al. 

(2021) 

 

Future research in the field of OP decontamination should prioritise the development of multi-functional 

materials that not only adsorb OPs effectively but also possess degradation properties, providing a more 

comprehensive solution by both capturing and breaking down harmful substances. Modern approaches 

that involve the use of gels or polymeric films / coatings with addition of nanoparticles possess benefits 

to the decontamination strategy (Ginghină et al., 2022). In addition, innovations in nanotechnology hold 

significant promise, with nanoparticle-based adsorbents and catalysts potentially enhancing the 
efficiency and speed of OP removal (Hosseini & Salari, 2021; Boulkhessaim et al., 2022). Exploring 

and engineering microorganisms or enzymes for biodegradation could also offer sustainable and eco-

friendly decontamination methods, warranting optimisation for practical applications (Sheng et al., 
2022). Hybrid systems that integrate physical, chemical and biological decontamination approaches 

should be investigated to maximise efficiency and safety. Furthermore, advancements in real-time 

monitoring and control systems, including advanced sensors, could facilitate early detection and 

efficient management of contamination (Umapathi et al., 2022). Addressing these areas will 
significantly advance the field, leading to safer and more effective methods for OP removal and 

improved protection of public health and the environment. 

 
 

6. CONCLUSION 

 
In conclusion, physical chemical and biological decontamination methods offer valuable approaches to 

mitigate the risks associated with OPs. Physical methods remove or contain the contamination, chemical 

methods neutralise or break down the compounds, and biological methods harness the natural 

capabilities of microorganisms or enzymes. Given the diverse nature and characteristics of 
contaminants, these conventional methods alone are often insufficient for comprehensive 

decontamination. Therefore, by advancing technologies, integrating these methods, and developing 
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innovative agents, more effective and environmentally sustainable decontamination strategies can be 
developed to safeguard human health and mitigate the ecological impact of organophosphate 

contamination. 
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ABSTRACT 
 

Smoke bombs are a type of pyrotechnic device used in military operations, search and rescue, crowd 

control, and training exercises. Early smoke bombs produced black or white smoke, but coloured smoke 
bombs have become more versatile and widespread. However, concerns about the toxicity and 

carcinogenic potential of the dyes and carrier materials used to create these vivid colours have been 

raised. To this end, studies have been conducted to improve the safety and performance of coloured 

smoke bombs. Alternative carrier materials, such as ammonium perchlorate, have been explored. 
Efforts have also been made to improve the consistency of dye dispersion and overall burn 

characteristics of smoke bombs. Despite these efforts, there is still uncertainty regarding the 

toxicological effects of coloured smoke bombs. Many of the dyes and carrier materials used in these 
devices have been shown to have toxic or carcinogenic properties in laboratory studies. Additionally, 

several cases of smoke bomb-related illnesses and injuries have been reported, particularly among 

military personnel. This paper provides a review of the chemistry, physiology and military applications 
of colour smoke bombs and their components, as well as an evaluation of the latest research on the 

potential health risks associated with their use. Some of the most notable cases of toxicity associated 

with smoke bombs are highlighted, and the implications of these findings for the safety and future 

development of pyrotechnic technology are discussed.  
 

Keywords: Smoke bombs; coloured smoke; dyes; oxidisers; toxicity.  

 

1.  INTRODUCTION 

 

Smoke bombs have been used for various purposes, from military training exercises to signalling and 
special effects for movies. Smoke bombs have traditionally produced white or black smoke. White 

smoke has been considered as the superior choice for many years due to its high visibility and less 

obscuring effect as compared to black smoke (Danali et al., 2010). The pyrotechnic mixture used to 

produce white smoke can vary, with some formulations containing zinc oxide and hexachloroethane 
(HC) that produce dense, bright white smoke when ignited. White phosphorus is also commonly used 

to produce white smoke in particular for military operations due to its high brightness and long duration. 



157 

 

However, it has sparked controversy due to its potential health hazards, including severe burns and 
toxicity (Aviv et al., 2017). 

 

The development of coloured smoke bombs in recent years has expanded their utility, particularly in 

military applications. Coloured smoke bombs produce smoke in various colours, making them useful 
for marking unit flanks, positions of lead elements, locations of targets, drop zones, tactical landing 

areas and medical evacuation landing sites (NRC, 1997; Gluck et al., 2016). In addition to their military 

applications, coloured smoke bombs are used in various civilian settings, such as for signalling during 
search and rescue operations, and as part of pyrotechnic displays in movies and concerts. 

 

Coloured smoke bombs contain various chemicals responsible for producing the desired colour. 
Typically, the chemicals used in coloured smoke bombs combine oxidisers, dyes and fuel, as follows 

(Stoenescu, 2014; Istiqamah et al., 2024): 

 

 Oxidisers  
Used to provide the oxygen necessary for combustion. Common oxidisers in coloured smoke 
bombs include potassium chlorate, sodium nitrate and ammonium nitrate. 

 

 Dyes  
Usually added to the mixture to produce the desired colour. Different dyes produce different 
colours; for example, potassium perchlorate combined with strontium nitrate produces red, 

while barium chloride combined with sodium bicarbonate produces green. 

 

 Fuel  
Used to sustain combustion and produce smoke. Common fuel sources used in coloured smoke 

bombs include sucrose, lactose and dextrin. 

 

The development of coloured smoke bombs has brought new challenges and concerns about their 
potential health effects (Stoenescu, 2014). Some of the most common health effects of exposure to 

coloured smoke include respiratory and skin irritation (NRC, 1997; Cao et al. 2016). Long-term 

exposure to some of the dyes and carrier materials used in coloured smoke bombs has also been 
associated with higher risk of cancer (Stoenescu, 2014). In order to better understand the potential health 

effects of coloured smoke bombs, we have compiled a list of common dyes used in these devices and 

their associated health effects, as presented in Table 1. It shows that some of the dyes used in coloured 

smoke bombs can have serious health effects, including acute inhalation toxicity, carcinogecity and skin 
sensitisation. In addition, the carrier materials used to disperse the dyes can also be toxic, further 

increasing the potential health risks. As a result, efforts have been made to develop safer coloured smoke 

bombs, such as using alternative carrier materials or nanotechnology to disperse the dyes more 
efficiently (Zeman et al., 2022). By understanding the potential health risks associated with coloured 

smoke bombs, we can work towards making these devices safer for use in a range of applications. 

 
Table 1: Dyes used in coloured smoke bombs and their potential health effects (Dilger et al., 2022). 

Dye Health effects 

Disperse Red 9 
Acute inhalation toxicity, carcinogenicity, 

genotoxicity mutagenicity and skin sensitisation. 

Solvent Green 3 
Acute inhalation toxicity, carcinogenicity, 
genotoxicity mutagenicity and endocrine disruption. 

Chlorinated Vat Yellow 4 Acute oral toxicity and endocrine disruption  

Solvent Blue 35 
Acute inhalation toxicity, carcinogenicity and 

genotoxicity mutagenicity. 

 

This paper aimed to provide a review of the toxicity and carcinogenicity of the dyes and carrier materials 

used in coloured smoke bombs and current efforts to mitigate these risks. By examining the history of 
smoke bombs and their initial applications, development of coloured smoke bombs, possible health 

consequences that could arise from exposure to these devices, as well as different types of coloured 
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smoke bombs and their applications, better understanding can be gained on the risks associated with its 
usage. Through this review, we hope to raise awareness about the potential dangers of coloured smoke 

bombs and encourage further research into safer alternatives that can be used in both military and 

civilian applications. 

 

 

2.  CHEMISTRY OF COLOURED SMOKE BOMBS 

 
Coloured smoke bombs typically consist of a few essential components: an oxidiser, with potassium 

chlorate (KCIO3) often chosen; a fuel derived from lactose or sucrose; an organic dye; and various 

additives designed to enhance combustion and improve the composition's processing characteristics 
(Faber et al., 2013; Tang et al., 2023). KCIO3 has seen widespread usage as an oxidiser in pyrotechnics 

for an extended period due to its ease of ignition, oxygen-rich properties and cost-effectiveness 

(Hosseini et al., 2005; Ouyang et al., 2011).  

 
 

2.1  Mechanism of Coloured Smoke Bombs 

Additionally, it is crucial that the chosen oxidisers exhibit low hygroscopicity, possess proper particle 
size and have acceptable heat of decomposition (Srinivasan, 2017). The ignition temperature for a 

mixture of KCIO3 and sucrose can drop to as low as 180 °C (Hosseini et al., 2005). It is important to 

know its decomposition temperature to avoid accidental ignition or explosive reactions. The oxidiser's 
role is paramount as it furnishes the necessary oxygen for fuel combustion (Babar & Malik, 2014). This 

combustion process causes the dye to evaporate and be expelled from the device, where it condenses in 

the atmosphere, forming an aerosol composed of minute particles that give the smoke its distinctive 

colour (Hemmila et al., 2007). The binary reaction between chlorate and lactose can take a different 
path depending on the amount of oxygen available, as shown in Equation 1 (Ellern, 1968; Eslami & 

Hosseini, 2010): 

 

4KCIO3 + C12H22O11                                       4KCI + 12CO + 11H2O H = - 2.9 kJ/g              (1) 

8KCIO3 + C12H22O11                                       8KCI + 12CO2 + 11H2O H = - 4.2 kJ/g 

 
A previous study by Lee et al. (2001) highlighted potassium perchlorate (KClO4) as a potent oxidising 

agent known to decompose at elevated temperatures, producing oxygen as one of its major byproducts. 

In order to investigate the thermal properties of KClO4 with varying particle sizes ranging from 44 to 

150µm, the researchers employed differential scanning calorimetry (DSC), differential thermal analysis 
(DTA) and thermogravimetry (TG). Their findings revealed that the DSC curves of KClO4 with varying 

particle sizes exhibited endothermic peak at 308 °C and melting point at 608 °C. Notably, smaller 

particle sizes of KClO4 displayed a shifted initial decomposition temperature to lower levels. 
Furthermore, the thermal behaviour of pyrotechnic mixtures underwent scrutiny using TG and DTA, 

revealing that KClO3 + sucrose has a notably low ignition temperature, rendering it more prone to 

manufacturing hazards and self-ignition when compared to KClO4 + sucrose. Consequently, 
incorporating KClO4 into a mixture with sucrose enhances stability and elevates the ignition 

temperature, which is attributed to KClO4's superior stability over KClO3. Additionally, the inclusion 

of stabilisers such as sodium bicarbonate, which undergoes endothermic decomposition, leads to 

reduced reaction temperatures and extended reaction times, resulting in slower and more sustained 
release of smoke (Tabacof & Calado, 2017). Moreover, a cooling agent should be introduced to prevent 

excessive decomposition of the dye (Istikamah et al., 2024). 

 
Hosseini et al. (2005) found similar thermal behaviours for sucrose, KClO3, KClO4, as well as mixtures 

of KClO3 + sucrose and KClO4 + sucrose, which are sometimes employed as pyrotechnic compositions 

in military applications. As summarised in Table 2, the findings indicate that the ignition temperatures 
for KClO3 and KClO4 alone are 472 and 592 °C respectively. In contrast, pure sucrose exhibits 

decomposition at a much lower temperature, at approximately 180 °C. Furthermore, substituting KClO3 

with KClO4 as the oxidiser for sucrose results in decrease of the mixture's sensitivity. Significantly, the 
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ignition temperature for combination of KClO3 and sucrose can drop to as low as 180 °C. On the other 
hand, substituting KClO3 with KClO4 increases the ignition temperature to approximately 410 °C, 

creating a safer threshold that prevents accidental activation due to factors such as static electricity. 

Besides using KClO3 and KClO4 as oxidisers, a recent study by Istikamah et al. (2024) used potassium 

nitrate (KNO3) as oxidiser in the formulation. The study indicates that the optimal ratio of smoke signal 
composition determines the longest burn period, best ignition time and greatest colour output. The 

findings also showed that a ratio of 50 wt% KNO3, 20 wt% MgCO3 and 30 wt% sugar produced the 

best-looking coloured smoke signal, with the consistent colour opacity and thickness of the smoke, and 
ignition and burn times of 5 and 120 s respectively. 

 

 
 

 
Table 2: Summary of DTA-TG results (Hosseini et al., 2005). 

Component Composition 

(by mass) 

Transition Temperature (ºC) 

             Fusion                       Ignition                            T* 

Sucrose 100 180 Decomposes 180-300 

KClO3 100 356 472 475-500 

KClO4 100 590 592 592-600 

KClO3+ sucrose 74/26 180 180 180-220 

KClO4+ sucrose 71/29 410 410 410-500 

 

 

 

 

2.2  Coloured Smoke Dyes 

 

Various dyes have historically been utilised in coloured smoke mixtures. However, many of these dyes 
are currently under scrutiny due to concerns about their potential carcinogenicity and other health 

hazards (Stoenescu, 2014; Zeman et al., 2022). Some dyes from the anthraquinone group have been 

identified as toxic and carcinogenic substances (Sendelbach, 1989). Most anthraquinone dyes that 
exhibit positive responses in the Ames mutagenicity test contain hydroxyl, nitro and amino functional 

groups (Sigman et al., 2008). These dyes are also known to act as primary irritants and potent sensitisers. 

Organic dyes were previously employed in coloured smoke bombs for the formulation of the colours 

of yellow, green, red and violet, but due to safety concerns associated with their smoke formulations 
and combustion byproducts, new organic dyes have been introduced as replacements to achieve the 

same colours. Table 3 provides the old and new smoke colour formulations, and their respective dye 

components. 
 

It is well-established that a coloured smoke bomb's formulation includes a dye that condenses to create 

an aerosol of minuscule particles, imparting the characteristic colour to the smoke. Effective coloured 
smoke compositions necessitate molecules with low toxicity, including minimal carcinogenicity.  These 

molecules should readily sublime without undergoing decomposition at the reaction temperature to 

produce high-quality coloured smoke (Stoenescu, 2014). Previous research has also highlighted the 

importance of the thermal stability of dyes to prevent molecular decomposition and maintain colour 
purity (Dilger et al., 2022). However, it is important to note that some of these dyes have been identified 

as toxic and carcinogenic substances, posing risks to both health and the environment. This longstanding 

concern, particularly regarding environmental and safety aspects, persists as military personnel who 
work with these smokes may be exposed to potential health hazards. Tragic accidents resulting from 

excessive inhalation of such smoke have been documented (Huang et al., 2008). Furthermore, limited 

attention has been directed toward analysing the potentially hazardous combustion byproducts 

generated by these devices (Perkins et al., 2022). 
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Table 3: The smoke colour formulations with their dye components (NRC, 1999). 

Smoke Colour Old Organic Dyes Current Organic Dyes 

Yellow  Vat Yellow 4 and benzanthrone Solvent Yellow 33 

Green  Vat Yellow 4 and benzanthrone and 

Solvent Green 3 

Solvent Yellow 33 and Solvent Green 

3 

Red Disperse Red 9 Solvent Red 1 and Disperse Red 11 

Violet Disperse Red 9 and 1,4-diamino-2,3-
dihydroanthraquinone 

- 

 

 
The materials that exhibit optimal performance in coloured smoke share several common properties, 

such as volatility and chemical stability. For a dye to be suitable, it must go through phase change into 

gaseous state upon heating without experiencing significant decomposition. Low molecular weight dyes 

(those weighing less than 400 grams/mol) are typically preferred, as volatility generally decreases with 
increasing molecular weight (Stoenescu, 2014). Salts are generally unsuitable for this purpose, as ionic 

species tend to have low volatility due to the strong inter-ionic attractions present within their crystalline 

lattice. Consequently, functional groups such as —COO— (carboxylate ions) and —NR3+ (substituted 
ammonium salts) should be avoided. Moreover, oxygen-rich functional groups such as NO and —SOH 

should also be excluded from consideration. These groups are prone to releasing oxygen at the typical 

reaction temperatures of smoke compositions, potentially leading to the oxidative decomposition of dye 
molecules. Although groups such as NH and —NHR (amines) are used, caution is essential as 

potentially hazardous oxidative coupling reactions can occur in oxygen-rich environments (Stoenescu, 

2014). Chunlong et al. (1993) conducted research on the relationship between functional groups and 

thermal stability in dyes, concluding that functional groups such as –CONH2, -CN, -NO2, -CL, and –
OCH3 enhance the thermal stability of dyes. 

 

The volatilisation of organic dyes within smoke devices takes place through the thermal interaction of 
the fuel and oxidiser. In order to be deemed suitable, an organic dye must rapidly volatilise at 

temperatures of around 400 - 500 ºC with minimal decomposition, resulting in smoke characterised by 

a specific colour and sufficient stability in the air (Chin & Borer, 1983). Excessive temperatures can 

lead to the decomposition of dye molecules, compromising the colour quality and volume of the 
generated smoke (Stoenescu, 2014). While a low ignition temperature is essential, the smoke-generating 

composition must remain stable during manufacturing and storage across the expected range of ambient 

temperatures. The colour of pyrotechnics arises from volatilised materials in the flame zone, emitting 
atomic spectra, molecular spectra, chemiluminescent radiation and incandescence from entrained 

condensed phases (Ambekar et al., 2017). The oxidative reaction must generate sufficient heat to 

vaporise the dye and enough gas to disperse the dye for the desired colour effect. The literature suggests 
that the amount of hazardous dyes can be minimised while achieving an identical colour impression. 

However, each coloured smoke dye possesses a unique enthalpy of sublimation, which significantly 

influences the performance and behaviour of a coloured smoke formulation. Consequently, each dye 

requires its optimised formulation to achieve burn time and colour feature requirements (Gluck et al., 
2018). Furthermore, a low burning temperature is essential to prevent the decomposition of the dye, 

typically an organic compound (Tabacof & Calado, 2017). 

 
 

3.  TOXICITY STUDIES OF DYE IN COLOURED SMOKE BOMBS 

 

The investigation into the inhalation toxicity of anthraquinone dyes remains relatively limited. Some 
earlier studies have tried to assess the harmful emissions of various coloured smoke devices. Hemmila 

et al. (2007) conducted experiments that revealed evidence of acute toxicity in four coloured smokes 

when assessed using the Trypan Blue exclusion method, involving the exposure of human bronchial 
epithelial cells to these smokes in vitro. The order of acute toxicity appears to be orange > violet ~ 

yellow > red. Historically, older M18 coloured smoke grenades contained dyes based on anthraquinone 

combined with sulphur, potassium chlorate and sodium bicarbonate. However, due to concerns 
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regarding health and toxicity implications, these smoke compositions are no longer in production, as 
they are suspected of releasing hazardous sulphur dioxide (SO2) during combustion (Gluck et al., 2018). 

Researchers have considered sugar (lactose / sucrose) as a less toxic alternative to replace the previously 

used sulphur containing formulations. Compared to sulfoxides produced in the past, combustion 

products derived from sugar now only contain harmless H2O and CO2 (Sabatini, 2014). 

 

Disperse Red 9 has been categorised with a toxicity rating of 1 when inhaled or ingested. This rating is 

attributed to slightly toxic substances, with effects that are generally temporary and cease upon 
discontinuation of exposure (Perkins et al., 2022). When subjected to combustion, this dye undergoes 

oxidative and pyrolytic reactions, generating various reaction by-products. At the combustion state, 

Disperse Red 9 [1-(methyl-amino) anthraquinone] primarily transforms into 1-aminoanthraquinone and 
2-aminoanthraquinone (Buchanan et al., 1983). Notably, 2-aminoanthraquinone has been identified as 

carcinogenic in rat and mouse bioassays (NCI, 1987). Additionally, Hemmila et al. (2007) observed 

weak genotoxicity in red smoke at high concentration levels. Disperse Red 9 has been substituted in 

contemporary formulations with a blend of Solvent Red 1 and Disperse Red 11 (Springer et al., 2008). 

