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ABSTRACT
This study conducts an investigation into the viability of utilizing collaborative robot systems (Cobots) to facilitate the mechanical disassembly of small arms ammunition (SAA), with a particular emphasis placed on the removal of projectiles from 7.62x39mm ammunition cartridges. Existing demilitarization processes, such as open burning/detonation, are heavily biased toward the neutralization of hazardous materials. However, the approach is heavily constricted by material recovery limitations. The investigation into the viability of the semi-autonomous robot system is undertaken to assess the viability of a safer alternative approach.

A mixed-methods approach is utilised by conducting both simulation validation using the RoboDK simulation package and experimental trials using Universal Robot collaborative robot systems. The simulation phase is used to validate the kinematic viability of the approach. However, the experimental phase is required due to the inability of the simulation approach to accurately replicate frictional contact forces.

It is found that the experimental trials using various end-effector types, including parallel jaw grippers (OnRobot RG2 and Robotiq Hand-E) and a custom-built collet chuck gripper system, demonstrated the inability of the parallel grippers to grasp the projectile due to the lack of frictional force. However, the custom-built gripper system showed marked improvements to the stability of the grasp.

The results have established that the viability of the approach is being heavily constricted by the force capacity of the collaborative robot system. It is found that the robot system is often unable to overcome the mechanical retention forces of the projectile due to the interference fit between the projectile and the ammunition case. The robot system is often reaching force limit constraints prior to successful extraction.

It is recommended that future work be undertaken to assess the viability of custom-built grippers and higher force capacity robot systems.
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21Figure 1: RoboDK simulation environment illustrating the programmed extraction task. The upper image shows the gripper engaging the projectile while the cartridge case is secured within a modelled machinist’s vice. The lower image shows the robot executing a linear extraction motion. This simulation was used to validate the kinematic feasibility of the CobotsCobotssCobotssCobotss motion and workcell configuration.


22Figure 2: Sequence of mechanical operations during the extraction process. The upper image shows the On Robot RG2 mounted on the UR-5e platform   engaging with the projectile while the cartridge case is secured in a machinist’s vice. Subsequent images illustrate the robot executing a linear upward motion to attempt separation of the projectile from the cartridge case.


23Figure 3: Sequence of mechanical operations during the extraction process. The upper image shows the Robotiq HAND-e mounted on the UR-5e platform  engaging with the projectile while the cartridge case is secured in a machinist’s vice. Subsequent images illustrate the robot executing a linear


24Figure 4: sequence illustrating the mechanical extraction process. The initial image shows the projectile secured using a collet chuck, with the cartridge case rigidly constrained in a machinist’s vice. The following images depict the robot performing a linear extraction motion along the cartridge axis.


25Figure 5: Percentage success rates of projectile gripping and extraction performance, evaluated over 20 trials for three different experimental configurations.


26Figure 6: Photographic evidence showing surface damage to a copper-washed 7.62×39 mm cartridge, including scratching of the case and pronounced engraving on the projectile. Image captured during trial serial 12 using the Robotiq Hand-E gripper on the UR5e platform


26Figure 7: Captured image highlighting mechanical damage to a lacquer-coated 7.62×39 mm round, with evident case scratching and clear surface impressions on the projectile. Recorded during trial serial 7 with the Robotiq Hand-E gripper on a UR5e system.


27Figure 8: photographic evidence of damage observed during extraction trials, showing surface scratching on the copper-washed 7.62×39 mm cartridge case and visible deformation of the projectile due to impingement from the collet chuck. Image captured during serial 1 of the Collet Chuck (UR30) test sequence.


27Figure 9: Photographic evidence illustrating surface damage sustained during extraction trials, including scratching of the copper-washed 7.62×39 mm cartridge case and localised deformation of the projectile resulting from collet chuck impingement. Captured during serial 12 of the Robotiq Hand-E (UR5e) trials.
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Chapter 1 - Use case
1.1 Introduction: Historical Context and Importance
The disassembly of ammunition has been a critical process for decades, serving multiple purposes such as civilian applications, defence, law enforcement, and industrial recycling sectors [1], [2]. Historically, ammunition dismantling has been performed manually by skilled operators using specialized tools and fixtures such as press assemblies and kinetic hammers to either render munitions safe, or for hobbyist, the modification of propellant loads for precision shooting applications [3].
These manual techniques, whilst effective for small-scale operations, carry inherent risks to the operator. In manual processes, operators are exposed to explosive materials or residues, both of which are known to be toxic or even carcinogenic in nature [4],[5]. In addition to this, operations that involve the use of kinetic hammer can present the risk of repetitive strain injuries (RSI), making the process both hazardous due to the labour-intensiveness of the work. Additionally, manual disassembly can be slow process and has a high inconsistency rate, which can limit the applicability in large-scale demilitarization programs [6].
Presently, the go to method for the disposal of Small Arms Ammunition (SAA) is open burn pits and closed burn chambers. Inherently, both of these techniques are considered unecological [7],[8]. In addition to this, some practices such as forensic analysis would require the breakdown but not destruction of small arms ammunition. As a result, there is a need for safe and efficient ammunition disassembly due to the increase in global military stockpiles, combined with civilian ammunition markets, and this has resulted in millions of rounds requiring disposal or recycling [9].
1.2 Technical Overview of Ammunition