 

In response to the known toxicity concerns associated with Disperse Blue 180, efforts have been made 

to develop more environmentally friendly compositions that do not rely on anthraquinone-based dyes. 
Marss et al. (1989) conducted studies to evaluate potential health risks arising from continuous exposure 

to pyrotechnic compositions containing Disperse Blue 180. Their findings revealed various 

inflammatory changes in the lungs of mice, rats and guinea pigs exposed to the test material for 1 h per 
day, five days a week for over 42 weeks at different concentrations within a static chamber. A 

statistically substantial increase in the incidence of alveologenic carcinoma was observed in the high-

dose group of mice. A previous study by Ledgard (2007) also found similar blue smoke formulations 

comprising of potassium chlorate (32.1 wt%), rice starch (2.9 wt%), milk sugar (26.2 wt%) and CuPc 
(38.8 wt%). However, a formulation containing potassium chlorate (20.0 wt%), magnesium carbonate 

(2.0 wt%), lactose (18.0 wt%) and CuPc (60.0 wt-%) resulted in the decomposition of the dye and 

production of gray soot on a 2 g scale. Even after experimenting with different oxidisers such as 
ammonium nitrate and ammonium dinitramide, no coloured smoke was detected. Consequently, the 

dye was used on Moretti's Solvent Yellow 33 system, with varying amounts of 5-amino-1H-tetrazole 

(5-AT) to enhance efficiency (Moretti et al., 2013). Maintaining the combustion temperature below 350 

ºC is important, as this is the dye's self-ignition point (Eslami & Hosseini, 2010). Fuels such as boron 
and azodicarbonamide generate excessively high temperatures, and for that reason, are unsuitable for 

these low-temperature formulations (Ojha & Karmakar, 2018; Guo et al., 2023).  

 
Previously, both toxic yellow dyes, benzanthrone and Vat Yellow 4, were used in the U.S. Army's M194 

yellow smoke hand-held signal. However, the M194 yellow smoke production was halted in the early 

1980s, partly due to concerns of the risks that these two dyes pose to health and the environment 
(Moretti et al., 2012). To this end, an alternative yellow smoke formulation was developed in response 

to these toxicity issues and the need for continued production, incorporating the non-toxic dye Solvent 

Yellow 33. This environmentally friendly replacement dye has found extensive industrial use and has 

also been safely employed in signalling devices. Similarly, for green smoke formulations, an 
anthraquinone-based dye was effectively substituted with more environmentally benign dyes, Copper 

(II) Phthalocyanine (CuPc) and Solvent Yellow 33 (SY 33), as reported by Gluck et al. (2018). The 

authors also suggested that these formulations are promising alternatives to the existing M18 green 
smoke formulation. In addition, Moretti et al. (2014) validated a yellow smoke formulation based on 

environmentally friendly dye using Solvent Yellow 33 as an alternative to the current formula specified 

for the M194 yellow smoke hand-held signal. 
 

 

4.  RECENT PROGRESS TO OVERCOME ISSUES RELATED WITH COLOURED 

SMOKE BOMBS 
 

There are significant challenges for the evolving emphasis on safer and more environmentally friendly 

materials, as well as the aim of maintaining or enhancing existing performance benchmarks. In 
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addressing these challenges, several objectives for improved smoke bombs have emerged, including the 
development of formulations with heightened efficiency and reduced sensitivity levels, as well as 

research into nano-scale smoke bombs, as well as the replacement of hygroscopic and toxic ingredients 

(Danali et al., 2010). Developing time delay pyrotechnic elements is also important to enhancing new 

fuses, which enable precise timing in igniting or activating explosives (Mojsilovic et al., 2022). 
Consequently, there is crucial demand for new and enhanced compositions for coloured smoke bombs 

that predominantly excludes toxic or irritant materials while ensuring effective smoke production 

(Perkins et al., 2022). 
 

Considering the potential health concerns associated with the current use of anthraquinone dyes, 

exploration into alternative materials is underway. An attractive option involves the utilisation of 
organic dyes with a diketopyrrolopyrrole (DPP) structure, which has been deemed as toxicologically 

safe for substitution in pyrotechnic compositions. What makes this material particularly intriguing is its 

distinctive chemical attributes, diverging from the typical structures relying on anthraquinones or azo-

compounds. The functional studies presented here have demonstrated that DPP exhibits the potential to 
generate a more efficient red smoke cloud as compared to conventional anthraquinone dyes, as 

illustrated in Figure 1 (Zeman et al., 2022). 

 

 
(a)                                                        (b)  

Figure 1: Smoke generated by the (a) Disperse Red 9 and (b) diketopyrrolopyrrole (DPP). 

 
In manufacturing smoke bombs, mechanical effects such as friction and impact are unavoidable and 

ever-present. The pyrotechnic materials are typically subjected to three types of investigations to 

determine the safety and security measures needed in handling the compositions, which are impact 

sensitivity, friction sensitivity and vacuum stability tests (Pulpea et al., 2023). Previous studies by 
Srinivasan (2017) and Monogarov et al. (2023) emphasised the significance of impact sensitivity, which 

is crucial for determining the safest impact energy threshold that prevents unintended ignition. In 

addition, mechanical sensitivity measurement is important for ensuring safety during handling and 
usage. It is also essential to consider the potential consequence of excessive moisture absorption by 

agents, which can affect emission performance. When moisture is absorbed, the composition of 

coloured smoke bombs tends to clump together, and excessive humidity may even lead to agent 
decomposition (Han et al., 2019). Additionally, the analysis of particulate matter emitted from smoke 

bombs is a crucial aspect. Carrico et al. (2018) emphasised how important particulate material, mainly 

fine fraction, influences atmospheric chemistry and optics. Particulate matter with aerodynamic 

diameter of less than 2.5 µm (PM 2.5) is a specific parameter of interest due to its implications for 
health, atmospheric visibility and climate. Reategui-Inga et al. (2024) reported on air quality damages 

due to concentrations of particulate matter (PM 2.5 and PM 10) in short periods. 

 
Han et al. (2019) also presented a novel formula for an environmentally friendly method for unpacking 

fireworks powder that yields lower PM 2.5 and PM 10 levels after combustion. This improvement can 

be attributed to the elimination of sulphur from the new formula, thereby reducing the production of 
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SO2. Beyond considering the formulation’s ingredient toxicity profile, it is paramount to detect potential 
harmful combustion byproducts and their particle sizes. Particles smaller than 2 µm can deeply 

penetrate lung alveoli upon inhalation. In a study by Hemmila et al. (2007), it was observed that the 

particles from yellow and red smokes were mostly spherical and smaller than 1 mm in diameter, as 

depicted in Figure 2. Some of these particles were interconnected, forming chains of several 
micrometres in length. Orange smoke contained rounded particles and needles, spherical particles 

smaller than 1 mm in diameter, and needle lengths below 2 mm. Very long chains of these particles 

were discovered on the filter. As for violet smoke, its particles appeared to be predominantly spherical. 
 

 

 

 

Figure 2: Particles of (a) orange, (b) yellow,  (c) red and (d) violet smokes (Source: Hemmila et al. 2007). 

 

 
With growing concern on environmental pollution, the world is increasingly recognising the importance 

of analysing the combustion products of smoke devices. Many of the existing formulations today have 

evolved through extensive trial and error processes in the past. However, there is still no acceptable 
chlorine-free oxidiser available to substitute potassium chlorate in low-temperature smoke formulations 

(Gluck, 2018). The issue of toxicity stemming from the use of chlorine-containing compounds warrants 

further investigation and discussion. Previous studies have also pointed to the contamination of 
groundwater and surface water by perchlorate, particularly in the vicinity of manufacturing and display 

sites, with the full extent of health and ecological impacts still awaiting comprehensive assessment 

(Sijimol & Mohan, 2014). Additionally, it is worth noting that carbon monoxide has been found among 

the combustion products of coloured smoke (Hemmila et al., 2007). Future research should explore the 
potential role of carbon monoxide in reducing the toxicity of this smoke. In addition, in order to ensure 

a thorough evaluation, new strategies should be developed for characterising aerosols produced by 

mixtures (Rabha & Saikia, 2020). 

 

(a) (b) 

(c) (d) 
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The safety, reliability and performance of smoke bombs have garnered increasing attention for military 

technologies. Shi & Wang (2018) conducted a study exploring how ambient temperature, packing 

conditions, size and heating rate affect the safety of pyrotechnic smoke bombs during storage and 

transportation. Their findings indicate that thermal hazards associated with pyrotechnics increase as 
ambient temperature rises. Ignition temperature is a crucial characteristic influencing the efficiency of 

pyrotechnic mixtures for smoke dye. Low-temperature igniting pyrotechnics may create dangerous 

problems, including uncontrollable and accidental self-ignition, while high-temperature variants may 
cause the breakdown of dye components at ignition temperature (Eslami & Hosseini, 2010). Notably, 

the inherent ignition temperature of pyrotechnics remains unaffected by packing conditions and size. 

Selvakumar et al. (2013) highlighted that that explosivity hinges not only on chemical composition but 
also on factors such as shape, particle size, physical form, selection of oxidizers and fuel, fuel-to-

oxidizer ratio, degree of mixing, moisture content, chemical purity, presence of additives, local 

pressure, as well as packing density. The authors analysed the ballistic behaviour of gunpowder and 

flash powder of firework chemicals with varying particle sizes in a closed vessel in order to determine 
the maximum pressure upon ignition. They also noted that nanoparticle-sized powders exhibited 

increased specific surface areas, facilitating easier ignition and higher burn rates. These nanopowders 

were synthesised through wet milling in a ball mill using toluene as the wetting agent. The evaluation 
of smoke bomb safety through thermal analysis has been widely adopted to investigate the ignition 

behaviour of colour smoke bomb mixtures, a critical factor influencing colour smoke safety (Brown et 

al., 2003; Tuukkanen et al., 2005; Gluck et al., 2018). 

 

An additional challenge in the search for an ideal smoke-generating composition involves the creation 

of solid residue during the combustion of conventional smoke-producing compositions. The residue, 

which is the byproduct of the reaction, contributes to the generation of waste materials such as slag and 
solid clinkers (Stoenescu, 2014). These will cause the solid materials to accumulate within the core of 

a pyrotechnic smoke-producing munition and obstruct the escape of gas-phase dye molecules into the 

environment. This obstruction can lead to deflagration, which poses the risk of causing harm to 
bystanders or resulting in only restricted emission of coloured smoke. Küblböck et al. (2020) reported 

that combustion products, which are potassium chlorate in combination with organic material, lead to 

carcinogenic polychlorinated compounds, which can be prevented using “nitrogen-rich-only” smokes. 

However, further evaluation of the toxicity of these combustion products is necessary to address health 
concerns (Küblböck et al., 2020). In addition, by understanding the chemical composition of smoke and 

its reaction products, potential toxicity effects can be easily assessed to evaluate any potential toxicity 

effects, which can result in safer formulations with better efficacy (Fedick et al., 2023). Therefore, 
future research endeavours should address these issues and enhance the formulations. 

 

 

5.  CONCLUSION 

 

This paper presented an overview of smoke bombs, particularly for effective composition improvement 

of coloured smoke bomb formulations. Current formulations face challenges due to the presence of 
chlorine-based oxidisers, which are associated with toxic byproducts and environmental contamination. 

Efforts to identify chlorine-free alternatives and understand the role of carbon monoxide in reducing 

toxicity are crucial. There may be other possible candidate compounds, which could further improve 
the effectiveness of smoke mixtures. For these future compounds, the dye content should be modified 

or enhanced to ensure less toxic, unique and vivid colour impressions. Research into alternative 

materials, such as diketopyrrolopyrrole (DPP) dyes, shows promise in offering safer and more effective 
colour options as compared to traditional anthraquinone dyes. The toxicity of these combustion 

products should also be further evaluated to satisfy health aspects. Future research should also focus on 

creating compositions that minimise harmful byproducts while ensuring effective smoke production. 

The evaluation of residue formation, potential for carcinogenic byproducts, and overall toxicity of new 
formulations will be vital for developing safer and more efficient smoke bombs. Addressing these issues 

will contribute to enhanced safety and environmental responsibility in smoke bomb technology.  
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ABSTRACT 

 

Manual hand dexterity involves highly coordinated hand motions for completion of specific tasks, which is 

crucial for various military activities such as hand-to-hand combat and practical drills. This response is 
usually a learned behaviour and can be influenced by the body’s physiological responses to external stimuli 

such as background music. In this study, the effect of background music tempo on manual hand dexterity 

was investigated. A total of 50 male subjects aged 18 to 26 years were administered a manual hand dexterity 
test with a Purdue Pegboard under three conditions: no background music, slow-tempo classical music 

and fast-tempo classical music. The order of the music conditions was determined randomly. Mean 

dexterity values for no music, slow-tempo classical music and fast-tempo classical music were 51.34 ± 6.26, 
50.30 ± 6.34 and 52.32 ± 6.82 respectively. Repeated measures ANOVA followed by post-hoc analysis for 

Bonferroni correction showed no statistically significant differences between the three music conditions, 

indicating that manual hand dexterity is not affected by different types of background music. The main 

finding of this study is that listening to slow- and fast-tempo music did not have statistically significant 
effect on manual dexterity scores among the subjects. This indicates that other factors such as 

familiarisation, rhythmic auditory stimulation and sufficient time are needed concurrently for the effects to 

be prominent. 
 

Keywords: Manual hand dexterity; background music; tempo; Purdue Pegboard; statistical significance. 

 

1.  INTRODUCTION 

 

Hand dexterity is an important physical function required to carry out various military training exercises 

such as  acquiring higher level of skills in combative training, such as hand-to-hand combat, judo and karate. 
This requires acquisition skills such as mobility and flexibility along with dexterity (Wąsik et al., 2022). 

Other than self-defence and forms of combat involving hands, dexterity of one’s hand is also important for 

practical drills, such as obstacle courses, which requires good hand motor skills in the execution of climbing 
and jumping the various obstacles, parallel cables and pillars (Terlizzi et al., 2022). The same function 

could also be useful in other military activities, such as throwing grenades, applicative swimming and skiing 

(Stănciulescu, 2023).  

 
Dexterity represents highly coordinated, flexible and defined movements that allow for the completion of 

various tasks (Sobinov & Bensmaia, 2021). Flexibility involves the ability to train new movements in 

muscles until they become muscle memories. For the hands, this translates into the ability to conform to 
specific shapes to hold things with the right amount of strength and force (Sobinov & Bensmaia, 2021). 

Several tests have been developed to evaluate hand dexterity, including hand features such as grip shape 

and dexterity stages. Nevertheless, there are still limitations to these tests as they are unable to grasp the 
complexity of the hands' functions. The Purdue Pegboard test is one of the tests used to assess one’s ability 



169 

 

to elicit more controlled finger and hand movements through small objects, pins, washers and collars. It 
measures articulated finger and hand manipulation, which emphasises reliability and validity (Sanchez, 

2016).  

 

Hand dexterity though is an innate skill, can be improved by training as well as by understanding the factors 
that has an effect of hand dexterity. Studies have shown, hand dexterity can be improved by background 

music. An example of this effect is the improved performance of e-sports players, where the games’ 

repeated beats and background music makes it easier for the players to manipulate their fingers to be more 
harmonised and coordinated (Shah & Oberoi, 2021). In the medical field, it has been shown that background 

music enhances surgeons’ hand performances during surgeries, resulting in better post-surgical outcomes 

(Rogers et al., 2019; Han et al., 2022; Co et al., 2022). Both these examples illustrate the effect of 
background music on hand dexterity in performing fine coordinated motor actions. This effect is explained 

by the fact that listening to music modifies one’s behavioural responses (Warren, 2008). However, there is 

a lack of studies on the effects of different types of background music on hand dexterity.  

 
Background music seems to affect working performances both positively and negatively (Taheri et al., 

2022). For instance, surgeons are known to work with self-selected playlists during surgeries because this 

aids their attention and operative skills. Self-selected playlists boost one’s attention span and strengthen 
one’s hand dexterity, eventually producing fine-tuned hand motions and speed. Some surgeons have 

reported that self-selected playlists buffer undesirable background noise, reducing distraction levels during 

surgeries. These distractions could increase their cognitive and mental burdens, affecting their capability 
for dissecting information during work. Background music also acts as an anxiolytic with its soothing effect. 

On the other hand, other surgeons prefer working in silence because they regard background music as a 

source of distraction. They have claimed that background music has detrimental effect on their attention 

span (Rogers et al., 2019).  
 

The type of music also has varying effects on hand dexterity and fine hand movements. Lyrical music is 

known to affect one’s performance negatively, with the lyrics posing as a distraction (de Witte et al., 2020; 
Souza & Leal Barbosa, 2023). On the other hand, instrumental and classical music, which lacks lyrics, tends 

to be less distracting. This type of music may help individuals concentrate better and avoid forming biased 

opinions about the effects of background music on their performance. Essentially, it could lead to more 

objective assessments of how music affects their work (Huang & Shih, 2011). Music tempo may also 
influence performance. Generally, fast-tempo music has 120 or more beats per minute (BPM), while slow-

tempo music has between 40 to 60 BPM. It is hypothesised that fast-tempo music excites movements, while 

slow-tempo music relaxes movements, thus influencing hand dexterity (Woo & Song, 2022).  
 

The objective of this study is to investigate the effects of listening to slow- and fast-tempo instrumental 

classical music and compare it with the effect of not listening to any music while performing tests of manual 
hand dexterity. This would help to understand the effect of background music on improving hand dexterity 

and thus can be useful in developing strategies in improving skills that require good hand dexterity. 

 

 

2.  METHODOLOGY 

 

A total of 50 male university students (18-26 years) were recruited for this study. Participants with hand 
injuries, history of arthritis and neck strain, hand deformities, oedematous, vascular or inflammatory hand 

conditions, as well as neurodegenerative diseases were excluded from this study. Informed consent was 

obtained prior to the start of the experimental protocol detailing the project's purpose, procedures and 
potential risks. Clear instructions were given and repeated on the day of the experiment to ensure the 

participants’ full comprehension. Ethical approval was obtained from the Joint Research and Ethics Review 

Committee of the university. 
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2.1  Experimental Protocol 
 

Manual hand dexterity was measured using the Purdue Pegboard test (Fabrication Enterprises Inc, USA). 

Participants were briefed about the test protocol before the start of the experiment. This test was conducted 

in four segments. Segments 1 and 2 required the participants to insert pins using each hand individually for 
30 s time periods. Segment 3 required the participants to insert pins with both hands simultaneously for 30 

s time periods. Segment 4 required the participants to build small assemblies involving pins, collars and 

washers with both hands simultaneously for 1 min time periods. Five scores were obtained from the four 
segments: 1) right (R) hand (30 s); 2) left (L) hand (30 s); 3) both hands (30 s); 4) right + left + both hands; 

and 5) assembly (60 s). The total score (R + L + score for both hands + assembly, i.e., combined score) was 

taken to represent the overall dexterity function.  
 

This test was conducted under three conditions; no music, slow-tempo classical music and fast-tempo 

classical music with short breaks in between. The slow-tempo classical music played was String Quartet 

No. 16, Op. 135 by Beethoven, while the fast-tempo classical music played was Symphony No. 35, IV. 
Presto by Mozart. The entire experiment was conducted in a standardised room, where each session took 1 

h. The participants were asked to complete the tasks while wearing a set of headphones. 
 

 

2.2  Statistical Analysis 

 

The data collected was expressed through means and standard deviation. Repeated measures ANOVA with 

post-hoc analysis of Bonferroni correction was conducted to compare the mean dexterity scores of each 
music condition using the SPSS (v29) statistical package. A p-value of less than or equal to 0.05 was taken 

as statistically significant. 

 
 

3.  RESULTS 

 

The participants’ mean physical traits are expressed in Table 1, including their age, weight, height and 
calculated body mass index (BMI). Right-handed participants accounted for 94% of the total, while the 

remaining 6% were left-handed, with none reporting ambidexterity. 

  
 

Table 1: Participants physical traits. 

Subjects’ Traits Age (years) Weight (kg) Height (m) BMI (kg/m2) 

Mean 21.66 ± 1.98 66.77 ± 10.50 1.72 ± 0.06 22.49 ± 3.18 

 

 
The scoring procedure of the Purdue Pegboard test is the score combination of Segments 1, 2 and 3, titled 

‘total scores’. These total scores represent manual hand dexterity. The mean dexterity scores calculated 

from the total scores under the three background music conditions are shown in Table 2. Repeated measures 
ANOVA analysis showed a F-statistic value of 2.33 and p-value of 0.10 (Table 3), indicating that the mean 

scores between the groups are not statistically significant. Post-hoc analysis for Bonferroni correction to 

study multiple comparisons between the groups also showed no significant difference (p > 0.01667, with 

the corrected significance level being 0.05/3 group pairs) (Table 4). 
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Table 2: Mean hand dexterity scores using the Purdue Pegboard Test. 

 No music 
Slow-tempo 

music 

Fast-tempo 

music 

Mean 

dexterity 

score 

51.34 ± 6.26 50.30 ± 6.34 52.32 ± 6.82 

 

 

Table 3: Repeated measures ANOVA test. 

 

 
Degree of 

freedom 

Sum of square 

(SS) 

Mean square 

(MS) 

F-statistic (df1, 

df2) 
p-value 

Interaction between 

groups 

 

2 

 

102.04 

 

51.02 

 

2.33 (2.98) 

 

0.10 

 

 

Table 4: Post-hoc analysis for Bonferroni correction. 

 

Group Pairs 
Difference 

between pairs 
F-statistic Critical value p-value 

No music - 

Slow music 
1.04 1.58 6.14 0.21 

No music - Fast 

music 
0.98 0.80 6.14 0.38 

Slow music - 

Fast music 
2.02 5.50 6.14 0.02 

 

 

4.  DISCUSSION 

 

Previous studies have found that music-supported therapies (MST), whereby music is integrated into 

therapy for patients with impaired gross and fine motor skills, have better outcomes alongside rehabilitation 
(Hatampour et al., 2011; Maktoufi et al., 2015). It was found that repetitive motion while coordinating with 

the music's rhythm and beats fine tunes the fingers’ neuromuscular function by strengthening their muscles 

and stimulating inhibited motions (Kimoto et al., 2019; Huang et al., 2021; Yang et al., 2022). Huang & 
Shih (2011) found that playing musical instruments affects the physical aspects of hand movements, 

whereby the rhythmic auditory stimuli initiate recovery pathways within the patients’ damaged 

hemispheres, refining the hemispheres’ cerebral functions. This mechanism triggers a self-repair system 

within the central nervous system known as neuroplasticity, whereby the construction of new synapses and 
increased blood flow to damaged areas occurs (Huang et al., 2021). A similar result was found in a study 

conducted by Friedman et al. (2014) on stroke patients, with a glove designed for hand rehabilitation 

therapy, specifically to train patients’ grasping ability and thumb-finger locomotion. This therapy involved 
an interactive musical video game, stimulating repetitive finger muscle motions following the music’s 

rhythm and beats. With MST, persistent hand movements and rhythmic auditory stimuli both appear to play 

a role to stimulate one’s full potential in hand motions. Additionally, these therapies were conducted in a 
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four to eight-week course, where the time given was believed to play a role in restoring their hand dexterity. 
While repetitive performance of the task had positive influence on dexterity, the skill may have been 

enhanced by the auditory effect of music rhythms and beats.  

 

Contrary to this, in our study, there was no significant differences between the mean scores for all groups 
(no music, slow-tempo and fast-tempo), indicating that background music has no effect on manual hand 

dexterity. This could be attributed to the fact that only rhythmic auditory stimulation was present as well as 

no extensive repetitions of hand movements were involved since the participants only had to conduct the 
Purdue Pegboard test three times. Each test also took about 2 minutes, which is not ample for neuroplasticity 

and finger manipulation to take place fully. These factors could be the reason for the lack of the insignificant 

differences seen in our study.  
 

Another aspect of background music that has been studied is the tempo of the music. The brain processes 

music specifically through Heschl’s gyrus with its surroundings handling complex musical components. 

Ley-Flores et al. (2022) proved that these interpreted musical components trigger certain bodily responses 
when they are projected physically, emotionally and mentally. These responses explain the musical tempo 

differences inflicted on one’s body. Musical tempos have larger effect on the cardiovascular system where 

fast-tempo music causes increased minute ventilation, blood pressure, heart rate and mid-cerebral artery 
flow, while slow-tempo music causes the opposite effect (Haluk & Turchian, 2009; Kulinski et al., 2022). 

Fast-tempo music is an excitatory component and is often used as a working companion as it increases 

productivity (Haluk & Turchian, 2009). On the other hand, slow-tempo music is a soothing component, 
which calms down an individual physically and emotionally by reducing cortisol levels. Therefore, it is 

illustrated as a relaxing tool for stress and anxiety (Ley-Flores et al., 2022). The differences can be observed 

among athletes, where fast-tempo music is used for energising, while slow-tempo music is used for calming 

purposes. Oftentimes, they perform better when warmed up under the influence of fast-tempo music (Haluk 
& Turchian, 2009).  

 

However, in our study, we did not find any statistical difference between slow- and fast-tempo music, 
indicating that background music may not have much effect on manual hand dexterity. Instead, repeated 

finger movements and ample duration of time are still required to exert an effect on manual hand dexterity 

(Olafsdottir et al., 2008; Blázquez-Fernández et al., 2024).  

 
 

5. CONCLUSION 

 
Based on the findings of this study, the effect of background music on manual hand dexterity remains 

ambiguous. However, previous studies have suggested that extensive repetition of finger motions, rhythmic 

auditory stimulation and long durations are required to affect manual hand dexterity. These factors have 
been taken into consideration as a guideline when using music in treatment and rehabilitation of stroke 

patients. The same strategy can also be used as a training tool within military training to improve hand 

dexterity.   
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ABSTRACT  

 
This paper presents the design and simulation of radio frequency (RF) filters to mitigate co-
location interference between high-frequency (HF) and very high-frequency (VHF) tactical 
radios used in military ground vehicles with minimal insertion loss. The interference occurs 
due to the proximity of the HF and VHF radio antennas, with HF signals distorting the VHF 
radio signals and vice versa. In order to minimise the interference, low- and high-pass filters 
are designed and simulated to achieve steep roll-off, low passband ripple and complete 

rejection in the stop-band region. The Advanced Design System (ADS) simulator is used in the 
filter design, which starts with preliminary studies to choose the best method for designing the 
RF filter based on military communication system specifications. This includes selecting the 
insertion loss method, filter topology and passband ripple. Based on this, the RF filter 
implements a Chebyshev type 1 design with passband ripple of 0.15 dB and passive lumped 
elements. Therefore, 19th-order Chebyshev low- and high-pass filters are designed and 
simulated using ADS. From the simulation, a low-pass filter with a cut-off frequency of 29.73 

MHz at -3.00 dB was designed. This filter exhibits a sharp suppression of about -114.83 dB in 
the stop-band at 40 MHz and a return loss of -14.7 dB. Similarly, a high-pass filter with cut-off 
frequency of 29.27 MHz at -3.00 dB was designed. This filter also shows a sharp suppression 
of about -114.82 dB in the stop-band at 21.76 MHz and has return loss of -14.7 dB, making it 
effective for eliminating co-location interference. 
 
Keywords: Co-location interference; high frequency (HF) and very high frequency (VHF); 

low- and high-pass filter; insertion loss method; Chebyshev. 

 
 

1.  INTRODUCTION 

 
Communication is a crucial element of military operations and missions. Thus, the development 
of various radio technologies, such as narrowband radios, broadband radios and radio relays, 
has enabled radio communication devices at both stationary and mobile command posts for 

voice and data transmission services. One of the key challenges faced by those responsible for 
organising these radio communication systems is ensuring the internal compatibility of the 
system by suppressing internal interference. In this respect, the most difficult problem is 
frequency planning for radios located at the same site. When multiple radio frequency (RF) 
transmitting and receiving systems are installed in close proximity, the issue of co-location 
antenna interference can often arise. The physical closeness of the various antennas can result 
in undesirable interactions and coupling between the RF signals, leading to interference that 

degrades the performance and reliability of the communication systems (Polak, 2020; Umer et 
al., 2020; Murthy & Reddy, 2022). 
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In the modern warfare era, most military ground assets are equipped with high-frequency (HF) 
and very high-frequency (VHF) tactical radios as their communication systems. These 
subsystems offer different advantages depending on the communication needs (Chan et al., 
2021). Figure 1 shows the block diagram for HF and VHF radio communication systems that 

are currently used in Malaysia's military ground assets such as Gempita and Adnan. VHF radios 
have frequency range of 30 to 300 MHz, while HF radios have frequency range of 3 to 30 MHz. 
As electrically short antennas, such as whip and dipole antennas are shorter than a quarter-
wavelength, auto tuning unit (ATU) is often required to effectively match the antenna's 
impedance to the impedance of the transmitter or transmission line (Carr, 2001). The 
positioning of HF and VHF radio antennas on military ground vehicles is close to each other 
due to the limited antenna installation space available, which increases the risk of co-location 
interference (Karlsson et al., 2013). This interference can be observed when HF radio signals 

penetrate the VHF frequency path, distorting the VHF radio signals. This is particularly evident 
when HF and VHF radios are used simultaneously (Sarris et al., 2002). 
 
 

 
 

Figure 1: Block diagram for a communication system in military ground vehicles. 

 

 

The use of RF filters can reduce the effects of co-location interference. RF filters are designed 
to selectively pass or reject specific frequency bands, allowing for efficient signal transmission 
and reception while attenuating unwanted signals or interference. The use of low- and high-

pass filters can minimise the effects of co-location interference on HF and VHF radio signals 
respectively. A low-pass filter allows signals with frequencies below a certain cut-off frequency 
to pass through while attenuating or blocking higher-frequency signals. On the other hand, a 
high-pass filter allows signals with frequencies above a certain cut-off frequency to pass 
through, while attenuating or blocking lower-frequency components (Pozar et al., 2012; Yang 
et al., 2023).  
 

In this paper, low- and high-pass filters are designed and simulated. The design starts with 
preliminary studies to choose the best method for designing the RF filter based on military 
communication system specifications. This includes selecting the insertion loss method, filter 
topology and pass-band ripple. Based on this, the RF filter design implements a Chebyshev 
type 1 design with pass-band ripple of 0.15 dB and passive lumped elements. 
 
 
2. DESIGN REQUIREMENTS 

 
The design requirements of low- and high-pass filters are based on existing military 
communication system specifications. Table 1 shows the design requirements for both filters. 
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Table 1: RF filter design requirements. 

Requirements Low Pass Filter High Pass Filter 

Cut-off Frequency 29.5 MHz 29.5 MHz 

Stopband Attenuation -113 dBm -113 dBm 

Power Transmit 150 W 50 W 

Design Technique Passive Passive 

Design Type Lumped elements Lumped elements 

Impedance 50 Ω 50 Ω 

 

 
Due to limited power supply in military vehicles, a passive filter design technique is employed 
for power conservation. This technique will benefit the existing installation system because no 
additional modifications are needed. Lumped element filters are passive electronic circuits 
composed of discrete inductors, capacitors and resistors. These filters are designed to 
selectively pass or attenuate signals based on their frequency, fulfilling specific filtering 
requirements in various applications (Bharathy et al., 2020; Zedníček, 2023). Lumped elements 
offer significant advantages in RF applications, characterised by their compact size and cost-

effectiveness as compared to micro-strip filters in low-frequency bands. They excel in handling 
high RF power levels while maintaining a stable stop-band response (Chen, 2013). They are 
particularly effective for frequencies ranging from low frequency up to 500 MHz, making them 
suitable for filters designed to cover frequencies up to a maximum of 300 MHz. This 
characteristic makes them ideal for a wide range of RF filtering applications where space and 
cost considerations are critical (Salama et al., 2022). 
 

Figure 2 shows the proposed improvement of the communication system. For the VHF 
communication system, a high-pass filter is proposed to be placed between the VHF radio and 
antenna. For the HF communication system, a low-pass filter will be installed between the HF 
radio and ATU. 
 
 

 
 

Figure 2: Block diagram for improved communication system in military ground vehicles. 

 

 

3. PRELIMINARY STUDY 

 

A preliminary study was conducted to select an appropriate design methodology to ensure that 
the filter effectively eliminates co-location interference. The designed filter aims to achieve two 
key objectives: steep roll-off and low pass-band ripple. Steep roll-off is a gradient of transition 
from the passband to the stop band, while pass-band ripple is a ripple that occurs at the pass-
band region before the cut-off frequency. These specifications are crucial for enhancing the 
filter's performance in preventing unwanted frequency components and maintaining signal 
integrity within the desired pass-band (Tomar & Parihar, 2023). Designing a high-pass filter 

from a low-pass filter is a common technique in filter design. This is usually achieved through 
a transformation that inverts the frequency response of the low-pass filter. The process involves 
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replacing the elements of the low-pass filter (inductors and capacitors) with their high-pass 
equivalents. Therefore, all the preliminary studies are conducted for low-pass filters.  
 

 

3.1 Insertion Loss Method Selection 

 

In this paper, the insertion loss method is employed for the filter design. It is a widely adopted 
approach in filter design and enables the creation of filters with predetermined power 
transmission ratios. This method operates under the assumption of a lossless filter structure, 
theoretically implying a unity reflection power ratio within the stop-band. This characteristic 
designates these filters as reflective filters, as the input power ratio in the stop-band is reflected 
to the input port. However, it has been observed that the reflected power can negatively impact 

the overall system performance when a reflective filter is not appropriately integrated with 
adjacent circuits (Lee et al., 2019).  
 
Three types of filters that will be considered to create the low-pass filter, which are are 
Butterworth, Chebyshev and Bessel. The most crucial parameter is a steeper roll-off transition 
with the minimum number of filter orders. Figure 3 shows that Chebyshev filters boast the 
steepest transition from passband to stop-band, providing the most abrupt cut-off among the 

three topologies. On the other hand, Butterworth filters have a more gradual transition (Laghari 
et al., 2014), while Bessel filters prioritise a linear phase response over transition band 
sharpness, resulting in the most gradual transition. Based on this, for this study, Chebyshev 
filters are well-suited when steep transitions from passband to stop-band are priorities 
(Langhammer et al., 2023). 
 
 

 
 

Figure 3: S[2,1] responses for Butterworth (maximally flat), Chebyshev (equal-ripple) and Bessel 

(linear phase) low-pass filters (Source: Pozar et al., 2012). 

 
 
 
S[2,1] is one of the important parameters for designing RF filters. It shows the power loss as it 
passes through the RF filter, revealing how effectively the RF filter allows desired frequencies 
while blocking unwanted ones. A low S[2,1] value indicates low insertion loss and high filter 
efficiency (Kiouach et al., 2023). 
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3.2 Filter Design Topology 

 
In filter design, π and T topologies represent different configurations of passive components 
used to create RF filters with specific frequency responses. The π topology of the low-pass filter 
features two series capacitors with a shunt inductor connected between them to the ground. 
Conversely, the T topology of the low-pass filter consists of two series inductors with a shunt 
capacitor connected between them to the ground. The choice of filter topology is crucial, as it 
directly impacts the low-pass filter's frequency response (Adamczyk & Timmerman, 2024).  

 
For this preliminary study, simulations are conducted using the Advance Design System (ADS) 
software for 3rd order Chebyshev low-pass filter with both π and T topologies. Figure 4 presents 
the comparison of the S[2,1] response for both topologies. It is observed that the π topology 
outperforms the T topology in the roll-off transition from passband to stop-band. The insertion 
loss of the π topology filter at 1.52 MHz is approximately -15.55 dB, while the T topology filter 
exhibits a value of -11.02 dB at the same frequency. This indicates that the π topology has a 

steeper roll-off as compared to the T topology. Thus, the π topology for the Chebyshev low-
pass filter meets the design objective of achieving a steep roll-off transition from passband to 
stop-band. 
 
 

 

 

 
 

 
 

 T - Topology 

 Π - Topology 

  

 
Figure 4: S[2,1] responses for π and T topologies for the Chebyshev low-pass filter (Adamczyk & 

Timmerman, 2024). 

 

 

3.3 Chebyshev Type Design  

 

Chebyshev Types I and II low-pass filters exhibit distinct characteristics that differentiate their 
performance. Figure 5 is generated using the ADS simulation software, with the 11 th number 
of orders. It is observed that the Chebyshev Type I filter has equal ripple behaviour in the pass-
band. In contrast, the Chebyshev Type II filter has a maximally flat pass-band response. The 
stop-band response of the Type I filter is flat as compared to the Type II, which allows for the 
effective elimination of interference beyond the cut-off frequency (Laghari et al., 2014). 
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(a) 

 

 
(b) 

 

Figure 5: Comparison between (a) Type I and (b) Type II Chebyshev low-pass filters (Laghari et 

al., 2014). 

 
 
3.4 Pass-Band Ripple 

 
Chebyshev filters are designed to allow ripple in the pass-band, but steeper roll-off after the 
cut-off frequency (Mei, 2022). From Figure 6 (a), for S[2,1] for a cut-off of 29.5 MHz, the 

response shows that the higher the pass-band ripple, the steeper the cut-off. However, for this 
design, less insertion loss at the pass-band region is needed to ensure there is no significant loss 
when transmitting or receiving the signal through the tactical radio. Another parameter that 
needs to be considered in designing an RF filter is S[1,1], which measures the amount of power 
reflected from the filter's input, indicating how well the filter matches its input impedance. A 
low S[1,1] value signifies good impedance matching, meaning most of the input power is 
passing through the RF filter (Kiouach et al., 2023). The S[1,1] response in Figure 6 (b) shows 

that a lower pass-band ripple gives better return loss than a high pass-band ripple. In this design, 
a lower pass-band ripple is needed due to its minimal insertion loss at the pass-band with better 
return loss. 
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(a) 

 
(b) 

 
 

 0.10 dB  0.50 dB  1.50 dB 

 0.15 dB  1.00 dB  2.00 dB 

 

Figure 6: (a) S[2,1] and (b) S[1,1] parameter responses for various passband ripples. 

 
 

 
 

Figure 7: Graph of return loss versus pass-band ripple. 
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Figure 7 is a graph that represents pass-band ripple over return loss, and the data is extracted 
from S[1,1] from Figure 6 (b). From Figure 7, it can be observed that as the pass-band ripple 
increases, the return loss decreases. This indicates that the power reflected is higher, which is 
undesirable if the filter is used in radio communication. The return loss that needs to be achieved 

is below -10 dB, which, according to the graph, occurs at passband ripples of 0.10 and 0.15 dB, 
with return losses of -16.429 and -14.691 dB respectively. Additionally, the fabrication of the 
filter needs to be considered, as fabricating a filter with passband ripple of 0.10 dB is 
significantly more complex as compared to pass-band ripple of 0.15 dB. Therefore, pass-band 
ripple of 0.15 dB has been selected for the RF filter design. Moreover, RF filters should have 
small insertion loss and large return loss (less than -10 dB) for good impedance matching with 
interconnecting components, and high-frequency selectivity to prevent interference and ensure 
high performance (Saleh et al., 2018). 
 

 

4. PROPOSED DESIGN AND DISCUSSION 

 
The overall design consists of two parts: a low-pass filter and a high-pass filter. When designing 
a RF filter using the insertion loss method, the low-pass filter must first be designed according 
to the specified requirements.  
 
 
4.1 Chebyshev Low-Pass Filter 

 
For this design, the Chebyshev low-pass filter is designed with cut-off frequency (fo) of 29.5 
MHz, stop-band frequency (fs) of 40 MHz, passband ripple (La) of 0.15 dB and stop-band 
attenuation of -113 dB. The equations for determining the number of orders are as follows: 
 

𝜔𝑝 =  2 𝜋 𝑓𝑜         (1) 

 
𝜔𝑝 =  2 𝜋 𝑓𝑠          (2) 

 

𝑛 =  

𝑐𝑜𝑠ℎ −1(√
10

𝐴𝑠
10 −1

10

𝐴𝑝
10 −1

)

𝑐𝑜𝑠ℎ−1(
𝜔𝑠
𝜔𝑝

)
          (3) 

 

By using these equations, the number of orders is computed as follows: 
 

𝑛 ≈ 18.7407 

 
∴ 𝑛 = 19 

 
whereby 19th order indicates that 19 elements are used in this design. In order to identify the 
value of the elements, the coefficients of the Chebyshev filter with passband ripple of 0.15 dB 

are verified using the following equations: 
 

𝛽 =  ln [coth (
𝐿𝑎

17.37
)]        (4) 

 

𝛾 =  sinh (
𝛽

2𝑛
)         (5) 

 

𝑏𝑘 = 𝛾2 + sin2 (
𝑘𝜋

𝑛
)    ,   k =  1,2 . . . , n      (6) 

 

𝑎𝑘 = sin [
(2𝑘−1)𝜋

2𝑛
]    ,   k =  1,2 . . . , n       (7) 
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𝑔0 = 1    ,    𝑔1 =
2𝑎1

𝛾
    ,    𝑔𝑘 =  

4𝑎𝑘−1𝑎𝑘

𝑏𝑘−1𝑔𝑘−1
   ,   k =  2,3 . . . , n    (8) 

 

𝑔𝑛+1 =  {
1                         𝑛 𝑜𝑑𝑑

coth2(
𝛽

4
)          𝑛 𝑒𝑣𝑒𝑛

}        (9) 

 
where: 
 

 n is the order of the filter 

 β is the filter's magnitude response in dB 

 𝐿𝑎 is the passband ripple dB. 
 