The 7.62×39 mm cartridge is possibly one of the most widely used intermediate rifle cartridges globally, used both in militarily and civilian context [10],[11]. The round was originally developed in the Soviet Union during the mid-20th century, to this day it remains one of the most prevalent due to its low cost, reliability, and effectiveness [10]. Like all other SAA cartridges, it comprises four primary components:

· Projectile: This is typically, a copper-jacketed lead core, although not limited to, which typically measures approximately 7.85–7.9 mm in diameter, and approximately 27mm long [12].
· Cartridge Casing: Usually made of brass or steel, either finished with a lacquer or copper wash finish. The case length is typically 38.7 mm long leading to an overall cartridge length of 56 mm [12].

· Propellant: Typically consists of Russian SSNf-50 - a Russian double based ball grains that generates high-pressure gas upon ignition [13].

· Primer Assembly: System where the firing pin of the firearm strikes, leading to deformation and striking of an internal anvil. This leads to effective crushing of the cap assembly an impinging the impact-sensitive explosive such as lead styphnate, and this flash off event initiates the propellant to begin the firing sequence [14].
The maximum chamber pressure for the 7.62×39mm round is approximately 355 MPa, which is caused by the rapid expansion of gases during the initiation of the explosive train [10]. This also demonstrates that SAA also requires a significant amount of force to separate. Surprisingly, 7.62x39mm projectiles are interference fit into the neck of the cartridge through the use of a set press [15]. This fitment generates an airtight seal to confine the gaseous expansion, whilst also protects the energetic components from effects of moderate weather conditions. This necessitates that robust gripping, and controlled force would be required during a disassembly process. The most significant factor that prevents full disassembly of SAA is the primer assembly; this assembly poses the greatest hazard due to the sensitivity of the energetic fill [16]. As primer cap fills are made of an impact sensitive composition such as lead styphnate or mercury fulminate, it is considered infeasible to remove without initiation [14]. Due to the low NEQ and the high sensitivity removal of the primer assembly, this has been excluded from the automated processes described in this research. The focus of this study will remain on the projectile, casing, and propellant, and how the system mitigates risk while enabling material recovery.
1.3 Challenges in Conventional Disassembly

Manual disassembly methods are known to suffer from several limitations:

· Safety Risks: Operators are frequently exposed to explosive materials and toxic residues. This inherently increases the likelihood of accidents and long-term health issues due to exposure, or even aliments such as RSIs due to repetitive tasks [4], [5]. 
· Inconsistency: Variations in operator technique and SQEP can lead to uneven quality and potential damage to components. This has a higher chance of reducing the reliability of recovered materials without damage [6].

· Low Throughput: Manual processes cannot meet the demands of large-scale ammunition recycling or demilitarization programs as manual processes are prone to fatigue and stress. This ultimately results in significant bottlenecks for the application for large scale demilitarization of SAA [9].

· Labor Costs: Skilled labour can be highly expensive and is becoming increasingly scarce due to many social economic factors, resulting in manual disassembly economically becoming unsustainable [17].

These challenges are a driving factor in the interest of automation, particularly through robotics, which offers precision, repeatability, and enhanced safety [18].

1.4 Automation as a Solution

Since the latter half of the 20th century, robotic systems have played a pivotal role in revolutionizing manufacturing and assembly lines across industries, particularly in high-volume and highly structured environments [19]. However, conventional industrial robots are typically optimised for speed, repeatability, and operation within fixed workspaces, limiting their effectiveness in tasks that require flexibility, variability, or human interaction [20].
As a direct response to these limitations, Collaborative Robots (Cobots) have emerged on the market and are considered a more adaptable alternative to high throughput robots [21]. As indicated by the name, Cobots are designed to operate safely alongside human operators. They achieve this by incorporating advanced sensing and compliant control systems and mechanisms to enable flexible and responsive manipulation, and a faux awareness to conditions. This is a key driver to prevent injury to human workers, whilst also preventing undesired damage or ever exertion [21]. Collaborative safety standards enhance robustness during maintenance and fault intervention in disassembly processes, limiting the chance of pushing a work object too far [22].
Despite its potential, the application in of Cobots or conventional autonomous robots in ammunition disassembly remains limited due to the complexity of the operation [23]. The integration of Cobots represents a paradigm shift in this domain. Cobots
1.5 Collaborative Robotics Fundamentals

Collaborative robots are differentiated from conventional industrial robots by the presence safety features which enable them to operate in proximity to humans. ISO 10218-1:2025 and ISO/TS 15066:2016 are standards that strictly define requirements for speed, force, and pressure that the robot can exert, which ultimately to prevents injury to a human in near proximity [24], [25]. These standards are designed to ensure the robots have the following features:
· Power-and-Force Limiting (PFL): This limits the applied force of the robot, which should reduce the risk of crush injury to human operators [25].