For this low-pass filter, a passive lumped element is used to create a Chebyshev low-pass filter. 
The passive lumped element consists of a capacitor (C) and an inductor (L). The following 
equations are used to determine the values of these components: 
 

𝐿′𝑟 =
𝑍0𝑔𝑟

𝜔𝑐
          (10) 

 

𝐶′𝑟 =
𝑔𝑟

𝑍0𝜔𝑐
          (11) 

 
where: 
 

 L’r and C’r are element values 

 𝑔𝑟 is the Chebyshev coefficient 

 Z0 is the impedance for impedance matching. 

 
Using Equations 4 to 11, the coefficients for the Chebyshev filter with pass-band ripple of 0.15 
dB and the element values for the 19th order are listed in Table 2, which shows that the 
coefficient and element value of the low-pass filter are symmetrical between ports 1 and 2. 
These symmetrical element values are due to the low-pass filter circuit being designed with 
impedance matching (Z0) of 50 Ω at port 1 (HF radio) and port 2 (ATU). This ensures maximum 

power transfer from the HF radio to the ATU with minimal return loss, thereby maintaining the 
performance and quality of the HF radio signal. Based on Section 3.2, this design implements 
the π topology for the Chebyshev low-pass filter. Therefore, the elements are started with the 
grounded capacitor, C1, then the shunt inductor, L1, and repetitively continued until the 
grounded capacitor, C19, as shown in Figure 8. 
 
 

Table 2: Chebyshev coefficients with passband ripple of 0.15 dB and element values for 19th 

order. 

 
 

Number of 
Coefficient 

Chebyshev Coefficient 
Value 

Number of 
Element 

Element Value for 
Low-Pass Filter 

g1 = g19 1.3173 C1 = C19 142.14 pF 

g2 = g18 1.4379 L2 = L18 387.87 nH 

g3 = g17 2.2644 C3 = C17 244.33 pF 

g4 = g16 1.6022 L4 = L16 432.19 nH 

g5 = g15 2.3534 C5 = C15 253.94 pF 

g6 = g14 1.6309 L6 = L14  439.93 nH 

g7 = g13 2.3755 C7 = C13 256.33 pF 

g8 = g12 1.6394 L8 = L12 442.24 nH 

g9 = g11 2.3824 C9 = C11 257.06 pF 

g10 1.6415 L10 442.80 nH 
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The ADS software is employed to simulate the S[1,1] and S[2,1] parameters of the designed 
circuit, as shown in Figure 8. The simulation is conducted over a frequency range from 20 MHz 
to 1 GHz with stepping frequency of 1 kHz. Terminations with value of 50 Ω are used for both 
ports 1 and 2 of the low-pass filter circuit to match the simulation port impedance of the HF 

radio and ATU. 
 
 

 
 

Figure 8: 19th order Chebyshev low-pass filter schematic with the calculated elements. 
 
 

Based on the S[2,1] data shown in Figure 9, the 19th order low-pass filter design has a cut-off 

frequency of 29.73 MHz at -3.00 dB. This slight deviation from the calculated value of 29.5 
MHz is within acceptable limits. The stop-band attenuation from S[2,1] is -114.83 dB at 40.00 
MHz, which exceeds the design requirement of -113 dB. Furthermore, the S[1,1] measurement 
indicates return loss of -14.7 dB at 23.28 MHz, signifying minimal reflection at port 1. This 
result implies that less than 10% of the power is reflected, which is generally acceptable for 
this design application. This indicates that the filter effectively suppresses unwanted signals 
from the VHF band, thereby ensuring high signal integrity of the HF band. In addition, it also 

indicates that the designed low-pass filter exhibits good impedance matching.  
 
 

 

 
 
 

 S[1,1] 

 S[2,1] 

  

 

Figure 9: Simulated frequency response for 19th order Chebyshev low-pass filter. 
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Figure 10 illustrates the roll-off performance for filters with different numbers of orders, 
showing that the 19th order Chebyshev low-pass filter provides better roll-off steepness. As the 
number of orders increases, the roll-off becomes steeper, resulting in a sharper transition band 
and improved stopband attenuation. Therefore, this design demonstrates excellent performance 

in terms of roll-off transition. 

 

 

 
 
 

 3rd order  

 
5th order 

 
7th order  

 9th order  

 11th orders 

 13th order 

 
15th order 

 17th order  

 19th order 

 
 

 

Figure 10: Simulated frequency response from 3rd to 19th order Chebyshev low-pass filter. 

 

 

4.2 Chebyshev High-Pass Filter 

 

For the high-pass filter design, the low-pass filter design in Figure 8 is transformed into a high-

pass filter by using the following transformation equations: 
 

𝐿′𝐻𝑃𝐹 =
𝑍0

𝜔𝑐𝐶𝑟
         (13) 

 

𝐶′𝐻𝑃𝐹 =
1

𝜔𝑐𝐿𝑟𝑍0
         (14) 

 
where: 

 L’HPF and C’HPF are high-pass filter elements 

 Lr and Cr are low-pass filter elements 

 Z0 is the impedance for impedance matching 
 
The high-pass filter is designed using the filter transformation method from the low-pass filter. 

Therefore, it also has an impedance matching of 50 Ω at ports 1 and 2, which is the same as the 
low-pass filter. This is due to the 50 Ω requirement of the existing VHF radio and antenna. 
Since the value of the high-pass filter elements is determined from the low-pass filter elements 
by using Equations 13 and 14, therefore the symmetrical characteristics of the elements are the 
same  
 
The ADS software is used to simulate the S[1,1] and S[2,1] parameters of the designed high 
pass filter, as shown in Figure 11. The high-pass filter is simulated starting from 20 MHz until 

1 GHz with a 1 kHz stepping frequency. Terminations with a value of 50 Ω also are used for 
both ports 1 and 2 of the circuit.  
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Table 3: Element value for 19th orders of high-pass filter. 
 

Number of 

Element 

Element Value for 

High-Pass Filter 

L1 = L19 204.78 nH 

C2 = C18 75.04 pF 

L3 = L17 119.13 nH 

C4 = C16 67.35 pF 

L5 = L15 114.62 nH 

C6 = C14  66.16 pF 

L7 = L13 113.55 nH 

C8 = C12 65.82 pF 

L9 = L11 113.23 nH 

C10 65.73 pF 

 
 

 
 

Figure 11: 19th order Chebyshev high-pass filter schematic with the calculated elements. 

 

 

 

 

 
 
 

 S[1,1] 

 S[2,1] 

 

 
 

 

Figure 12: Simulated frequency response for 19th order Chebyshev high-pass filter 
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Based on the S[2,1] response in Figure 12, the filter design has a cut-off frequency of 29.27 
MHz at -3.00 dB. The difference from the calculated 29.5 MHz is 0.23 MHz, which is still 
within acceptable limits. Other than that, the stop-band attenuation based on S[2,1] is -114.82 
dB at 21.76 MHz, which is much better as compared to the design requirement parameter of  

-113 dB. From the S[1,1] response, the return loss is -14.70 dB at 29.91 MHz. This return loss 
of better than -10 dB is generally considered a good target for this type of filter design. The 
filter also has less than 10% of reflected power, proving good impedance matching at ports 1 
and 2. 
 
 
5. CONCLUSION 

 

In conclusion, both the low- and high-pass filters have been successfully designed using 19th 
order Chebyshev and simulated to mitigate co-location interference between HF and VHF 
tactical radios used in military ground vehicles. The low-pass filter achieved a cut-off frequency 
of 29.73 MHz at -3.00 dB, stop-band attenuation of -114.83 dB at 40 MHz and return loss of -
14.7 dB. As for the high-pass filter, it achieved a cut-off frequency of 29.27 MHz at -3.00 dB, 
stop-band attenuation of -114.82 dB at 21.76 MHz and return loss of -14.7 dB. Overall, the 
return loss characteristics shown in the plots suggest that this design has achieved a good level 

of impedance matching, which is important for efficient power transfer and minimising 
reflections in the system. The low return loss values at the two highlighted frequencies indicate 
that the design has been optimised to provide a good match across those operating frequencies. 
Comparing these return loss values to the typical design targets for a Chebyshev low-pass filter, 
the return loss levels shown in this plot can be considered as exemplary. 
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ABSTRACT  

 

Unmanned aerial vehicles (UAVs) are widely used nowadays, as numerous applications in various 
fields can take advantage of UAVs. Wireless communication has received a lot of attention in recent 

years, as it is one of the most critical enabling technologies for UAVs. Direct link technology, commonly 

used for UAV communication, can constrain the UAV's operational range and hinder applications in 
environments with low probability of line-of-sight (LoS). Due to these limitations, simple direct link 

communication cannot be a scalable solution for future large-scale UAV deployment. Cellular networks 

are the answer for future development of UAV communication technology, especially with the 

forthcoming 5G cellular network. It is thought that cellular-enabled UAV communication will provide 
high-rate and delay-sensitive communication for UAV applications in real-time scenarios. However, 

despite the promising advantages of cellular-enabled UAVs, the network coverage for UAVs differs 

slightly from the conventional 2D range for terrestrial users. UAVs operate at high altitudes and speeds, 
necessitating cellular base stations to provide 3D aerial coverage for UAV users instead of 2D range 

for terrestrial users. In this paper, the performance of cellular-connected UAVs is investigated by 

identifying the effects of altitude on the performance of cellular-connected UAVs and video 
transmission efficiency of cellular-connected UAVs at various video resolutions. This study evaluates 

UAV performance by obtaining the rate of received signal (Rx), rate of transmit signal (Tx) and latency 

based on received signal strength indicator (RSSI) values at various altitudes obtained from a previous 

study. The UAV Cast-Pro software was used to collect data consisting of Rx, Tx and latency values at 
different video resolutions of 640 x 480, 1,280 x 720, 1,640 x 922 and 1,920 x 1,080 p. The results show 

that cellular-connected UAVs with reliable cellular network can produce good quality video streaming 

for various video resolutions at operational altitude of 50 m. 

Keywords: Cellular-connected unmanned aerial vehicles (UAVs); altitude; received signal strength 

indicator (RSSI); throughput and latency; video quality.    

            

1. INTRODUCTION 
 

An unmanned aerial vehicle (UAV) or drone is an aircraft that is guided autonomously without pilots 

on board via computerised systems from ground-based stations (Lutkevich, 2021). In recent years, 
UAVs have seen widespread use in civilian applications, such as construction, commercial, agriculture, 

transportation, surveillance, monitoring and military. The Royal Malaysian Air Force (RMAF) recently 

announced the formation of a squadron dedicated to UAV applications at the RMAF base in Gong 
Kedak, Terengganu, demonstrating the country's profound interest in the technology. In addition, 

Tenaga Nasional Bhd (TNB) already uses UAVs for power line surveillance; Telekom Malaysia (TM)   

uses it to supervise telecommunication towers and applications; PETRONAS uses it to monitor oil and 

gas pipelines; highway authorities use it to assist with traffic management; while railway corporations 
use it to monitor tracks (David, 2020). This shows that UAVs are now an essential part of our daily 

lives, owing to advancements in UAV manufacturing technologies and lower costs, making them more 

affordable to the general public. Due to their numerous and diverse applications, UAVs come in various 
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shapes and sizes in practice. While there is no single standard for UAV classification, UAVs can be 
classified into multiple categories based on numerous criteria, such as functionality, endurance, wing 

type and control methods. Different characteristics and specifications of UAVs are crucial for 

accomplishing their mission efficiently. Although there are various UAVs, they all require the same 

critical technology, which is wireless communication. Wireless communication is a vital enabler 
technology for UAVs to exchange essential safety information with various parties, such as remote 

pilots, nearby aerial vehicles and air traffic controllers, to ensure safe, dependable and efficient flight 

operations (Zeng et al., 2019; Alshalabi et al., 2022; Mohd Kamal et al., 2024). 
 

Existing UAVs rely on direct link technology, which is simple point-to-point communication with ground 

nodes. It uses a small and restricted bandwidth, with the 2.4 GHz band commonly used for commercial 
UAVs connected to ground nodes, which can either be a remote controller or ground station (Fotouhi   

et al., 2019). Direct link technology is usually limited to line-of-sight (LoS) communication, which can 

constrain the operation range especially in complex propagation environments (Mohd Kamal et al., 

2024). A UAVs' communication can easily be blocked by tall buildings and trees, especially in areas 
with low-reliability rate. Therefore, simple direct link communication cannot be a scalable solution, 

especially for supporting large-scale UAV deployment in the future as the demand for UAV 

applications increases (Mohd Kamal et al., 2024). 
 

As a result, there has recently been a significant increase in interest in utilising existing and future-

generation cellular networks to enable UAV-ground communications. Cellular- connected UAVs are 
aerial user equipment integrated into current and future cellular networks, making them more reliable 

than direct link UAVs. Cellular technologies employ a complex two-way radio system between the unit 

and wireless network, utilising the  frequency reuse concept, allowing radio frequencies to be used 

repeatedly. Cellular networks provide global coverage as well as high-speed optical backhaul and 
advanced communication technologies (Zeng et al., 2019; Ali et al., 2022; Alshalabi et al., 2022; Mohd 

Kamal et al., 2024).  

 
This study contributes to the field by investigating the effects of altitude on the performance of cellular-

connected UAVs and video transmission quality, aiming to recommend optimal operational altitudes for 

UAV operators. The paper starts with a brief background on the integration of UAVs with cellular 

networks and performance metrics describing connectivity performance. It further explains the hardware 
setup used to collect RSSI data, throughput, and latency, with subsequent observation of video 

transmission quality performance and its relation to the aforementioned metrics.    

 
 

2.     BACKGROUND 

 

2.1 Cellular Networks 

 

Appropriate wireless technologies are required to achieve seamless connectivity and high reliability of 

throughput for both air-to-air and air-to-ground wireless communications, as well as meet the UAV 
applications' control and non-payload (CNPC) and payload communications requirements. There are 

four types of UAV communication technologies: direct link technology, ad-hoc network, satellite and 

cellular network technology (Zeng et al., 2019; Javaid et al., 2023; Wang et al., 2023). This research 
focuses on cellular network technology. 

 

There has been a lot of interest in integrating UAV communication systems into existing and future 
cellular networks in recent years (Geraci et al., 2022). By enabling UAV communication via cellular 

infrastructure and technologies, the cellular network can provide nearly ubiquitous coverage globally 

through its high-speed optical backhaul and advanced communication technologies. The current 4G 

long-term evolution (LTE) cellular network uses a scheduling-based channel access mechanism, which 
allows multiple users to be served concurrently by assigning them orthogonal resource blocks (RBs) 

(Mohd Kamal, Sowerby et al., 2020). In addition to the traditional satellite-based Global Positioning 

System (GPS), cellular-based localisation services can provide UAVs with a new and complementary 
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means of achieving more robust and enhanced UAV navigation performance. Cellular-connected UAVs 
are a cost-effective solution because they reuse millions of cellular base stations worldwide without the 

need for new infrastructure dedicated to UAVs only (Zeng et al., 2019; Mohd Kamal et al., 2024). 

 

Cellular networks make use of cellular frequency reuse, which uses the same radio frequencies within a 
given area separated by a significant distance to establish communication with minimal interference in a 

regular pattern of areas known as cells. Each of the cells is covered by a single base station with its 

antenna for transmitting the signal. These cells are typically hexagonal in mobile phone networks. 
Adjacent cells use different frequencies to keep mutual interference between users to a safe level. These 

frequencies can be reused in cells that are far enough apart to prevent interference with each other 

(Fotouhi et al., 2019; Alibraheemi et al., 2023; Trabelsi et al., 2024). 
 

 

2.2 Important Terms 

 

2.2.1 Received Signal Strength Indicator (RSSI) 

 

RSSI is a relative index to measure the relative quality of a received signal to a device. It is a metric 
that measures the power level received by the receiving radio after antenna and cable loss. As a result, 

the stronger the received signal, the higher the RSSI value. Receivers using different chipsets of equal 

distance from the transmitter with no interference or blockage will often have different RSSI values for 
the same signal (Alshalabi et al., 2022; Mao et al., 2023). 

 

In a previous study conducted by Mohd Kamal et al. (2020), investigation work was conducted to 

predict the throughput performance for both terrestrial and aerial users in a typical Malaysian sub-urban 
environment using real-time measurements of RSSI. The findings reveal that UAV connection to the 

current cellular network is reliable when the operational height of the UAV is less than 40 m. If the 

number of UAV users is maintained to a minimum, stable connection and throughput performance may 
be accomplished for UAVs at altitudes ranging from 40 to 60 m. 

 

 

2.2.2  Signal-to-Interference Noise Ratio (SINR) 

 

SINR is a wireless communication metric used to assess the quality of wireless connections. It quantifies 

the ratio of signal power to the combined interference and noise power, with higher values indicating 
better signal quality relative to interference and noise. The energy of a signal in a wireless network 

typically fades with distance, which is referred to as path loss (Mao et al., 2023). As the energy of a 

signal decreases with distance, it can lead to smaller SINR values due to the reduced signal power 
relative to interference and noise. This highlights the challenge of maintaining adequate signal strength 

over longer distances in wireless communication systems (Dahri et al., 2023). 

  

 

2.2.3  Throughput 

 

Throughput refers to the amount of data that can be transferred and received from source and destination 
within a given timeframe (DNSstuff, 2019). In order to have a high-performance network, many data 

packets need to passed through and arrive at their destination successfully. Throughput can be measured 

in bits per second (bps) and data per second (DPS). It can be optimised by minimising network latency 
that results in poor network performance. For this paper, the rate of received signal (Rx) and rate of 

transmit signal (Tx) are the throughput values that need to be collected to measure the performance of 

cellular-connected UAVs. 
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2.2.4  Latency 

 

Latency is measured in milliseconds (ms) and is used to indicate delays in network communication. In 

networking, latency is defined as the length of time it takes for a packet of data to be collected, 

transferred, processed by several devices, and then received and decoded at its destination. Long delays 
in high-latency networks cause communication bottlenecks. This can be overcome by increasing 

network stability and accuracy by minimising needless overheads and network latency, and by adopting 

various design features with minimal resource restrictions to dramatically decrease network overheads, 
as well as improve packet delivery ratio and network latency (Bhandari et al., 2020). 

 

 

3. METHODOLOGY 

 

3.1       Hardware Consideration 

 
Five main hardware products were chosen to be used in this research, which were Raspberry Pi 4, 

Pixhawk, 5V 13A battery, Pi Cam and an internet modem. Raspberry Pi 4 supports the LTE-based 

control system for the UAV. It is a tiny computer that is roughly the size of a deck of cards. It employs 
a system on a chip, which combines the central processing unit (CPU) and graphics processing unit 

(GPU) onto a single integrated circuit, with the random access memory (RAM), universal serial bus 

(USB) ports and other components soldered onto the board for all-in-one packaging. Pixhawk is an 
independent open-hardware project providing readily-available, low-cost and high-end autopilot 

hardware designs to the academic, hobby and industrial communities (PX4DevTeam, 2020). The 

battery is used to power up the Raspberry Pi and other devices. The Pi Cam supports the Raspberry Pi 

and can record video. The internet modem is used to establish a network connection to the Raspberry 
Pi. The connections between these components are illustrated in Figure 1. 

 

 
Figure 1: Illustration of the connection between the components. 

 

3.2  Software Setup 

 

Two main applications were used to accomplish this research. First, Coiler's Site Survey Applications 

(SSA) Outdoor is a line of tools designed to measure and log signal quality directly on Android 
smartphones. SSA Outdoor provides test reports that include the exact RSSI values and average RSSI 

data. Before starting the simulation test, it was essential to ensure that the smartphone was connected 

to the internet modem for the Raspberry Pi and that the application could detect the device's location. 
The SSA Outdoor was used to locate spots with desired RSSI values by moving the mobile device. 

Once identified, the Raspberry Pi unit was placed accordingly. SSA's visualisations made it handy for 
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pinpointing RSS distribution across the region, from which the corresponding data transmission rate 
from UAVCast-Pro was then obtained. 

 

Second, the UAVCast-Pro application helps the process to communicate with the flight controller over 

a mobile LTE network. UAVCast-Pro was used to investigate cellular-connected UAV video 
transmission efficiency by directly collecting Rx, Tx and latency values for four video resolutions, 

which are 640 x 480, 1,280 x 720, 1,640 x 922 and 1,920 x 1,080 p. Various applications, including 

Mission Planner, PuTTY, Raspberry Pi Imager and Navio Flight Controller, were installed and 
integrated for UAVCast-Pro to function well. 

 

 

3.3  Classification of Video Quality 

 

Mission Planner was used to allow the monitoring of the live video transmission quality. The quality of 

the live video streaming was classified into three categories: good, fair and poor (Figure 2). The video 
quality must be clean and flicker-free to fall into the good category. Next, the fair category was 

determined when the video's quality was slightly flickering and grainy. Finally, the poor category was 

indicated by the presence of white shadows and lagging video.  

 

 
  Figure 2: Categories of the video streaming quality: (a) Good  (b)Fair  (c) Poor. 

 
 

 

(a) 

(b) (c) 
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4. RESULTS & DISCUSSION 

 

In this section, the data acquired from the test is analysed to provide insight into how the cellular-

connected UAV's performance and video transmission efficiency are affected by the its flying altitude. 

The RSSI values in proportion to the altitudes of the UAV, which was obtained from Mohd Kamal et 
al. (2020) using the same SSA Outdoor tool was utilised to measure Rx, Tx and latency values. The 

data was recorded in proportion to the varying video quality given. Rx indicates the power of the 

received signal per second by the Raspberry Pi, which received directives from the ground station. 
Meanwhile, Tx indicates the power of the transmit signal transmitted per second, which provides video 

live streaming through the Pi Cam and telemetry data to the ground station's Mission Planner.  

 
Latency relates to the time taken for a signal to be transmitted from the Raspberry Pi to the ground 

control station and back. The Rx, Tx and latency values relative to different resolutions of video 

qualities of 640 x 480, 1,280 x 720, 1,640 x 922 and 1,920 x 1,080 p were directly obtained from 

UAVCast-Pro. Meanwhile, the video live streaming quality was monitored using Mission Planner and 
classified into three categories: good, fair and poor. With the RSSI, Rx, Tx, latency and values, as well 

as the quality of live video streaming, the results of this simulation indicate if cellular-connected UAVs 

can provide high performance and high-quality video transmission at high altitudes. 
 

 

4.1  Received Signal Strength Indicator (RSSI) at Various Altitudes 
 

The trend of the RSSI values of cellular-connected UAVs at various altitudes based on Mohd Kamal et 

al. (2020) is shown in Figure 5. As the altitude of the aircraft increases, the RSSI value decreases. The 

UAV has the highest RSSI value at altitude of 1 m or during take-off, which is -58 dBm, and the lowest 
value at altitudes of 60, 80 and 90 m at -78 dBm. RSSI dropped from -58 to -78 dBm as the UAV 

approached altitude of 60 m altitude due to the ground transmission antenna being tilted downwards for 

the use of terrestrial users, which results in decrease of RSSI as the altitude increases. As the UAV 
altitude increases from 90 to 120 m, RSSI increases potentially due to the side lobes of the ground 

transmission antenna that transmit increased radiation level to the UAV. The data collected for this 

study was for up to altitude of 120 m as this is the maximum altitude permitted by the Civil Aviation 

Authority of Malaysia (CAAM) (CAAM, 2016). 

 
 

 
Figure 3: Graph showing change of RSSI values as the altitude of the UAV increases. 
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4.2  Video Transmission Performance at Various Altitudes 

 

The data, which consists of Rx, Tx and latency values, was collected directly from UAVCast-Pro at 

various RSSI values for video resolutions of 640 x 480, 1,280 x 720, 1,640 x 922 and 1,920 x 1,080 p. 
The data is illustrated in Figures 4 to 6 to facilitate monitoring of the UAV performance trend as the 

UAV altitude increases. Additionally, for each of the recorded values, the video quality was monitored 

through using Mission Planner. 

 

 

 
Figure 4: The UAV Rx performance at different altitudes for various video resolutions. 

 

 

 

 

Figure 5: The UAV Tx performance at different altitudes for various video resolutions. 
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Figure 6: UAV latency Performance at different altitudes for various video resolutions. 

 

 

 

Figures 4, 5 and 6 illustrate the impact of altitude on Rx, Tx and latency values across various video 

resolutions. As altitude increases, both Rx and Tx values decrease due to the down-tilted ground 

transmission antenna reducing the RSSI. The maximum Rx value is observed at an altitude of 1 m, 

while the minimum Rx value occurred at altitudes of 60 and 80 m. This trend is consistent across 

different video resolutions, with higher resolutions requiring higher Rx and Tx values due to the larger 

data transfer demands. Similarly, latency increases with altitude as RSSI decreases, with the lowest 

latency observed at 1 m altitude and the highest at 60 and 80 m. High video resolutions, particularly 

1920 x 1080 p, significantly increase latency, especially at higher altitudes, indicating video 

transmission lag. These observations highlight how the increasing altitude adversely affects RSSI, Rx, 

Tx and latency, with the impact being more pronounced at higher video resolutions 

 

 

4.3  RSSI Value, Altitude and Video Quality 

 

As shown in Table 1, the video quality degrades for all the video resolutions as the UAV's altitude 

increases and RSSI decreases. For video resolution of 640 x 480 p, the video quality remained within 
an acceptable range as the quality degraded from altitude of 60 to 120 m. For video resolutions of 1,280 

x 720 and 1,640 x 922 p, when the altitude exceeds 60 m and the RSSI value approaches -78 dBm, the 

video quality degrades significantly until the RSSI value increases slightly to -75 dBm, allowing for 
better video transmission quality. For video resolution of 1,920 x 1,080 p, the video quality degrades as 

the altitude increases and RSSI decreases. Poor video quality occurs once the UAV reaches altitude of 

60 m and the RSSI value drops to -78 dBm. Even as the RSSI increases with altitude, the quality at this 
resolution remains poor as compared to lower resolutions. This is because higher video resolutions 

demand larger RSSI to fulfil the data rate requirement, posing a challenge for maintaining satisfactory 

quality even with improved signal strength. 
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Table 1: RSSI values and video qualities for various UAV altitudes. 

 

Altitude 

(m) 

RSSI Value 

(dBm) 

                                        Video Quality 

640 x 480 p 1,280 x 720 p 1,640 x 922 p 1,920 x 1,080 p 

1 -58 Good Good Good Good 

10 -63 Good Good Good Good 

20 -64 Good Good Good Good 

30 -69 Good Good Good Good 

40 -70 Good Good Good Fair 

50 -73 Good Good Good Fair 

60 -78 Fair Poor Poor Poor 

70 -77 Fair Poor Poor Poor 

80 -78 Fair Poor Poor Poor 

90 -78 Fair Fair Poor Poor 

100 -76 Fair Fair Fair Poor 

110 -75 Fair Fair Fair Poor 

120 -74 Fair Fair Fair Poor 

 
 

4.4  Recommendations for UAV Operators 

 
According to the data gathered, the quality of video transmission for a cellular-connected UAV 
decreases as the altitude of the UAV increases. UAV operators who use cellular-connected UAVs for 

live video streaming are advised to fly at a vertical height of 50 m to provide good video streaming 

experience. This is due to the down-tilted ground transmission antenna for terrestrial users, resulting in 
decreased RSSI values as altitude increases. With decreased RSSI values, the cellular-connected UAV's 

Rx and Tx values decrease. Using the data gathered, this work can provide UAV operators with an 

understanding of how to use different video resolutions at different altitudes to offer the greatest 

performance of the cellular-connected UAV in delivering videos effectively. 
 

The data received from the UAVCast-Pro was immediately gathered and displayed the precise 

throughput values, which are Tx, Rx and latency values of the cellular-connected UAV. The higher the 
Tx value, the more data is sent per second, while the lower the latency value, the shorter the delay in 

transmitting or receiving the signal. High Tx and low latency values are recommended to get the highest 

video transmission efficiency. 
  

Different altitudes are recommended for UAV pilots while running various video resolutions for live-

streaming footage. For video resolution of 640 x 480 p, flying at altitude of 50 m or below is advice for 

good video transmission with high transmit signal value and low latency value. However, for this 
resolution, when the altitude increases up to 120 m, the UAV can still generate reasonable video quality, 

with minor graininess predicted. For video resolutions of 1,280 x 720 and 1640 x 922 p, it is advised to 

fly the UAV at altitude of 50 m or below for high-quality video with low latency value. The video 
quality steadily degrades as the altitude increases, resulting in white shadowing images and significant 

flickering of the transmitted video. Based on the data acquired, for video resolution of 1,920 x 1,080 p, 
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the UAV produces exceptional video quality while flying at altitude of 30 m and below, and fair quality 
of video when flying at altitude between 30 and 50 m. As the altitude exceeds 50 m, the video quality 

degrades. While the values obtained in this study are specific to the hardware used, the trends observed 

may remain consistent across different hardware configurations. 

 

5. CONCLUSION  

 

This paper investigated the effect of altitude on the performance of cellular-connected UAVs and video 
transmission. According to the acquired data, as the altitude of cellular-connected UAVs increases, the 

RSSI value drops, resulting in reduced signal strength and hence decreased cellular-connected UAV 

performance, in particular reduced Tx and Rx values, and increased latency values. This causes 
decreasing video transmission quality for all the video resolutions. 

 

The data accumulated in this study can help UAV operators evaluate the effectiveness of cellular-

connected UAV video transmission at different altitudes and RSSI values. This can then be used to 
determine optimum operational altitude for UAV operators when flying a cellular-connected UAV with 

the highest video quality for various video resolutions.  
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ABSTRACT 
 

Urban air mobility (UAM) using electric vertical take-off and landing (eVTOL) technology can 

revolutionise travel in congested urban areas by reducing cost and time. Implementing UAM in 

Malaysia requires a collaborative framework involving aviation authorities, local governments and 
technology providers to establish standardised protocols. Cellular networks used in UAM are crucial 

for beyond visual line of sight (BVLOS) operations due to their extensive range and seamless 

transitions. This study examines cellular data quality in selected rural areas to enable the adaptation 
and scaling of technologies to urban settings, providing a framework for UAM deployment. The 

research involves evaluating signal strength and quality at altitudes of 0, 50, and 100 m for three 

network providers (Digi, Celcom, and Maxis). The results show that while signal strength increases 
with altitude due to reduced line-of-sight blockage, signal quality can decrease due to interference. 

Specifically, Digi performed best at the ground level, Maxis at 50 m, and Celcom at 100 m. These 

insights into performance variations and limitations in rural areas allow for optimised adaptations in 

urban environments. The study demonstrates acceptable network handovers and overall network 
performance, supporting further exploration of cellular network technology for UAM operations in 

Malaysia.  

 
Keywords:  Urban air mobility (UAM); unmanned aerial vehicle (UAV); cellular communication; 

reference signal reception quality (RSRQ); altitude.  

 

 

1.  INTRODUCTION 

 

Efforts to establish an urban air mobility (UAM) framework present an opportunity to address urban 
transport issues, promote economic growth and drive technological innovation. The Malaysian 

government has identified that medical transport, tourism and urban logistics are among the potential 

use cases for UAM and has identified these to create a regulatory framework. Unmanned aerial 
vehicle (UAV) networks are one of the principal technologies used in smart city applications (Yun et 

al., 2021). Due to congestion caused by both traffic and accelerated urbanisation that makes urban 

travel more difficult, efforts are being made to introduce vertical movement of individuals and goods 

in urban areas. In this respect, UAVs enable the development of effective and sustainable urban 
transportation systems (Rozenberg et al., 2020). Electric vertical take-off and landing (eVTOL) is a 

new class of lightweight aircraft that uses electric power to lift off, hover and land vertically. It has 

become an integral part of meeting modern transportation requirements in and around urban areas. 
With eVTOLs, it is possible to transport people in urban areas while minimising traffic congestion on 

the ground (Trock & Matthews, 2022). 

 
UAVs, commonly referred to as unmanned aerial systems (UAS) or drones, are employed nowadays 

in civilian applications such as recreation (Liu et al., 2015), traffic monitoring (Sutheerakul et al., 

2017), mapping (Besada et al., 2018) and agriculture (Norhashim et al., 2023). In recent years, the use 
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of UAVs has consistently increased across numerous industries, with the UAM industry among the 
most promising.  

 

The current air traffic management (ATM) system's inability to control urban airspace is the primary 

obstacle to the development of urban air transportation (Vascik & John Hansman, 2017). These 
obstacles place a strain on the current air traffic control (ATC) system and indicate the need for 

substantial system modifications.  Each airspace class has a set of rules that specify how aircrafts 

should fly and how ATC should deal with such aircrafts. As a result, the International Civil Aviation 
Organization (ICAO) defines each airspace class based on the type of flights it services, provided 

separations, type of air traffic service, speed and altitude limitations, radio communication 

requirements, as well as ATC clearances (Bauranov & Rakas, 2021).  
 

UAM aircrafts travel at low altitudes and frequently pass near to structures and other obstructions, 

making it challenging for conventional ATC systems to control and track them. As a result, new 

techniques and technologies might be required to guarantee the safe and effective operation of UAM 
vehicles. Wireless communication networks are essential for modern ATC systems, ensuring safe 

management of aircrafts in real-time. Wireless networks offer the critical advantage of mobility, 

ensuring uninterrupted communication from the point of departure to the point of arrival. These 
networks allow for instantaneous data exchange between control towers and the aircrafts, facilitating 

timely and accurate instructions for take-off, landing and in-flight adjustments. Given that aircrafts are 

highly agile vehicles that covering vast distances at high speeds, a fixed-line communication system  
would be impractical (Kagawa et al., 2018), thus wireless communication utilising other methods 

such as cellular networks is a good option (Mohd Kamal et al. , 2019, 2020; Sahwee et al., 2020). 

 

Urban and suburban areas pose unique challenges for UAM network management. In densely 
populated urban regions, line-of-sight blockage from buildings, as well as interference from electronic 

devices and other wireless signals can be significant. This complicates the task of managing 

communication networks for UAM (West & Sherry, 2020).  
 

This paper discusses on cellular network signal quality in the rural areas, where interference may be 

less of an issue due to lower population density. However, network coverage can still become a 

challenge, and ensuring reliable communication over vast, sparsely populated regions is crucial. Rural 
areas often lack the necessary communication infrastructure, such as ground-based communication 

stations and high-speed internet access, which are readily available in urban and sub-urban 

environments. While there may be less air traffic in rural areas, coordinating UAM operations with 
other airspace users, such as agricultural aircrafts and general aviation, remains vital to prevent 

conflicts and ensure safe and efficient operations in these less densely populated regions. Therefore, 

the data obtained in rural areas can be a good indication in scaling and adapting technologies for 
urban and suburban environments. By understanding the capabilities and limitations of the tested 

cellular communication technology in rural areas, adjustments can be made to maximise performance 

in urban settings (Solomitckii et al., 2018). 

 
In addition, the data collected in this study is crucial for assessing the feasibility of using existing 

cellular networks to support eVTOL operations. By comparing different network providers (Digi, 

Celcom and Maxis), the study identifies which provider offers the best coverage and quality at 
different altitudes. This study focuses on the investigation of reference signal reception quality 

(RSRQ) performance. Although actual data rate performance and connectivity are influenced by the 

signal-to-interference-plus-noise ratio (SINR), the necessary data on interference levels to analyse 
SINR and actual data rates are not available. Despite this limitation, RSRQ remains a crucial 

parameter for evaluating network performance as it provides valuable insights into the quality and 

reliability of the received signal. By analysing RSRQ, overall network performance can be inferred 

and potential areas with weak signal reception can be identified, which is critical for optimising and 
troubleshooting cellular networks. 
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2. METHODOLOGY 

 

In this study, RSRQ data was collected at a rural area in Sungai Besar, Selangor, Malaysia. The tests 

were conducted near a cell tower located in a rice field area. Figures 1 shows the test site views from 
Cell Mapper for Digi, Celcom and Maxis. The effectiveness of the long-term evolution (LTE) 

networks was evaluated using the RSRQ parameter, which measures the quality of reference signals. 

User equipment (UE) for cellular communications continuously tracks signals from all neighbouring 
cell towers to connect to the one with the strongest signal. Standard reference signals are an integral 

feature of LTE technology, allowing UEs to assess the quality of their connection to a specific cell 

tower. RSRQ, calculated using the reference signal, represents the ratio between carrier and 
interference powers (Alshalabi et al., 2022). 

 

A fixed-wing UAV was employed to collect data and carry the necessary sensors for the study. Three 

smartphones, each with an active mobile connection and mobile data access through Digi, Maxis and 
Celcom, were used simultaneously during the experiment. Each network provider operates within 

allocated frequency bands to prevent overlap with neighbouring providers. This frequency planning, 

governed by national regulatory standards, guarantees that every base station and mobile device 
operates on unique frequencies, significantly reducing the potential for interference (Chen et al., 

2023). When measuring received signal strength, the assessment predominantly captures the signal 

level received at the physical layer, originating from the nearest base station operating within its 
designated spectrum (Ayman et al., 2023).  

 

 

 

   
(a)                                                                                   
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(b) 

 

 
(c) 

Figure 1:  Locations of cell towers for: (a) Digi (b) Celcom  (c) Maxis. 
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The UAV's route was mapped using three distinct checkpoints as shown in Figure 2. The ground 

station served as Checkpoint 1, followed by a right turn manoeuvre at Checkpoint 2. The UAV then 

proceeded to Checkpoint 3, where it turned around and returned to Checkpoint 1. The UAV had a 
total flight range of approximately 14 km. 

 

The data and telemetry links for the UAV were established using a 2.4 GHz remote control and a 915 
MHz telemetry system. The Mission Planner software, which functions as the UAV's ground station, 

was utilised to plan and monitor the flight path. The UAV was flown at two different altitudes, 50 and 

100 m, and a reference test was conducted on the ground following the route mapped by Mission 

Planner. 
 

The data collected with the Altimeter App and Net Monitor Lite App was used to verify the UAV's 

flight path and RSRQ data from the network providers. In addition, MATLAB was used to analyse 
and visualise the data collected by the applications on the smartphones. The results were visualised 

using MATLAB and divided into three categories: the data from the ground test, 50 m flight altitude 

test and 100 m flight altitude test. Geoscatter-style plots were created by sampling the length of the 
data. The plots display the RSRQ data for each of the three network operators in relation to the 

latitude and longitude of the UAV.  

 

 
 

 

 

 

Figure 2: Checkpoints for the flight test. 
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3. RESULTS & DISCUSSION 

 

Figures 3 to 5 show the RSSQ values along the route at the test area for the three different altitudes (0, 

50 and 100 m) and three different network providers (Digi, Celcom and Maxis).  The RSRQ 
measurements for Celcom, Digi and Maxis at ground level reveal distinct signal quality patterns as 

shown in Figure 3. The colour bar ranges from 0 to -20 dB, with lighter colours (yellow to green) 

indicating better signal quality and darker colours (blue to dark blue) indicating poorer signal quality. 
Digi maintains the most consistent and reliable signal quality, with fewer weak spots and a uniform 

distribution between -6 and -12 dB. Celcom shows a similar range but includes notable weak areas 

between -14 and -16 dB. Maxis exhibits the most variability, with frequent poor signal spots below  

-14 dB, making it less reliable overall. Overall, Digi provides the best RSRQ performance at ground 
level in the surveyed area, followed by Celcom and then Maxis. 