· Speed-and-Separation Monitoring (SSM) systems: Ensures safe operation when humans enter the robot’s workspace. To ensure this, sensors will detect the presence of a person, or objects impeding the path of motion, which leads to an automated response where the Cobots motions are slowed to safer speeds [24].

· Emergency Stop Protocols: Causes the immediate cessation of any motion upon detection of unsafe conditions, i.e. foreign restriction to joint movement as a proxy sensor of either something, or someone is in the way of motion [24].
1.6 Industry 4.0 and Lights-Off Manufacturing

The concept of a lights-off factory, referring to a facility that is fully automated and which does not require human presence, is one that is being emphasized within the overall context of the industry 4.0 revolution [26]. The overarching concept of this type of factory is a continuous and error-free production environment, achieved by leveraging robotics, IoT sensors, and advanced analytics to achieve continuous, error-free production [27]. 
When referring to the context of ammunition disassembly, there are several benefits to lights-off operation:
· Enhanced Safety: Achieved through eliminating human exposure to explosive materials, force sensing, prevention of over exertion, ultimately reducing the chances of unintended initiation of energetic articles [7].  
· Operational Efficiency: Enabling 24/7 production without human error caused by fatigue [26].

· Predictive Maintenance: IoT-enabled sensors would persistently monitor system health, ultimately reducing downtime of equipment [27].

· Data-Driven Optimization: Real-time analytics improve cycle times and resource utilization [27].

By adopting such principles, it is possible the proposed system not only alleviates immediate safety concerns but also positions ammunition disassembly within the broader framework of smart manufacturing.
1.7 Research Objectives and Scope

The primary objectives of this research are:

· To design and implement a semi-autonomous COBOTSCOBOTSSCOBOTSSCOBOTSS system for the disassembly of 7.62×39 mm cartridges.

· To evaluate system performance in terms of throughput, accuracy, and reliability.

· To explore the scalability of the solution for diverse ammunition types and industrial contexts.

Scope and Limitations

This study focuses exclusively on the mechanical and control aspects of projectile extraction and component segregation. The primer assembly will remain intact throughout the process to avoid the risk of accidental ignition, and   this study will treat all articles handled as if it were a live munition to ensure translation to live. While the system is designed for semi-autonomous operation, full autonomy, including AI-driven defect detection and adaptive control, represents a potential avenue for future research.
1.8 Structure Of The Project

This research conducted is structured in a way that follows a logical sequence from motivation and background, through requirements and methodology development, to experimental results, analysis, and justification of compliance. The structure is designed in such a way that it facilitates traceability from problem definition, through the technical approach including compliant control and end-effector design, and finally results from experiments on adaptable, low-force manipulation using collaborative robots.

· Chapter 1 is dedicated to problem definition, context, scope, research objectives, and evaluation criteria for low-force adaptable manipulation using collaborative robots.

· Chapter 2 covers relevant literature and standards, including safety of collaborative robots, compliant control (impedance and admittance), adaptive gripping and end-effector design, and sensing and monitoring techniques such as slip detection.

· Chapter 3 is devoted to requirements development and definition of acceptance criteria, including functional performance criteria and safety criteria.

· Chapter 4 covers research methodology and design of experiments, including hypotheses, variables, data collection methods, and analysis techniques.

· Chapter 5 is a detailed description of experiments, including sufficient detail for reproducibility of results, of the robot system, end-effector, sensing and monitoring, test objects and tasks, and commissioning results.

· Chapter 6 is a detailed presentation of results from experiments conducted in this research, in a neutral and evidence-based way in accordance with the acceptance criteria defined in Chapter 1.

· Chapter 7 is a detailed analysis and interpretation of results in a way that provides insights into trade-offs and limitations, and how results relate to relevant literature and standards.

· Chapter 8 is a detailed explanation of safety and compliance, including hazard identification, risk assessment, risk reduction measures, and assumptions made on risks in this research.