 

 
 

   
                                 (a)                                                                             (b)  

 
(c) 

Figure 3:  RSRQ data at ground level (0 m) for: (a) Digi  (b) Celcom  (c) Maxis.  
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Based on the analysis of RSRQ values of the network providers at altitude of 50 m (Figure 4), Celcom 

exhibits varying signal quality with sporadic high-quality regions but lacks consistency. Digi provides 
a more consistent, moderate signal quality throughout the route but lacks high-quality areas. Maxis 

shows significant variability, with both high and very low-quality regions dispersed along the route. 

Overall, Celcom offers the best performance due to occasional high-quality pockets, while Digi 
provides the most consistent signal quality at a moderate level.  

 

 

 
 

   
   (a)                                                                             (b) 

 
(c) 

Figure 4:  RSRQ data at altitude of 50 m for: (a) Digi (b) Celcom (c) Maxis.  
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At altitude of 100 m (Figure 5), the findings indicate that Celcom and Maxis offer relatively better 
RSRQ performance as compared to Digi. Celcom's coverage shows a balanced distribution of RSRQ 

values with both good and poor signal quality areas, while Maxis exhibits slightly better consistency 

with more green and yellow areas, indicating superior signal quality. Conversely, Digi demonstrates 
the poorest performance, predominantly displaying blue shades that correspond to lower RSRQ values 

and suggesting inferior signal quality. Thus, Maxis and Celcom are preferable for users seeking better 

network performance at elevated altitudes, with Digi lagging behind. 
 

 

 

 

   
(a)                                                                             (b) 

 
(c) 

Figure 5:  RSRQ data at altitude of 100 m for: (a) Digi (b) Celcom (c) Maxis.  
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The average RSSQ values for the different altitudes are shown in Figure 6. It is found that Digi          

(-12.63 dBm) performed better at the ground level as compared to Maxis (-12.89 dBm) and Celcom   

(-12.91 dBm). Maxis (-12.09 dBm) performed better than Celcom (-13.67 dBm) and Digi (-15.80 

dBm) at altitude of 50 m, while Celcom (-11.80 dBm) performed better than Maxis (-11.83 dBm) and 
Digi (-15.19 dBm) at altitude of 100 m. The data also shows that the signals from all three providers 

can be reached from both the flight altitudes. 

 
 

 

Figure 6: Mean RSSQ values for the different altitudes. 

 

 
One observed trend is that the signal is stronger at higher altitudes but of lower quality. At higher 

altitudes, there is generally less obstructions (e.g., buildings and trees), leading to stronger signal 

reception due to clearer line-of-sight to the cell towers, reducing signal attenuation and loss. However, 
the distance between the UAV receiver and cell tower increases, reducing signal strength based on the 

free space path loss model. Despite stronger signals, the quality may decrease at higher altitudes due 

to factors such as increased interference from multiple cell towers and reduced signal-to-noise ratio. 

Higher altitudes might also expose the UAV to overlapping coverage areas of different towers, 
leading to more interference, as predicted by the multipath propagation theory. This phenomenon 

indicates that while the received signal power increases, interference from signals reflected off 

surfaces and arriving at different times degrades the overall quality (Zulkifley et al., 2021). 

The three cellular network providers’ performance varied at different altitudes. At the ground level, 
Digi had the highest average RSSQ value of -12.63 dBm, which could be due to better tower 

placement and optimised coverage for ground-level communication. This might be influenced by the 

strategic positioning of Digi's cell towers to minimise obstacles and maximise direct signal paths. At 

altitude of 50 m, Maxis had the highest average RSSQ value of -12.09 dBm, which suggests that 
Maxis has invested in tower placements and configurations that reduce signal degradation at medium 

heights. At altitude of 100 m, Celcom had the highest average RSSQ value of -11.80 dBm, which 

could indicate that their network is optimised for higher altitudes, with potentially better handling of 

interference and signal management at these heights. 

The ability of all three providers to maintain signal reception at various altitudes demonstrates the 

robustness of Malaysia's cellular infrastructure. This is promising for eVTOL operations, indicating 

that the current networks could be adapted for UAM with appropriate adjustments and enhancements. 

The findings suggest that while existing networks can support eVTOL operations, further optimisation 
might be necessary, especially for handling higher altitudes and ensuring consistent signal quality. 

This could involve deploying more cell towers, especially small cells and microcells, to enhance 

coverage and reduce interference. Collaborating with network providers to enhance coverage and 
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quality at different altitudes can help in creating a more reliable communication framework for UAM. 
Moreover, the study underscores the need for regulatory bodies to consider cellular communication 

performance in their safety protocols for eVTOL operations, ensuring that communication reliability 

meets the stringent safety standard. 

 
 

4. CONCLUSION 

 
In summary, the data gathered and observed trends highlight the complex interplay between signal 

strength, quality and altitude. They provide valuable insights into the current capabilities and 

limitations of cellular networks for supporting emerging UAM solutions. This information is critical 
for planning the infrastructure needed to support the safe and efficient operation of eVTOLs, ensuring 

that UAM becomes viable and reliable. 

 

Based on the data from this study, which includes handover of networks from one cell tower to 
another and its stability at three different altitudes, the beyond visual line of sight (BVLOS) operation 

of UAMs over LTE networks proved to be viable for up to altitude of 100 m. Future studies should 

focus on the development of interference management strategies specifically tailored to Malaysia, 
such as the development of intelligent systems capable of dynamically changing communication 

parameters in response to real-time assessments of the country's topography and atmospheric 

conditions. In addition, extensive rural testing and validation programmes are required in various 
Malaysian regions to ensure the reliability and consistency of UAM communication systems. The 

successful deployment of UAM will be greatly aided by these research efforts, which will also 

contribute to the advancement of technological and infrastructural capabilities by providing safe and 

efficient air transport solutions that can benefit the country's urban and rural areas. 
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ABSTRACT 

 
This study is aimed at evaluating the adjacent band compatibility of single frequency multi-Global 

Navigation Satellite System (GNSS), consisting of the Global Positioning System (GPS) L1 coarse 

acquisition (C/A) and Galileo E1 open service (OS) signals. The study is conducted using GNSS 

simulation, which allows for the tests to be held with various repeatable conditions, as defined by the 
users.  It is found that the factors that affect the level of disruption from adjacent band interference 

include GNSS receiver parameters, as well as carrier frequency and bandwidth of interference 

signals. GNSS receivers with lower receiver sensitivity and higher receiver noise would be more 
susceptible to adjacent band interference. Moving the carrier frequency of interference signals away 

from the frequency of the GNSS L1 / E1 band (1575.42 MHz) as well as increasing their bandwidths 

increase the power levels that affect GNSS performance. The GPS + Galileo mode has slightly 
improved performance against interference as compared to the GPS only mode due to the alternative 

binary offset carrier (AltBOC) modulation that is employed for the Galileo E1 OS signal, which is 

improves its robustness. 

 
Keywords: Adjacent band compatibility; Global Navigation Satellite System (GNSS) simulation; 

GPS L1 coarse acquisition (C/A) and Galileo E1 open service (OS) signals; estimate 

probable error (EPE); degradation of accuracy and location fix loss.   

 

 

1.  INTRODUCTION 

 
Adjacent band signals at frequencies close to Global Navigation Satellite System (GNSS) signal 

bandwidths can disrupt the performance of GNSS receivers, in particular those that incorporate poor 

filtering design to achieve a low-cost product. Every signal, even though it operates in a specific 
portion of the spectrum, introduces interference into adjacent portions of the spectrum. The amount of 

interference that is permissible to seep over into adjacent spectrums is controlled in many countries by 

their respective communications commissions, but it is not possible to eliminate it completely. The 
higher the transmission power used, the higher the interferences will be in adjacent portions of the 

spectrum. The number of systems that make use of the radio frequency (RF) spectrum has 

significantly increased in recent years and the number of users increases daily. This development has 

crowded the RF spectrum significantly, resulting in increased occurrences of adjacent band 
interferences for GNSS receivers (DOT, 2018; Drocella et al., 2020; Hegarty et al., 2020; Buesnel, 

2021). To this end, various studies have been conducted to evaluate GNSS adjacent band 

compatibility, with the aim of developing new GNSS spectrum interference standards to ensure that 
future proposals for use of spectrum bands adjacent to GNSS signals will not compromise GNSS 

performance, in particular for vital applications such as public safety, navigation and time 

synchronisation (Zdunek, 2016; Uhrich et al., 2019; Setlak & Kowalik, 2021; Sokolova et al., 2022).  
 

Dinesh et al. (2017) evaluated adjacent band power levels that can be tolerated by the Global 

Positioning System (GPS) L1 coarse acquisition (C/A) signal and the extent to which such power 

levels impact GPS performance. It was conducted using GNSS simulation, which allowed for the tests 
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to be conducted with various repeatable conditions, as defined by the users. As the tests were 
conducted in controlled laboratory environments, they were not be inhibited by unintended signal 

interferences and obstructions (Pozzobon et al., 2013; Arul Elango & Sudha, 2016; Bi & Yuan et al., 

2021; Emerick, 2022).  

 
In this paper, the study is extended to evaluate the adjacent band compatibility of single frequency 

multi-GNSS, consisting of the GPS L1 C/A and Galileo E1 open service (OS) signals. The study is 

conducted using GNSS simulation for a GPS receiver, Garmin GPSMAP 60CSx (Garmin, 2007) 
(Receiver R1), and a multi-GNSS receiver, Garmin GPSMAP 66sr (Garmin, 2021) (Receiver R2). 

 

 

2. METHODOLOGY 

 

The apparatus used in the study are an Aeroflex GPSG-1000 GNSS simulator (Aeroflex, 2010), a 

Spectran HF-60105 spectrum analyser (Aaronia, 2015), an IFR 2023B signal generator (IFR, 1999), a 
Hyperlog 60180 directional antenna (Aaronia, 2009) and a notebook running GPS Diagnostics v1.05 

(CNET, 2008). The study is conducted in STRIDE’s semi-anechoic chamber (A. Faridz, 2010) to 

avoid external interferences signals and multipath errors. The test setup employed is as shown in 
Figure 1. Simulated GNSS signals are generated using the GNSS simulator and transmitted via the 

coupler, while interference signals are generated using the signal generator and transmitted via the 

directional antenna. The tests are conducted with the assumption that there are no ionospheric and 
troposheric delays, GNSS satellite clock and ephemeris errors, obstructions and multipath, as well as 

unintended interference signals. 

 

 
Figure 1: The test setup employed for the study. 

 

The test procedure is conducted for coordinated universal time (UTC) of 0000 at Kajang, Selangor, 
Malaysia (N 2° 58’, E 101° 48’) and GNSS signal power level of -130 dBm. The almanac data for the 

periods is downloaded from the US Coast Guard's web site (USCG, 2023) and imported into the 

GNSS simulator. 
 

Based on the functionalities of the GNSS simulator, this study is conducted for the GPS L1 C/A and 

Galileo E1 OS signals. The GPS L1 C/A signal is an unencrypted civilian GPS signal that is widely 

used by various GPS receivers. The signal has fundamental frequency of 1,575.42 MHz and code 
structure that modulates the signal over a 2 MHz bandwidth (USACE, 2011; Kaplan & Hegarty, 2017; 

DOD, 2020). The Galileo E1 OS signal also has fundamental frequency of 1,575.42 MHz, with code 

structure that modulates the signal over a 4 MHz bandwidth (Kaplan & Hegarty, 2017; Povero, 2019; 
ESA, 2021). For Receiver R2, the tests are conducted for two conditions: 1) GPS only with 12 

satellites (R2-GPS); 2) GPS with six satellites and Galileo with six satellites (R2-GPS-GAL). 
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Once a location fix is obtained with the GNSS receiver, the estimate probable error (EPE) is recorded 
using GPS Diagnostics. The interference signal used is a frequency modulated (FM) signal with 

information frequency of 5 kHz, and bandwidths of 2, 4, 8 and 16 MHz. The carrier frequency is 

varied from 1,550 to 1,600 MHz at intervals of 5 MHz. Interference signal transmission is started at 

power level of -140 dBm. The power level is increased by increments of 3 dBm and the 
corresponding EPE values are recorded.  

 

3. RESULTS & DISCUSSION 
 

For the tests conducted, the power levels at which the first degradation of accuracy occurs and the 

location fix is lost are shown in Figures 2 and 3 respectively. It is observed that interference signal 
power levels required to affect Receiver R1 are lower as compared to Receiver R2. This is as 

Receiver R1 has lower receiver sensitivity and higher receiver noise, which results in reduced carrier-

to-noise density (C/N0) levels for GNSS satellites tracked by the receiver, which is the ratio of 

received GNSS signal power level to noise density. Lower C/N0 levels result in increased data bit error 
rate when extracting navigation data from GNSS signals, and hence, increased carrier and code 

tracking loop jitter. This, in turn, results in more noisy range measurements and thus, less precise 

positioning (Petovello, 2009; USACE, 2011; Kaplan & Hegarty, 2017; DOD, 2020). 
 

For Receiver R2, it is found that interference signal power levels required to affect the GPS + Galileo 

mode are higher as compared to the GPS only mode. This could be as the Galileo E1 OS signal makes 
use of alternative binary offset carrier (AltBOC) modulation, which improves its robustness against 

various sources of interferences (Kaplan & Hegarty, 2017; Povero, 2019; ESA, 2021). 

 

It is also found that as the carrier frequency of the interference signal moves away from the frequency 
of the GNSS L1 / E1 band (1575.42 MHz), the interference signal power levels required to affect 

GNSS performance increase. Increasing bandwidth of interference signals also increases the power 

levels that affect GNSS signal, as the interference signal’s strength is dispersed over a wider 
bandwidth.  

 

It is observed that interference signal power levels required to affect GNSS performance are 

significantly high as compared to the corresponding GNSS signal power levels. The noise-like GPS 
C/A and Galileo OS code structures, which modulate the L1 and E1 signals over 2 and 4 MHz 

bandwidths respectively, allow for the signals to be received at low levels of interferences. The GPS 

precision (P(Y)) and Galileo public regulated service (PRS) codes (restricted codes) have more robust 
structures, modulating the L1 and E1 signals over 20 and 24 MHz bandwidths respectively, and thus 

have better resistance to interference. The absence of other error parameters, including ionospheric 

and tropospheric delays, GNSS satellite clock and ephemeris errors, obstructions and multipath, as 
well as unintended interference signals, results in the required minimum jamming power levels in this 

study to be significantly higher as compared to field evaluations conducted in Dinesh et al. (2010, 

2023) and Ahmad Norhisyam et al. (2013). 

 
The tests conducted in this study employed GNSS signal power level of -130 dBm. Usage of lower 

GNSS signal power levels would result in reduced C/N0 levels and hence, interference signal power 

levels required to affect the GNSS receivers would be lower. 
 

A limitation faced in this study is that while the GNSS simulator employed can transmit GPS L1 / 

Galileo E1 and GPS L5 / Galileo E5 signals, this cannot be done simultaneously.  Furthermore, the 
settings of the Receiver R2’s chip seem to ensure that readings can only be taken when the GPS L1 

signal is available. Hence, this study could only be conducted for modes of GPS L1 only and GPS L1 

+ Galileo E1. In this regard, the scope for future work includes procurement of a GNSS simulator that 

transmits multifrequency GNSS signals to allow for evaluation of adjacent band compatibility of 
multifrequency GNSS. In addition, a wider range of GNSS receivers, in particular multifrequency 

receivers, should also be evaluated. 
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(a)                                                                          (b) 

 

        
   (c)                                                                          (d) 

 
Figure 2: Interference signal power levels at which first degradation of accuracy is noticed for 

interference signal bandwidths of: (a) 2 MHz  (b) 4 MHz  (c) 8 MHz  (d) 16 MHz. 
 

 

      
(a)                                                                          (b) 

 

      
(c)                                                                          (d) 

 
Figure 3: Interference signal power levels at which location fix is lost for interference signal bandwidths 

of: (a) 2 MHz  (b) 4 MHz  (c) 8 MHz  (d) 16 MHz. 
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4. CONCLUSION 
 

This study has demonstrated that the GPS L1 C/A and Galileo E1 OS signals are susceptible to 

adjacent band interference. It is found that the factors that affect the level of disruption include GNSS 

receiver parameters, as well as carrier frequency and bandwidth of interference signals. GNSS 
receivers with lower receiver sensitivity and higher receiver noise would be more susceptible to 

adjacent band interference. Moving the carrier frequency of interference signals away from the 

frequency of the GNSS L1 / E1 band (1575.42 MHz) as well as increasing their bandwidths increase 
the power levels that affect GNSS performance. For Receiver R2, the GPS + Galileo mode slightly 

improves performance against interference due to the AltBOC modulation that is employed for the 

Galileo E1 OS signal, which is improves its robustness. Further studies are required using a wider 
range of GNSS receivers, in particular multifrequency receivers, in order to develop appropriate 

GNSS spectrum interference standards. 
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ABSTRACT 

 

This paper proposes a policy framework for using offset and industrial collaboration (IC) to develop 

human capability in the defence and security sector, focusing on Malaysia. It underscores the 
importance of integrating human capital development with traditional defence spending. Key 

challenges and success factors in executing offset policies for human capability enhancement are 

identified. The introduced 'MINERVA' framework includes elements such as a clear vision for human 
capital development, capability gap analysis, knowledge transfer incentives, credible partners, 

governance frameworks, stakeholder engagement, efficient project implementation, and assessing 

absorptive capacity. Through qualitative analysis of Malaysian case studies, the paper highlights 
optimising defence budgets for skills, education and training. The paper argues that the alignment of 

international defence procurement with offset policies focused on human capital development can 

enhance indigenous defence capabilities, military potential, job creation, regional clusters and exports. 

This alignment bolsters national security and resilience against challenges such as digitalisation and 
pandemics. 

 

Keywords: Offset; industrial collaboration; defence and security; human capital development; 
MINERVA framework. 

 
 

1. INTRODUCTION 

 

Offset or industrial collaboration (IC) is a policy tool used by importing nations to encourage 

investment, technology transfer and human capital development in domestic industries through 

international defence procurement contracts (Balakrishnan & Matthews, 2009, Matthews & Anicetti, 
2022). Unlike mainstream economic policies such as investment incentives and trade policies (Zeiler, 

1998), offset are primarily used to enhance national security by reducing dependence on external 

sources and building indigenous defence capabilities (Balakrishnan, 2018, Balakrishnan, 2022).  The 
state has a strong interest in entering into an offset agreement with foreign contractors to build 

indigenous defence industrial capability, as well as enhance military potential, jobs, regional clusters 

and exports (Balakrishnan, 2018, Maharani et al., 2023). Despite its benefits, the secretive nature of the 

defence sector makes it challenging to publicly justify the relevance of offsets as a constructive policy 
tool (Malm et al., 2016; Balakrishnan, 2018, Anicetti, 2024). 

 

Empirical studies have shown that offset contribute to economic and industrial growth, particularly in 
building defence industrial bases (Martin, 1996; Brauer & Dunne, 2004). These studies often focus on 

macroeconomic impacts and organisational improvements in quality, processes, systems and 

technology (Balakrishnan & Matthews, 2009; Situmeang et al., 2020; Matthews & Maharani, 2021). 
However, there is a lack of research on how offset enhance human capability through skill and 

knowledge development, largely due to the confidentiality of defence data. 
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This paper addresses this gap by exploring how defence offset can develop human capability. Despite 

30% of global defence budgets being allocated to offset (SIPRI, 2022), research on their impact on 

human capability development is limited. The proposed MINERVA policy framework aims to provide 

adaptable guidelines for governments, defence ministries and multinational corporations involved in 
offset and IC. 

 

Human capital development is increasingly critical for economic growth, social mobility and global 
competitiveness. The UN's Fourth Sustainable Development Goal and UNESCO’s Education for 

Sustainable Development framework highlight the importance of lifelong learning and skill 

development (UN, 2023; UNESCO, 2023, OECD, n.d.). National offset policies often include elements 
such as technology transfer and job creation, which are crucial for building capability (Nam & Joon, 

2004; Maniar, 2018). However, unclear funding stipulations can hinder these objectives. 