· Chapter 9 is a summary of results and conclusions, answers research questions, and identifies feasible future work.
Chapter 2: Research & Review Of Literature

Introduction

This chapter provides an overview of the existing body of knowledge on ammunition disposal techniques, recycling methods, and automation systems for mechanical disassembly of ammunition for small arms. It will place the project in a technological context by reviewing existing ammunition disposal techniques, evaluating the effectiveness of existing ammunition recycling techniques, and exploring whether collaborative robotics can be used as a tool for ammunition disassembly in a more efficient and safer way [28]. [29].
2.2 Literature Review Methodology

This literature review will attempt to outline and define the existing body of knowledge on ammunition disposal techniques for small arms, material recycling techniques, and robotic automation systems for mechanical disassembly of ammunition. It will attempt to enlighten readers on how ammunition is currently being disposed of, evaluate the current effectiveness of ammunition recycling techniques, and explore whether ammunition disassembly using collaborative robotics is a viable alternative [30] [31].
2.2.1 Literature Search Strategy

To conduct this literature search, a variety of databases is used in order to include relevant and authoritative publications on ammunition disposal techniques, material recycling techniques, and automation systems for mechanical disassembly of ammunition for small arms. Searches are conducted using relevant keywords and phrases on various databases, including but not limited to:

• Google Scholar

• Scopus

• ScienceDirect

• IEEE Xplore

• Internal DSTL reports

In addition to academic publications, various technical reports and government regulations from respected defence and governmental organizations were also consulted, including:

• U.S. Department of Défense
• U.S. Army Joint Munitions Command

• National Academies of Sciences

• U.S. Environmental Protection Agency

• ISO and other international standards organizations

These sources were chosen because detailed ammunition demilitarisation information is often readily available in defence technical publications rather than academic publications. Various keywords were also used to obtain publications on ammunition processing, retention force of projectiles, and automation systems. Some of these keywords include:

• ammunition demilitarisation

• small arms ammunition disposal

• open burning/open detonation munitions

• recycling methods of munitions

• bullet pull force

• cartridge neck tension

• robotic disassembly systems

• collaborative robot safety

• munition material recovery

Search results were also filtered on the basis of their relevance to small arms ammunition, mechanical demilitarisation, environment, and robotics systems.
2.2.2 Inclusion and Exclusion Criteria

2.2.2 Source Selection and Evaluation Criteria

To guarantee the relevance and scientific validity of the information, the sources were selected based on well-defined criteria. The inclusion criteria were as follows:

- Sources that provided scientific or engineering information related to ammunition demilitarisation/disposal 
- Sources that provided information related to mechanical or thermal treatment of small arms cartridges 
- Sources that provided experimental information related to extraction forces or cartridge mechanics 
- Sources that provided information related to robotic handling systems, collaborative robots, or robotic manipulation 
- Sources from peer-reviewed journals, standards organisations, or official defence publications 
The exclusion criteria were as follows:

- Sources that lacked scientific depth or supporting information

- Sources of a non-technical, speculative, or informal nature

- Sources that dealt with unrelated weapon systems without relevance to ammunition disposal

- Sources that provided anecdotal information without supporting methodology

These criteria were set to guarantee that the analysis was based on reliable and authoritative information related to engineering research.

2.2.3 Literature Analysis and Thematic Organisation

The selected literature was analysed to identify thematic trends in the information presented. The analysis was based on thematic groups of information related to ammunition disposal. These thematic groups were as follows:

· Current ammunition disposal methods, including open burning and thermal demilitarisation [7], 28].

· Mechanical demilitarisation methods such as shredding and disassembling by hand [33].

· Environmental and regulatory pressures on ammunition disposal methods.
· Recyclability of materials in ammunition disposal.
· Mechanical properties of cartridge assemblies such as neck tension and pull force. 
· Mechanisms of robotic handling systems or collaborative robots in hazardous waste handling.
2.3 Ammunition Disposal Practices

Ammunition management eventually results in inventories of ammunition that are either expired, unserviceable, or condemned. Once marked for disposal, the ammunition is routed towards demilitarisation processes designed to reduce the explosive risks. From a resource management perspective, the critical issue transcends safe disposal to the potential for the recovery of resources without unnecessary degradation [28].

Small arms ammunition possesses valuable resources such as brass, copper, and lead. Due to commonly utilized methods of demilitarisation, such as open burning, these resources are often subject to such levels of degradation that only low-grade scrap can be recycled [7], [29].

Open burning has been the most commonly utilized method of demilitarisation in the past due to its simplicity and operational reliability [7]. Although burn pits allow for the safe venting of energetic materials, the end products include melted projectiles and cases that necessitate further handling. Although effective in disposing of hazardous materials, such methods significantly diminish the potential of the recycled materials [28].

Another limitation of open burning is the potential for operational conditions to be controlled by environmental factors such as sunlight, atmospheric conditions, and environmental regulations [8]. Such factors can significantly limit the potential of the processes, thereby increasing the operational costs, especially in dealing with vast ammunition stockpiles [9] [32].

The rise of environmental regulations has significantly impacted the utilization of burn-based disposal methods. Environmental regulations emphasize the necessity of reducing emissions and preventing environmental degradation [36].
2.4 Alternative Recycling Techniques

Several methods have been developed to recycle ammunition residues and, at the same time, improve compliance with environmental regulations. One such method is thermal demilitarization, where ammunition is heated in a closed furnace or rotary kiln [33]. The energetic components of ammunition vaporize whilst metals remain as residues, which can be recovered. The advantages of thermal demilitarization include better control of emissions, but it is a costly method and is expected to continue producing residues that cannot be directly reused [33]. The most fundamental limitation of ammunition demilitarization methods is that ammunition components have to be made unusable before they can be recycled. For compliance with safety regulations, ammunition cases must be crushed and deformed and therefore cannot be reused [28]. This is a limitation, as it reduces the possibility of recovering valuable ammunition components.
2.5 Mechanical Characteristics of Cartridges

The extraction of the projectile from the cartridge case is primarily controlled by the neck tension, which is the radial interference between the projectile and the cartridge case mouth. When the projectile is seated in the cartridge case, the neck section of the case expands elastically and then contracts over the projectile. This creates a retention force that opposes the extraction of the projectile [34].

The retention force is dependent on:

· The elasticity of the case material

·  Interference between the case neck and the projectile 

· Crimping features

· Adhesives and sealants

From a mechanical perspective, the interface between the projectile and the cartridge case is analogous to a classical interference fit between two cylindrical bodies [38]. The extraction force is resisted primarily by friction and is given by:

F = μN

where:

· F is the axial extraction force

· μ is the coefficient of friction

· N is the nominal force due to the radial pressure

Other factors, such as corrosion and degradation of adhesives and sealants, can significantly influence the extraction force [34]. To overcome this, it is essential to provide a suitable extraction force in automated extraction mechanisms.
2.6 Automation and Robotic Disassembly

The advancements in the field of industrial automation have enabled the development of new and innovative techniques for dealing with hazardous materials [18], [35]. Collaborative robots (Cobots) are well suited for such tasks due to their inherent safety features, compliance capabilities, and proximity working with human operators [21], [35].

Projectile extraction requires the application of axial forces, which can be performed by robotic manipulators with integrated force sensing capabilities [37]. There are opportunities for acquiring real-time information from the system, including force sensing, displacement measurement, and cycle time analysis. 

The system can be designed to stop in cases of excessive applied force or unusual behaviour, thus marking the object and preventing damage to equipment [37]. The capabilities of robotic cells to operate for extended periods make them favourable for use in high-speed demilitarisation facilities [18].
2.7 Summary and Research Gap

The literature suggests that the currently accepted methods of demilitarisation focus on the neutralisation of hazards, often at the expense of the recovery of materials [28]. The use of burn-based and thermal methods of disposal can lead to degradation of the cartridge parts and limit opportunities for re-use [33]. 
Advances in robotic systems offer new opportunities for controlled mechanical actions in hazardous conditions, although there is little research into the use of Cobots in the disassembly of small arms ammunition, with a focus on projectile extraction [35]. This represents a significant opportunity to explore the potential of robotic mechanical separation for improved safety and efficiency in the demilitarisation process.
2.8 Conclusion: Identification of the Research Gap

Currently used disposal techniques have proven effective in neutralizing energetic materials but often eliminate possibilities for material recovery and require substantial human intervention [28]. Although current Cobots capabilities in force control, safety compliance, and precision manipulation are effective, little research has focused on using Cobots in separating components of small-arms cartridges using mechanical methods [35]. This further emphasizes the need for research on using Cobots in projectile extraction, hence laying the basis for this project.

Chapter 3 - Research Methodology
3.1 Introduction
This chapter describes the design process, virtual commissioning, and actual implementation of a collaborative robot work cell designed for the purpose of extracting a press-fit projectile from a cartridge case through an upward axial pull. This robot work cell was intended for the purpose of evaluating the feasibility of improving safety and resource efficiency through mechanical disassembly for material recovery while segregating metallic components prior to processing energetic materials. All actual experiments described in the present chapter were conducted exclusively with inert objects within controlled environments at an institution.

The actual development process for the robot work cell was based on a two-stage process:

1. Simulation and offline programming were conducted for the purpose of validating reachability, feasibility, collision avoidance, tooling layout, and extraction path for the robot work cell using the RoboDK method.

2. Actual robot work cell testing was conducted through the actual implementation of the simulated robot program on a Universal Robots collaborative robot work cell using two different end-effector designs:

   - A baseline UR-compatible parallel gripper was used for actual testing.