 

The defence sector's evolving demands, driven by geopolitical tensions and rapid technological 
advancements, necessitate significant investment in training personnel in emerging technologies (UK 

Parliament, 2023).  Traditional defence spending prioritises equipment and infrastructure over training 

and education. The rapid advancement of emerging technologies in artificial intelligence (AI), cyber, 
robotics and advanced manufacturing, primarily originating from the commercial sector, must be 

adapted for defence applications. This adaptation requires significant funding to train personnel in these 

areas. The capabilities needed by companies and the methods for building these skills have evolved. 
Rapid technological progress and the introduction of disruptive technologies have created an urgent 

demand for new human capabilities within the defence sector. Unlike more agile sectors, the defence 

industry struggles to rapidly acquire new capabilities to meet evolving demands. RAND Europe, 

commissioned by the European Defence Commission, has undertaken major projects to study how to 
build skills for the defence sector (Galai et al., 2023). Additionally, the demand for skill development 

has been intensified by the war resulting from Russia's invasion of Ukraine (Antinozzi, 2023). The 

Lowy Institute's Asia Power Index mentioned that countries such as the US, South Korea and Singapore 
invest significantly in training to maintain military capabilities (Lowly Institute, 2023). 

 

This research aims to develop an enhanced offset policy framework to nurture human capability in the 

defence sector. It identifies critical success factors for leveraging offset funding and explores challenges 
in building human capability. Using Malaysia as a case study, the research defines "capability" as skills, 

expertise and technological prowess. 

 
The paper is structured into five sections: the Introduction establishes the study's context; the Literature 

Review provides an overview of offset and their role in defence industry development; the Research 

Methodology details the study's approach; the Data Analysis and Findings section discusses the results; 
while the Conclusion offers a policy framework and acknowledges study limitations. 

 

  

 

2. OFFSETS AND HUMAN CAPABILITY    

 

2.1 Theory of Offset  

 

The primary aim of a procurement strategy utilising offset is to ensure nations build indigenous defence 

and security industry capabilities, reducing dependence on foreign sources, as well as promoting self-
sufficiency (Brauer & Dunne, 2004). Offsets enable importing nations to gain economic, industrial and 

technological benefits beyond the procurement itself. Although precise global data is lacking, offsets 

are estimated to constitute around 30% of global military spending, approximately $672 billion in 2022 

(SIPRI, 2022). Offset are known by various terms such as industrial participation, collaboration and 
engagement (Brauer & Dunne, 2004). Some countries have adopted more competitive policies to 

sustain their defence industries. For instance, Canada refers to offsets as "industrial and technological 

benefits" (Government of Canada, 2022), Australia as the "Australian Industrial Capability Programme" 
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(Australian Government, 2016), and the UK as "Capability, Skills and Prosperity" requirements. The 
US employs offsets through the "Buy America Act," "Defence Production Act," and "Small Business 

Act" (Zeiler, 1998). 

 

While often considered a modern practice, offset trace their roots to ancient times when technology 
transfer occurred through trade, conquest and diplomacy (Trigger, 2003). A notable 19th century 

example is Japan's Meiji era, during which Western technologies were adopted through engagement 

with foreign experts (Huffman, 2010). Modern offsets emerged in the 21st century, evolving from post-
World War II efforts aimed at rebuilding Europe's defence industry and integrating American 

equipment for interoperability. By the 1990s, offsets were formalised in procurement policies and 

tenders (Balakrishnan, 2018). Globalisation has since increased the complexity of offset, balancing 
multinational supply chains and government mandates to protect national security and retain industrial 

benefits locally (Brauer & Dunne, 2010; Balakrishnan, 2018). Examples include Saudi Arabia’s 

Industrial Participation Policy, UAE’s Economic Vision 2030 (Government of Abu Dhabi, 2023), and 

Malaysia’s Industrial Collaboration Policy (ICP) (TDA, 2022), focusing on innovation, technology 
transfer, skills development and strategic alliances. 

 

Offsets are driven by commercial and geopolitical interests. Defence contractors view offset as 
opportunities for international growth and compliance, transforming what was once seen as a burden 

(Dehoff et al., 2014). Geopolitically, technology transfer fosters platform commonality and 

interoperability among allied nations, exemplified by the AUKUS alliance and Saudi Arabia’s drone 
purchase from Turkey, which emphasises long-term industrial partnerships (Savoy & Staguhn, 2022; 

Dutton, 2023). National aspirations to establish a sustainable defence industrial base motivate the 

attraction to offset. These aspirations include military capability support, economic development, 

innovation and human capital development, crucial for a skilled workforce capable of sustaining a 
resilient defence industry (Hartley & Martin, 1995; Balakrishnan & Matthews, 2009). 

 

Critics argue that offset inflate procurement costs and complicate delivery due to supply chain 
disruptions, intellectual property risks and regulatory compliance issues (Goodman, 2024). Despite 

many countries emphasising human capability in offset policies, resource allocation remains debated. 

The next section explores offsets' contribution to capability building. 

    

 

2.2 Offset and Capability-Building 

 
"Capability" refers to the power or ability to achieve specific tasks or goals at individual, organisational, 

and systemic levels (Vincent, 2008). This paper aligns with endogenous growth theory, emphasising 

the link between technology, human capital, innovation and knowledge for enhanced productivity and 
economic growth (Romer, 1986; Lucas, 1988). As technology evolves, so do skill requirements, 

necessitating investments in education, research and innovation-friendly regulations. Capabilities, 

which combine knowledge, skills, expertise and technology, should yield competitive advantages and 

contribute to organisational survival and prosperity (Winter, 2000; Oppat, 2008; Ogunade, 2011). 
 

In the defence sector, capability development focuses on military capability, with offset historically 

used to enhance defence industrial capacity. This includes research, manufacturing, supply chains, 
infrastructure, technology bases, partnerships, exports, innovation, quality control and testing. This 

paper emphasises the importance of linking technology to human capital, fostering a more productive 

workforce and sustained economic growth. As nations advance technologically, the demand for high 
skills increases, highlighting the need for robust education, R&D support and a regulatory environment 

that promotes innovation (Lucas, 1988). 

 

Organisational capability, influenced by dynamic capability (Teece, 1997) and absorptive capacity 
(Cohen & Levinthal, 1990; Argote et al., 2003; Argote & Miron-Spektor, 2011), involves an 

organisation's ability to adapt and reconfigure competencies in a changing environment. Offsets in the 

defence sector are crucial for developing these capabilities, ultimately contributing to national 
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prosperity. Many countries, including India, Saudi Arabia, the UAE, Turkey, South Korea, Brazil and 
South Africa, use offsets to build their defence industrial and technological capabilities. These policies 

mandate that a portion of procurement contracts supports diversification, technology transfer, local 

manufacturing, job creation and skills development to enhance indigenous defence capabilities (Hartley 

& Martin, 1995; Brauer & Dunne, 2004; Bitzinger & Kurç, 2019). Empirical studies, particularly case 
studies, have evaluated these activities' success in developing organisational-level defence capabilities, 

focusing on technological advancements, system innovations, economic impacts, job creation and 

higher local salaries. However, the term "capability" is rarely explicitly mentioned in offset policies, 
except in Australia and the UK, where it is linked to building defence industrial capability through 

procurement (Australian Government, 2001, 2016, 2020; UK Defence Capability Framework, 2022). 

 

 

2.3 Human Capital Development for Delivering Human Capability 

 

Nevertheless, people and their skills are crucial for building defence capabilities. This paper emphasises 
the necessity of allocating adequate resources for human capital development to create a sustainable 

and resilient defence industrial base. It distinguishes between human capital and human capability. 

Human capital includes tangible qualities such as knowledge, skills and expertise gained through 
education, training, work experience and personal development. This encompasses technical skills, 

problem-solving abilities, and interpersonal skills. On the other hand, human capability extends beyond 

these tangible qualities, encompassing the broader potential and capacity for individuals and groups to 
perform tasks, solve problems and adapt to change. In the current context, human capability involves 

investing offsets resources into human capital development to enhance skills, knowledge and 

productivity (Malm et al., 2016). Building human capability through offsets involves the transfer of 

know-how from foreign institutions to individual knowledge recipients. Success hinges on the 
credibility and competency of the foreign institution and the technology recipient’s ability to absorb 

and apply the knowledge (Balakrishnan & Lazar, 2022). 

 
However, there is a lack of explicit mention of human capital development in most offset policies. Some 

aspects of policies may indirectly contribute to skills enhancement and workforce development. Some 

countries do recognise the importance of developing human capability and have introduced policies to 

support this vision. Countries such as the UAE, Oman, Türkiye and South Korea have encouraged 
human capital development using offsets resources. 

 

Malaysia started with a structured offset policy primarily for the defence sector in 2005. The policy was 
further enhanced to become the National Offsets Policy in 2010(Balakrishnan, K, 2007). The policy 

subsequently evolved to become the Industrial Collaboration Policy in 2015 and had been reviewed 

several times under the leadership of the Ministry of Finance (MOF) (TDA, 2022). All the mentioned 
policies had explicitly focused on human capability through various HCD programmes for the defence, 

dual-use and commercial sectors. In the past, OEMs have been incentivised with huge offset credits to 

support with developing local talents and skills for the various industrial sectors. MOF together with 

the Defence Industry Division (DID) at the Ministry of Defence continue to focus on utilisation of offset 
and ICP for human capital development. Malaysia however does not have specific policy framework 

dedicated to human capital development although there are mentions of the importance of HCD in the 

Twelfth Malaysia Plan (2012 – 2025) (Ministry of Economy, 2021) and specific tools such as the 
national training index have been created by the Human Resource Development Fund (HRDF) ( HRM 

Asia, 2024).      

 
However, the Kingdom of Saudi Arabia is an interesting example of a country that is driving forward 

the human capital development agenda through offset and defence procurement but more widely 

through its Vision 2030 Policy (Bilal, 2013; Kingdom of Saudi Arabia, 2023; Gulf Research Center, 

2023). The General Authority for Military Industry (GAMI) created the National Military Industry 
Human Capital Development (NMIHCD), a dedicated department that is currently implementing key 

human capital development (HCD) strategies and initiatives (Military Industry Human Capital 

Strategy). The HCD initiatives provide mature services for the military industry sector that are in place 
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to deliver growth and increase the awareness of offset spend through its Industrial Partnership Program 
(IPP).  GAMI’s human capital development policy aims to clarify the roles and responsibilities for all 

stakeholders and articulates how stakeholders interact to deliver qualitative and quantitative growth of 

Human Capital in the sector,   (GAMI Policy and Regulation). The IPP authority within GAMI together 

with other strategic partners and end-users have taken the initiative to infuse NMIHCD with  GAMI  in 
providing clear, mature and tailored opportunities to ‘spend’ IPP credits based on a win-win-win 

situation for the Kingdom (Asharq, 2022). For the Kingdom, examples of these services include the 

Military Industries Scholarship Program, the Military Industries Short Courses Program, and the 
Academy for Defence Industries (ADI).  ADI, the first of its kind in the Kingdom and the region is the 

dedicated training provider that serves as the leading institute that delivers vocational training, short 

courses and technical training partnered with original equipment manufacturers (OEMs) locally and 
overseas (ADI, 2023).  

 

2.4  The MINERVA Framework  

 
The MINERVA framework, introduced by the authors in Figure 1, outlines essential components for 

planning and implementing HCD programmes using offset resources. It identifies critical success 

factors such as localising HCD programmes, stakeholder engagement, knowledge exchange, effective 
project management, incentives from offset authorities, and mature relationships among partners. The 

challenges include difficulties in localising complex technical transfers, managing risks, ensuring 

governance, and clear roles. The framework is designed to be generalisable for governments and offset 
management offices, particularly in the defence sector but more generally for national critical 

infrastructure projects (CNIs). This paper uses the MINERVA model to explore Malaysia's use of 

offsets to enhance human capability in the defence industry through an international educational 

partnership between institutions in the UK and Malaysia, investigating the successes and challenges in 
planning and implementation stages. The framework is designed to be generalisable and can assist 

governments considering the use of offset or other Government-to-Government (G-to-G) funding for 

HCD projects. It is applicable to offset management offices (OMOs), and Ministries of Defence and 
Finance by helping to guide their HCD project planning. Additionally, academics can use this 

framework to critically examine the factors influencing HCD programmes and identify gaps for further 

research in this field, particularly in the defence and security sectors.  

 

 
Figure 1: The Minerva framework. 
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Malaysia has explicitly integrated HCD into its ICP, leveraging offset resources to enhance capabilities 
in the military, defence, security and dual-use sectors. This approach is evident in major procurement 

contracts, which include HCD projects. Using the MINERVA framework, this paper examines how 

Malaysia, with a defence budget of 1.5% of its gross domestic product (GDP), has utilised offsets to 

improve its defence industry’s human capability. The research focuses on an international educational 
partnership formed through an offset agreement between academic institutions in the UK and Malaysia, 

analysing the successes and challenges during the planning and implementation stages of these 

educational programmes. 
 

 

3. RESEARCH METHODOLOGY   

 

This exploratory research delves into the practical challenges of using offsets funding for HCD to 

enhance human capability within the defence industry. The study addresses the research question of 

how offset funding can effectively build human capacity were measuring the impact of HCD within 
offset policy framework is difficult due to a lack of specific indicators. Focusing on a Malaysian HCD 

programme funded through offset, this paper uses the MINERVA model to assess success factors and 

challenges. The research aims to develop a policy framework for effectively delivering HCD initiatives 
and building human capability using offset resources (Yin, 2018; Abdullah, 2019). Insights are drawn 

from the author’s direct involvement in shaping offset policies and HCD, as well as their experiences 

in planning and implementing HCD projects. Theoretical perspectives are based on observations, 
participation in meetings, and reflections (Glaser & Strauss, 1967). The study employs both deductive 

and inductive methods (Saunders et al., 2019) through a mixed-method approach, emphasising 

actionable outcomes for stakeholders. By combining qualitative and quantitative data, the research 

identifies patterns, theories and relationships, confirming deductive practices from the literature 
(Creswell & Poth, 2018). The aim is to bridge theory and practice by reviewing the literature on offset, 

defence industry capability and HCD, alongside practical experiences from policymaking, 

implementation and stakeholder engagement (Saunders et al., 2019). 
 

Data collection includes primary sources such as company and university project reports, and semi-

structured interview questionnaires, as well as secondary sources such as scholarly articles, books, 

policy documents and government reports (Creswell & Poth, 2018; Abdullah, 2019). The semi-
structured questionnaire comprises predetermined questions about the respondents' prioritised factors, 

identified through both deductive and inductive approaches, and includes open-ended questions for 

additional insights.  
 

The units of analysis relate to the specific HCD programme for this research. This specific programme 

has been chosen as the case study considering the authors were directly involved in formalising the 
educational partnerships besides the planning and implementation of the projects throughout the 12-

years period. Furthermore, this advantage enabled the authors to get access to the data and access to 

participants who were directly involved in the project. The programme consists of an academic 

partnership between University A in Malaysia and University B in the United Kingdom. The research 
was focused on three projects worth approximately GBP 4.5 million delivered through this partnership 

between 2012 and 2024. The respondents were from these three stakeholder groups being the 

government, industry players and academia. A total of 25 interviewees were identified from a pool of 
potential stakeholders who were directly involved in the three identified projects being Projects 1, 2 and 

3. The participants were individuals operating at strategic and decision-making levels, senior 

management who had substantive knowledge and experience in offsets policy, as well as academics 
who were directly involved in the knowledge transfer programme (Lavrakas, 2008). The questionnaire 

was sent out via email to all the respondents with clear instructions and notes explaining the research 

background and what was expected of them, along with a request for interview slots with prospective 

participants. Out of the 25 participants, 18 (75%) responded. Table 2 describes the participants and their 
roles. 
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The researchers obtained prior written approval from the participants to record and transcribe interviews 
for accuracy. An email with a consent note outlining ethical processes and researchers’ responsibility to 

safeguard identities was sent, anonymising respondents’ identities to comply with the General Data 

Protection Regulation (GDPR) and data protection. Participants were assured of confidentiality and 

transcripts would be destroyed post-publication. 
 

The 18 respondents were successfully interviewed, acknowledging limitations in participant number, 

especially from government and OEM sectors. Despite potential biases, rich input from participants 
compensated for the limited responses. The researchers, as practitioners, used a pragmatic inductive 

participatory observation approach to ensure data reliability. 
  

Table 1: Roles of interview participants. 

Stakeholder Segment Description of Required Role Code 

Academic  Academic Project Lead for UK University  R1 

OEM  Offsets Manager  R2 

Government  Principal Assistant Secretary, Offsets Authority, Ministry of Defence  R3 

Academic  Academic Project lead from Malaysian University  R4 

OEM  Offsets manager, local office Malaysia   R5 

Academic  Academic Project lead from Malaysian University R6 

Academic  Tutor  R7 

Academic  Academic Project Lead for UK University R8 

Senior management  Senior Programme Director for Malaysian University    R9 

Project lead  OEM  R10 

Academic  Senior Programme Director for Malaysian University    R11 

Senior Management  Deputy Vice-Chancellor Malaysian University  R12 

Business Development   OEM  R13 

Academic  Tutor UK  R14 

Academic  Tutor Malaysia  R15 

Academic  Tutor Malaysia   R16 

Academic  Tutor UK  R17 

Academic   Academic Project lead from Malaysian University R18 

 
 

Thematic analysis was conducted for methodically examined literature and documents, with thematic 

coding of keywords such as HCD, challenges and policy suggestions. Content analysis of interview 
findings identified themes to standardise data for relationship identification (Seidman, 1998; Braun & 

Clarke, 2006). Excel spreadsheets tabulated ranked factors, providing quantitative measures for success 

factors and challenges hierarchy. 

 

 

4. Results and Discussion    

 
This section outlines the results from the data collection and discusses the outcome based on the 

research questions. The section is divided into six sub-sections.  Section 4.1 illustrates the relevance of 

HCD to the Malaysian offset policy while Section 4.2 sets the background to the three individual 
projects and outcomes. Section 4.3 critically analyses the success factors for enabling the educational 
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projects, while Section 4.4 discusses the challenges faced in planning and delivering the projects using 
offset resources. Section 4.5 then discusses the relevance of offset for HCD, while Section 4.6 provides 

recommendations from respondents on how to enhance the policy by incorporating HCD for building 

human capability for the defence industry sector.   

   
 

4.1 The Malaysian Offsets Policy and the HRD Offsets Programme Background     

 
Malaysia's ICP 2015 emphasises on human capital development within the offset framework, allowing 

recipients to enhance skills relevant to procurement. The policy includes provisions for industrial 

training and skills expansion (PMO, 2019). Universities such as the Malaysian National Defence 
University (NUDM), University Kuala Lumpur (UniKl), Universiti Teknologi Malaysia (UTM) and 

Universiti Malaysia Terengganu (UMT) have benefited from offset by offering various educational 

programmes. A government-to-government agreement established a partnership between Malaysian 

and UK universities, focusing on defence industry excellence and localising programme delivery.  
 

Table 2 lists the academic projects funded through the offset programmes, with further details provided 

in the next section. 

Table 2: Summary of project outcome and funding. 

Project Partnership OEM 

Number 

of 

students 

(total) 

Number of 

students 

who 

graduated 

Total 

graduated 

for each 

programme 

Shadow 

tutors 

trained 

Total 

Funding 

(GBP) 

MSC in 

Engineering 

Business 

Management 

(Defence 

and 

Security)  

Malaysian 

University 

(A) and UK 

University 

(B) and UK 

University 

(C)  

OEM 

(France)  

2012 - 20 

2013 – 24 

2014 – 23 

2015 - 19 

2012 -18 

2013 – 21 

2014 – 21 

2015 - 18 

78 7 1.1 

million  

MSC in 

Cyber 

Security and 

Management  

Malaysian 

University 

(A) and UK 

University 

(B) 

OEM 

(Sweden)  

2016 – 18 

(2 

terminated) 

2018 – 6 

2019 – 18 

2016 – 15 

2018 – 5 

2019 - 15 

 

35 4 1.2 

million  

MSC in 

International 

Technology 

Management 
for Defence 

and Security  

Malaysian 

University 

(A) and UK 

University 

(B) 

OEM 

(UK)  

2019 -13 

2022 – 9 

2023 - 20 

2019 – 11 

2022 – 0 

2023 - 0 

11 to date 10 1.2 

million  

   Source: University A  

 

4.2 Project Background and Outcome  

 

4.2.1 Project 1: MSc in Engineering Business Management (Defence and Security)     

 
Project 1, a MSc programme in Engineering Business Management (EBM) for Defence and Security, 

was funded by the offsets from the Scorpene submarine procurement from DCNS France (2000-2008). 