   - A Robotiq Hand-E gripper was used for actual testing.

The Hand-E gripper was designed for collaborative robot work cell implementation and offers force/position control, URCap integration, and IP67 ingress protection ratings.
3.2 Methodology
3.2.1 Method Overview

The methodology consists of two steps: simulation and empirical experimentation. First, a simulation environment was developed and validated using RoboDK to create a virtual work cell, set up coordinate systems, and create a validated robot program for projectile extraction. In the simulation environment, a stationary vice was used to hold the cartridge case while the robot moved upward to extract the projectile. 
Since simulation in RoboDK does not support friction, force, or contact simulation, it was assumed that sufficient gripping force was available. To verify any results obtained, a physical experiment was needed to confirm if the gripper had enough friction force to overcome the retention force of the projectile in the press-fit joint. 
The validated program was then implemented in the physical robot and experiments were conducted to compare the extraction performance of the two grippers.
3.2.2 Simulation Method (RoboDK)

RoboDK was utilized as a primary platform to carry out offline programming as well as geometric verification. This platform offers a structured environment to evaluate reachability, Motability, and collision avoidance prior to deploying any code to a physical platform.

The simulated work cell comprises:

- A collaborative robot of the UR series

- A vice to hold the cartridge case

- Simplified geometric representations of the assembled cartridge

- Two tool representations: OnRobot RG2 and a Robotiq Hand-E style

For both tools, a defined Tool Centre Point (TCP) was set to match the desired interface to grip the projectile.

A unified coordinate system was created by establishing a reference frame at the location of the vice, which defined all subsequent movements of the robot relative to it. The sequence of movements involved in the programming of the extraction cycle was as follows:

1. Vertical movement upwards to a safe offset from the projectile

2. Movement downwards to the grasp position

3. Closure of gripper

4. Upward movement of gripper along linear trajectory

5. Movement of gripper to a safe height

6. Movement towards deposition region

At every step, collision checking was ensured through RoboDK’s collision detection function. The code was iteratively improved until it was guaranteed that there would be no collision for both gripper positions. Since RoboDK cannot simulate resistance and friction, it was not possible for it to predict whether the gripper would be extracted or not.
3.3 Physical Implementation Method

The experimental setup was designed to mimic the simulated environment. A vice was used to hold inert cartridges externally, whilst a Cobot, namely the UR5e, was utilized to execute the extraction movement via a parallel jaw gripper. Stringent commissioning procedures were adhered to, including low-speed execution and alignment with the simulation coordinate frame.

The following grippers were tested:

- OnRobot RG2 parallel gripper

- Robotiq Hand-E adaptive gripper

Both grippers were connected in sequence and configured via their respective URCaps or control systems. The Hand-E allowed for adjustments to position, velocity, and gripping force via the teach pendant interface.

The following sequence was implemented by the robot in each test:

1. Approach the projectile in a vertical position

2. Close the gripper to make contact with the projectile

3. Execute the extraction movement in an upward direction

The following were measured in each test:

- Grip quality

- Slip characteristics

- Success of extraction

- Any mechanical abnormalities observed
3.4 Introduction of the Collet Chuck End‑Effector

In light of the preliminary trials that showed poor grip reliability with both parallel grippers, a new approach to handling the projectile was designed. This consisted of a collet chuck that was attached to a flange on a UR30 robot. This approach had a number of advantages:
· radial compression.
·  larger surface area. 
·  lower sensitivity to misalignment relative to a two-jaw gripper. 

The collet was attached to the robot flange through a custom interface to ensure coaxial alignment with the projectile. This approach eliminated the need to use any compliant inserts; as a result it was possible to evaluate the gripping capacity of the collet under worst-case conditions.
3.5 Post‑Testing Visual Inspection Regime

After every attempt of extraction, a thorough visual inspection is done to assess the possible damage to the projectile and the case. The inspection is done to assess the presence of the following possible damages:

Possible damages to the projectile:

· Scratches present
· Indentations
· Circumferential markings due to gripping

Possible damages to the case:

· Deformations present
· Scoring inside the case

Additionally, any evidence of abnormal behaviour during extraction was recorded.
The inspection is done under standardized illumination conditions. The results are documented qualitatively. In addition, photographs are referenced in the results section of this dissertation. The grip area is of particular interest since it provides direct evidence of the appropriateness of the end-effector.
Chapter 4: Results
4.1.1. results from RoboDK 
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Figure 1: RoboDK simulation environment illustrating the programmed extraction task. The upper image shows the gripper engaging the projectile while the cartridge case is secured within a modelled machinist’s vice. The lower image shows the robot executing a linear extraction motion. This simulation was used to validate the kinematic feasibility of the Cobots motion and workcell configuration.
4.1.2. Results from UR 5e Experiment