This four-year, GBP 1.1 million project aimed to integrate business management into engineering and 
technology for the Malaysian Armed Forces (MAF), Ministry of Defence and defence industry 
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professionals. It included a localisation component for training University A academics in Malaysia and 
the UK to eventually deliver the programme locally. Led by University B with support from Universities 

A and C, the content and curriculum were developed through need analysis workshops. 

 

From 2012 to 2015 (Table 4), 85 students were enrolled, and 78 graduated with an MSc in Engineering 
Business Management for defence and security. Seven University A academics were trained in module 

delivery, while 15 tutors were trained in MSc project supervision. A workshop in March 2013 

familiarised supervisors with Universities B and C's dissertation supervision processes procedures and 
norms for dissertation supervision.    

 

 

2.2 Project 2: MSc in Cyber Security and Management (Defence and Security)   

 

Project 2 involved a three-year MSc programme in Cyber Security and Management funded by GBP 

1.2 million from the offsetf programme associated with the 155 mm gun procurement for the littoral 
combat ship for the Royal Malaysian Navy (RMN) (SIPRI, 2023). This initiative, part of the 10th 

Malaysia Plan, aimed to enhance information and communications technology (ICT) capabilities for 

economic transformation while addressing cyber risks (Economic Planning Unit, Prime Minister’s 
Office, Malaysia, 2010). The Defence White Paper 2020 highlighted cybercrime as a major threat, 

necessitating the development of a robust industrial base to support the cyberforce (MOD, 2020). The 

programme, delivered by University B in partnership with University A, capitalised on strong UK-
Malaysia cyber-intelligence cooperation (EITN Malaysia, 2016). The curriculum covered network 

security, computer security, information security, encryption, intrusion detection, penetration testing, 

access control, digital forensics, risk management, and security governance. Between 2016 and 2019, 

36 students enrolled in the programme, and 35 graduated with an MSc in Cyber Security Management. 
However, only four of the 10 University A academics completed their training under the localisation 

programme during this period, due to disruptions from the COVID-19 pandemic and budget 

implications.  
 

 

4.2.3 Project 3: MSc in International Technology Management for Defence and Security 

 
Project 3 involved a MSc in International Technology Management (ITM) for Defence and Security, 

funded by GBP 1.2 million from the offsets programme for the short-range missile systems (SHORAD) 

procurement for the Malaysian Army. Launched in 2019, this programme addressed the Ministry of 
Defence's requirement to integrate emerging technology management into the defence sector, following 

the 2010 Defence Industrial Blueprint's focus on skills in hard technology and management (MOD, 

2010). Universities A and B collaborated to deliver the ITM programme, offering modules in 
technology management, strategy, systems thinking, international defence acquisition, project 

management, finance, and leading change. As of 2024, 42 students enrolled, 13 have graduated and 20 

are expected to graduate soon. A total of ten academics were trained for future module delivery, with 

University A receiving intellectual property rights for the course material. However, the project faced 
delays due to COVID-19, extending from 2019 to 2024. 

 

 

4.3 Critical Success Factors (CSF) That Had Enabled the Success of HCD Programmes at the 

Planning and Implementation Stages 

 

4.3.1 Planning and Implementation  

 

The quantitative survey results were analysed using ranking to determine the critical success factors 

(CSFs) (Figure 2). The results reveal that localisation (1) was the most crucial consideration during the 
planning stage. This was followed by establishing a trusted platform (2), openness in knowledge 

exchange (3), effective project management (4), robust stakeholder engagement (5), relationship 

maturity (6), pragmatic policy (7), and sustainable trust (8). 
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Figure 3 identifies localisation (1) as the most critical factor during the implementation stage, followed 

by effective project management (2), sustainable trust (3), a trusted platform (4), openness in knowledge 

exchange (5), pragmatic policy (6), stakeholder engagement (7), and relationship maturity (8). 

 
 

 

Figure 2: CSF for planning of HCD programmes using offset resources. 

 

 

 

Figure 3: CSF for implementation of HCD programmes using offset resources. 
 

 

4.3.2 Analysis of Factors Critical for Using Offset Resources for HCD Programmes 

 
During the interviews, several other factors for success emerged as illustrated in Table 3. The synthesis 

approach through merging of quantitative and qualitative data identified several key themes and 

conclusions for prioritising critical factors at both the planning and delivery stages of offset projects. 
The analysis highlighted several essential points. Firstly, critical factors differed between the planning 

and implementation stages. During planning, localisation, trusted platforms for engagement and 

knowledge exchange were prioritised, followed by effective project management. In the 

implementation phase, localisation remained crucial, followed by effective project management, 
sustainable trust and trusted platforms. Sustainable trust was deemed least important at the planning 

stage, while relationship maturity was least important during implementation. Localisation emerged as 

the most critical factor for success in utilising offset resources for capability building (R1, R2, R9, R12, 
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R14 and R16). Trust also scored highly at both stages, reflecting the necessity of mutual trust among 
stakeholders for effective knowledge exchange. Project management was critical for systematic project 

planning, implementation and monitoring. 

 
Table 3: Qualitative results from the interview. 

CSF Explanation Respondents 

Vision  Vision as a driving force for carrying through the 

programme difficulties.  

R2, R5, R9 and R16 

Team  Ensuring that the right people are on the team, in the 

right roles, with the right skills. 

 

R2 

Skill sets  Different skills required to plan from those delivering R2 

Project management  Consistency across the programme schedule  R2, R4 and R9 

Partner selection  Importance of selecting competent, capable and 

ambitious partners  

R2 

Product and services   Availability of good product and services  R2 

Localisation   Local tutors using material to feed into their own 

modules 

 Secondment and shadow tutoring  

 Placement at partner institutions  

 

R1, R2, R9, R12, R14 and 

R16 

Relationship maturity   Strong engagement with the student’s post-

graduation for continuous education  
 Good understanding between the partners and 

other stakeholders  

R1,R5, R10, R11, R15 and 

R17   

Inter-cultural 

understanding  
 Knowledge and understanding in both of different 

culture and environment.  

 

R11 

 

 

Secondly, policy content and incentives were not seen as critical for success at either the planning 

(ranked 7th) or implementation (ranked 6th) stages. However, qualitative data suggested that pragmatic 
policies and higher multipliers could attract better HCD projects. Thirdly, quantitative data indicated 

that relationship maturity was less prioritised as compared to other factors at the planning (6th) and 

implementation (8th) stages. This contrasted with qualitative findings that emphasised robust 
partnerships as crucial for success (R1, R5, R10, R11, R15 and R17). Fourthly, qualitative analysis 

revealed additional themes critical for success, including setting clear project visions (R2, R5, R9 and 

R16), selecting skilled partners, fostering teamwork, ensuring product and process quality, as well as 

promoting intercultural communication. Overall, there was a strong emphasis on localising projects, 
with the Ministry of Defence keen on transferring know-how to local institutions. Building trust and 

long-term relationships with academic and foreign partners was also crucial. Despite a more distant 

relationship with the armed forces, continuous engagement was emphasised to secure their buy-in and 
programme input. 

 

 

4.4 Challenges in the Planning and Implementation of the HCD Programme 

 

4.4.1 Planning and Implementation  

 
During the programme planning stage, several challenges were identified. As illustrated in Figure 4, 

localisation was the most challenging aspect (ranked 1st), followed by absorptive capacity (2nd), risk 

management (3rd), evidence of key performance indicators (KPIs) (4th), governance (5th), stakeholder 
roles (6th), partnership selection (7th), and translation of the policy (8th). 
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At the implementation stage, as illustrated in Figure 5, localisation remained the most challenging 
aspect (ranked 1st). This was followed by risk management (2nd), partnership selection (3rd), stakeholder 

engagement (4th), translation of policy (5th), absorptive capacity (6th), KPI outcomes (7th), and 

governance (8th). 

 
 

 

Figure 4: Challenges faced at the planning stages of the offset programme. 

  

 

 

Figure 5:  Challenges faced at the implementation stages of the offset programme.  

 

 

4.4.2 Analysis of the Challenges in Delivering HCD Programmes  

 

During the interviews, several other challenges emerged as illustrated in Table 4. The analysis of 

challenges in delivering critical priorities at the planning and delivery stages of offset projects 
highlighted several key themes and conclusions. First, challenges differed between the planning and 

implementation stages. At the planning stage, localisation, absorptive capacity and risk management 

were key. On the other hand, implementation focused on localisation, risk management and partnership 

selection. 
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Table 4: Other challenges in implementation. 

 

Challenges Explanation Respondent 

Curriculum and module changes   Changing focus of module content and curriculum 

needed to be aligned to the changing landscape 

R7 

Contracting and funding 
mechanism   

 Clear identification of the partners commercial 
responsibilities and liabilities are essential 

along with transparent and performance-based 

funding mechanisms in place at the outset. 

 Lack of understanding to finances in delivery of 

the programme and constraints involved such as 

project implementation costs,  

R2 

Stakeholder alignment  Alignment of competing requirements of 

Government, Industry and Academic stakeholders 

needs to be carefully managed. 

 

R3 

Data sharing  Sharing all the necessary information to allow good 

decision making - schedule of student availability 

and all the costs associated with delivering a 
programme.  

 

R2 

Planning and implementation gap  People at the planning and implementation stage had 

different skills and lacked a seamless transition  

R2 

Offsets mechanism for approval 

and implementation of HCD at 

MOD  

 The lack of an official and efficient mechanism 

for approving and implementing educational 

projects within offset agreements.  

 Bureaucratic hurdles, unclear processes, and 

inadequate coordination between relevant 

stakeholders, which made it challenging to 

align stakeholders' interests and ensure 

seamless collaboration throughout the project 

lifecycle. 
 

R3 

Size of the offset programme  Experience in using earned value management on a 

small project is costly not more than 100,000 not 

useful since the amount of data for perception is too 

small (the result will not be reliable). 

 

R10 

 

The scores indicate that localisation was the primary challenge. Concerns stemmed from OEMs' lack 
of commitment to content development, which is crucial for programme success due to their industrial 

expertise. In some cases, OEMs were minimally involved or reluctant, leading to disagreements 

between academic staff and company officials. Some tutors lacked sector-specific understanding, which 
impacted module quality, while others lacked industry experience, essential for real-world relevance, 

hindering trust between parties. Local institutions' commitment to localisation posed significant 

challenges, including deficiencies in plans, unclear KPIs, implementation gaps, difficulties in 

identifying tutors, and stakeholder buy-in issues. Local tutors lacked incentives and awareness of 
project objectives, viewing the assignment as an additional burden. 

 

Partnership selection posed fewer challenges at the planning stage, but it became significantly more 
difficult during implementation. The ICP policy facilitated government-to-government partnerships, 

bypassing competitive bidding for university selection. University A was chosen for its specialisation 

in defence and security education, despite being relatively new, aiming to enhance its future programme 
offerings. University B, selected for its expertise in industry-oriented education, lacked strength in 

defence and security. Initially, the partnership thrived with strong engagement and leadership buy-in 

for five years, involving active participation from both institutions' academic and faculty members. In 

several projects, a notable lack of trust existed among stakeholders at the operational level. Both the 
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Ministry of Defence and overseas defence contractors, acting as offset sponsors, often remained passive 
and showed minimal interest in monitoring project progress. The contracts lacked clarity regarding the 

responsibilities of each delivery partner, resulting in convoluted decision-making processes and mutual 

blame for project setbacks. 

 
A major governance issue within the programme and its partnerships was the inconsistency in contracts 

regarding the structure and roles of two-level committees. Sometimes, the OEM co-chaired committees, 

while at other times, either the overseas or local university partner chaired them. This inconsistency 
caused confusion and lack of clear responsibilities. Appointing an independent chair with relevant 

expertise could have ensured more consistent decision-making. Mid-project, the local partner’s 

educational regulatory body revised its rules, demanding additional documentation from the overseas 
university regarding standards. Absorptive capacity posed a significant challenge during planning and 

remained low during implementation. The transfer of knowledge to students was hindered by issues 

with student selection and tutor choice. Deviations from student intake criteria impacted some students' 

ability to grasp module content and affected their performance. Furthermore, varying levels of English 
proficiency also influenced project quality.  

 

The teaching and learning context were major issues, with many key project individuals lacking 
experience. The lead at University A, responsible for project planning, initially lacked sufficient 

expertise in defence and security content. This led to difficulties with student selection criteria, 

marketing and programme communication, as well as a lack of clear objectives and defined performance 
measurements such as key performance indicators. Insufficient emphasis on metrics and evaluation 

methods during programme design made it difficult to later capture project performance data. The ICP 

incorporated HCD but lacked clear implementation guidelines. Projects were chosen ad-hoc instead of 

using an evidence-based skills matrix. Guidance from the Ministry of Defence and local partners on 
skill gaps was lacking, with minimal industry engagement to develop a skills matrix. The programme's 

long-term vision was undefined, starting as a pilot and evolving without a clear direction. The strategic 

planning involved only a few senior officials, leaving others uninformed and fostering scepticism 
among stakeholders. Qualitative analysis revealed challenges, including the programme's failure to 

adapt content to technological advancements and issues with contract establishment, funding execution, 

as well as management between partners. Inadequate mechanisms for sharing data on materials, funding 

and processes were identified. In conclusion, delivering HCD projects through offsets faced challenges 
in localisation, risk management, absorptive capacity and governance. Addressing these issues requires 

clearer guidelines, better strategic planning and improved stakeholder engagement. 

 
4.5 Views on Using Offset Resources for Building Human Capability 
 

As indicated in Table 5, most respondents emphasised on the significance of using offset resources for 
industry-focused education and training projects that aim to solve real-world problems and enhance 

industry capabilities. Additionally, the respondents emphasised the need to maintain a balance between 

offering short-term skills courses through workshops and seminars, and providing long-term 

educational programmes that foster sustainable capabilities. The feedback also highlighted the greater 
value of intangible outcomes such as the transfer of know-how and knowledge through HCD projects, 

given their long-term impact on building sustainable human capabilities.  

 
4.6 Suggestions on Enhancing Human Capability Through Offsets 
 

The qualitative survey in Table 7 provides recommendations for enhancing human capability through 
offsets. Firstly, it stresses the need for defining success and establishing key performance indicators 

(KPIs). Secondly, it suggests implementing clear offset management processes guided by the Offset 

Management Office (OMO) at the planning and implementation stages. Evaluating foreign contractors' 

capabilities in delivering HCD projects and selecting partners with relevant skills and experience in 
defence are crucial. Intangible values such as sustainability, trust and relationships should also be 

included in KPIs. Recommendations extend to using offset funding for short courses covering technical 

areas and defence business topics, alongside transferable skills development.  
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Table 5: Summary of respondents’ main viewpoints. 

 

Viewpoints on offsets usage Explanation Respondent 

Cross cultural exposure  Offset to be used for cross-cultural experiences and 
exposure to emerging technologies and industry of 

buyer countries  

R1 and R4 

Education versus training  Offset creating a balance on prioritisation between 

meeting short-term skills focus with long-term 

education and capability building focus  

R6, R9 and 

R12 

Industry focussed  Offset to focus on industry combined education 

programme for capability R&D and secondment. 

Investment into scholarship and TVET programme, 

workshops and STEM related projects  

R3, R4, R2, 

R10 and R13 

Risks plan and mitigation  Ensuring Offset planning considers a risk plan and 

mitigation     

R2 and R3 

Stakeholder engagement and 

leadership  

Strong Leadership in managing stakeholders and buy-in R3, R10 and 

R11 

Sustainable knowledge 

management    

Using academic and research institutions to deliver 

HCD projects rather than implementation through 

indexical companies which is short-term and lacks 
continuity   

R5 

Vision  Vision in what is to be achieved  R2 and R9 

Incentives   Higher multiplier as incentives for transfer of soft 

knowledge – education and training/skills   

R2, R4, R5 

and R9 

Capability gap  Identifying capability gaps and delivering in those areas   R6, R8 and 

R18 

 

 
 

Table 6: Summary of respondents’ suggestions for human capability using offsets funding. 

 

Suggestions Explanation Respondent 

Review KPI and 

Success  

Offset policy need to define success and determination of 

KPI  

R1 

Offset management  Clear planning, process and implementation of how offset 

is used for HCD  

R2, R10 and R17 

Foreign contractor 

capability and track 

record  

OEM with a good track record of HCD delivery and 

capability of execution  

Export focus on promoting HSC to support supply chain 

and life cycle management  

R2 and R5 

Short courses and 

training certification  

Offset to be used to plan and deliver short courses  R4, R7 and R12 

Centre of Excellence 

(COE) 

Offset to be used as catalyst for the formation of COEs, 

research centres, MRO centres, Centre of Innovation and 

Data management centre 

R4, R7, R9, R12 and R18 

Values  Offset and procurement decision making to consider 

sustainability, trust, and relationship for ‘out of the box’ 
thinking.  

R9 and R13 

Transferable skills  Offset is also to be used for developing transferable skills 

such as coaching, mentoring, community teambuilding and 

training   

R14 and R15  

Partner selection  Selection of partners with appropriate skills, knowledge, 

and experience in the defence sector  

R2, R9, R10 and R16 
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5. CONCLUSION  

 

In conclusion, this paper examined how offsets and IC enhance human capability in Malaysia's defence 

and security sector using the MINERVA framework. It identified critical success factors such as clear 

planning, robust stakeholder engagement and localisation to facilitate knowledge transfer essential for 
defence industries. The study suggested that with targeted policy adjustments and clear, measurable 

objectives, offset can significantly contribute to building a resilient defence workforce, aligning with 

national educational and industrial goals to enhance defence spending efficacy. 

 

The authors, leveraging their extensive experience in offsets and HCD for the industrial sector, 

presented key recommendations. They emphasised that building HCD should not solely be the 
responsibility of the government but should involve a collaborative public-private partnership. Efforts 

to enhance capabilities in the defence industry and related sectors should extend beyond offset funding 

and should not be viewed as one-off activities. Success in this area requires a holistic and robust HCD 

strategy, supported by careful planning and execution. Moreover, it is crucial to identify skill gaps and 
develop specific guidance and tools to establish human capability effectively. Nations should explore 

various funding sources and policy mechanisms through broader public sector regulators and in 

collaboration with the private sector to ensure continuous HCD programmes that foster sustainable 
human capability building. The key is to align the HCD offset objectives of the key stakeholders the 

buyer government with the OEMs’ long-term strategic objectives.      

 
Regarding offsets, it is insufficient to merely offer higher incentives for HCD programmes. There is a 

need for clarity, detailed planning and an implementation roadmap that funders should be able to readily 

access. The current offset models are often ad-hoc or reactive, leading to ineffective and short-term 

outputs. Instead, a proactive offsets policy with a clearly defined strategic intent will deliver long-term 
HCD strategies and significant impacts. For this, the offset policy should also align with the national 

HCD plan.  Emerging evidence highlights the positive impact of offset spending in the Kingdom of 

Saudi Arabia through the advanced implementation of a mature HCD model. As a result, opportunities 
to earn offset credits through training and education are identified at the earliest stages of procurement. 

These opportunities are then incorporated into proposals and contracts, leading to tailored support that 

delivers optimal human capital outcomes for companies. This integration ensures that human capital 

considerations are embedded into contracts from the outset. It fosters the transfer of knowledge and 
skills, while also promoting the localisation of education and training. This approach incentivises 

specific behaviours and addresses human capital barriers to investment. By adopting this proactive HCD 

model alongside the offset or IPP model, the Kingdom is positioning itself as an attractive investment 
destination.  

 

However, the research has limitations. The concept of capability, especially human capability for 
sustainability, requires further exploration in the defence and security context. The model itself needs 

testing with different empirical data sets, as it was developed primarily using Malaysia, a middle-

income country with modest defence spending. Access to stakeholders was limited, affecting the sample 

population. Detailed empirical analyses from a larger dataset would validate the MINERVA framework. 
Cross-case analysis comparing different projects is also needed but accessing sensitive data across 

diverse defence sectors poses challenges. Nonetheless, as the first study on using offsets for HCD, 

specific country case studies can refine the model for broader applicability. Further research and policy 
refinement are essential to ensure offset support sustainable HCD, enhancing national security in a 

complex global environment (Eisenhardt, 1989; Yin, 2018). 
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