4.1.2.1 Gripper one (OnRobot RG2) 
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4.1.2.2 Gripper Two (Robotiq HAND-e) 
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4.1.2.3 Gripper 3 Cobots 2. Collect chuck, UR30. 
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4.1.3. Success Rate analysis

[image: image4.png]Success rate (%)

Grip vs Extraction Success Comparison

W Grip success (%)
80 - WEM Extraction success (%)

70
60
50
40 -
30 -
20-

10 -

0- i g
RG2 (URSe) HAND-e (URSe)

Collet (UR30)





Figure 5: Percentage success rates of projectile gripping and extraction performance, evaluated over 20 trials for three different experimental configurations.
4.1.4. Post testing analysis

When observing rounds post cycles using the On robot RG2 gripper, there were no obvious signs of deformation or damage to either the casing or the projectile. 
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Chapter 5: Discussion, Conclusions 
5.1.1 Discussion of Simulation Results

This was confirmed by the RoboDK simulation, which verified the geometric and kinematic viability of the suggested robotic work cell [39]. The collaborative robot was able to reach all specified positions as desired, and there were no issues of joint limits and singularities. It was confirmed that the extraction motion could be performed in a safe manner without any collisions occurring with the vice, workbench, and other components of the work cell. Additionally, using a uniform set of coordinates and well-defined positions of the TCP for each tool ensured that both gripper configurations followed similar motion paths for approach, gripping, extraction, and retracting of the projectile.
However, it was identified that a limitation of this simulation environment is that it does not allow for friction and surface contact forces and does not simulate extraction forces [40]. As a result, it is inherently assumed that the grip force is sufficient for extraction. Although this is valid for motion simulation, it is limited in determining whether extraction is feasible. It is therefore not possible for this simulation environment to determine whether it is feasible to overcome the mechanical retention of the projectile in the cartridge neck.
5.1.2 Discussion of Experimental Trial Results

The experimental results clearly illustrate the distinction between end-effector gripping capabilities and the robot’s ability to produce sufficient extraction force. In the initial experiments utilizing commercially available parallel jaw gripping end-effectors, significant limitations were observed:

· OnRobot RG2: 0% grip success rate, indicating that the end-effector’s gripping capabilities are fundamentally flawed in terms of generating sufficient gripping force to grasp the projectile [41].
· Robotiq Hand E: 30% grip success rate, suggesting that there was only marginal improvement in gripping capabilities [42].

The primary reasons for failure were slippage in both cases. The copper-jacketed cylindrical projectile provided minimal frictional engagement, and the small contact area of parallel jaws restricted frictional force transfer [34]. When the end-effector was subject to axial load, slippage occurred before the breakaway force was achieved.

The use of the collet chuck end-effector significantly improved performance:

· 85% grip success rate, confirming the improved stability provided by uniform radial compression [43].
· Only 20% extraction success, suggesting that gripping stability was no longer a problem, but rather the collaborative robot’s extraction capabilities were limiting the performance [21].

The results suggest that gripping capabilities were no longer the issue; rather, the collaborative robot’s capabilities were limiting performance. In most cases, the collaborative robot was unable to overcome a joint overload/threshold force before the projectile was released. This outcome aligns with the performance capabilities of collaborative robots, which prioritize operator safety over mechanical capabilities [25].

The analysis of the results revealed that there were two primary performance constraints:

1. Grip capabilities and surface engagement: Overcome by utilizing the collet chuck end-effector.

2. Collaborative robot capabilities: Inadequate for extraction performance.
5.1.3 Visual Inspections

The surface damage observed for the fully and partially extracted projectiles through the robot gripper and collet chuck was consistent. This damage may have a significant effect on the overall ballistic performance through the alteration of aerodynamic stability and drag coefficients [44]. Therefore, the methods used in the present investigation are not applicable for situations where the integrity of the projectile is required.

The cartridge case was found to exhibit similar undesirable deformation characteristics through scoring and scratching. This would confirm the successful application of the holding mechanism through a failure-free clamping action. However, the undesirable surface damage would confirm the presence of excessive clamping pressures, which may affect the integrity of the overall component.

If the need were required for the preservation of projectile quality for any future investigation, the use of protective gripping surfaces may be necessary. However, the introduction of a compliant surface may reduce the grip force consistency and therefore cause slippage between the gripper and projectile [41].
5.2 Findings

Several findings were made:

1. Commercially available parallel grippers show low frictional engagement. This indicates that it is not possible to achieve the required pull force for extracting the projectile [41].

2. The use of a gripping system is recommended. The use of a collet chuck significantly improved grip reliability, suggesting that radial compression is significantly more suitable for use on cylindrical projectiles [43].

3. Robot force limitations remain as the major obstacle. Even under optimal grip reliability, it was not possible for the collaborative robot to overcome the forces related to projectile retention [21].

4. It is highly probable that a more powerful robot or auxiliary mechanical assist system would be essential for achieving projectile extraction [45]. Using more powerful collaborative robots, such as the UR30 or auxiliary linear actuation systems, it may provide the necessary incremental force required for achieving projectile extraction.
5.3 Limitations of the Study

There are certain limitations in the interpretation of the results due to the following key points:

· Simulation limitations: In the simulation conducted by RoboDK, friction, pull forces, and contact mechanics were not taken into consideration, thus limiting the simulation in terms of extraction success [40].
· Gripper limitations: the results from the trial showed underperformance of parallel grippers in the extraction of cylindrical ballistic components [41]. Only one type of gripper was tested in the simulation.
· Condition of test ammunition: The ammunition used on the trial inert or demilitarized stock, meaning the projectile was manually extracted and reseated before the experiment, which could have resulted in neck tension due to elastic or plastic deformation of the neck [34]. The results may not be applicable to ammunition that has not been extracted before.
· Robot force capacity: In the simulation, the UR3e and UR5e were utilized, which were designed for safety and compliance rather than mechanical power, thus limiting the extraction capacity of the robot [21].
· Restricted calibre: On the trial only 7.62×39mm was tested, and the results may not be applicable to other types of ammunition.
· Scope: This study only focused on the extraction of projectiles, and did not consider the management of primers, propellant, i.e. neutralisation of the complete system neutralisation 

The simulation was conducted to provide a better understanding of the mechanical challenges faced in the practice of automated ammunition disassembly.
5.4 Conclusions

This study aimed to evaluate the capability of a collaborative robot to retrieve projectiles from ammunition cartridges within the scope of an automated disassembly process. The results of the study show that:

· Ammunition component manipulation by robots is possible and can be done safely using collaborative robots [21].
· Simulation tools are useful tools for validating the geometry of the work cell configuration but are not useful for predicting the successful mechanical extraction of the projectile [40].
· The choice of the end-effector is an important consideration because the parallel gripper is not suitable for the task, and whilst the collet gripper is successful at achieving required grip, it may cause  damage to the projectile [41], [43].
· Collaborative robots do not have the necessary pulling force to overcome the retention forces of the projectile without the assistance of auxiliary equipment [21].

In conclusion, the study concludes that the successful automation of the process requires an engineered gripper system and the capability to apply forces higher than the standard collaborative robot's capacity.
Chapter 6: Potential Avenues for Further Development 

6.1 Development of a Purpose‑Built Gripper

From the experimental results, it can be noted that the major drawback of parallel jaw grippers lies in their low frictional interaction with the smooth cylindrical surface of the projectile [41]. Although a significant improvement in the gripping reliability of the projectile was achieved in the case of the collet chuck design, it has not been fully optimized to meet the requirements of ammunition disassembly [43]. Therefore, in the process of further development, a gripping mechanism should be designed to meet the requirements of projectile extraction. A gripping mechanism should be designed to:

· Maximize circumferential contact area to enhance frictional force transmission

· Ensure uniform radial compression to avoid surface damage

· Ensure coaxial alignment to avoid off-axis loading during extraction

· Ensure a range of projectile diameters to meet manufacturing tolerance requirements

· Ensure minimal deformation of the projectile, especially in cases where integrity is a concern
6.1.1 Custom collet systems: A customized drawn-collet, spring-collet, or segmented-collet mechanism may be designed to match the exact geometry of the projectile [43]. Threaded or cam-lever actuating systems may be able to generate significantly higher clamping forces than those achievable by the Cobots-mounted grip alone.
6.1.2 High‑friction or textured jaw inserts: Material alternatives such as tungsten carbide grit, rubberized composites, and engineered friction pads have the potential to enhance the friction coefficient and more uniformly distribute the pressure [46]. The main problem is finding a balance that increases friction but does not damage the surface.
6.1.3 Compliant yet high‑strength materials: Elastomer‑bonded metal or multi‑material jaws could conform to the projectile surface, increasing contact area while reducing localised stress concentrations [46].
6.1.4 Multi‑segment or adaptive clamps: Mechanisms consisting of several independently articulating members have a greater ability to cope with variability in manufacturing processes and yet maintain consistent radial compression [43]. The creation of such a gripper would involve a process of mechanical design, finite element analysis, and testing. The research could progress by modelling the link between radial clamping force and maximum transmissible axial force, thereby optimizing the gripper’s design.
6.2 Evaluation of Higher‑Force Robotic Platforms & Non‑collaborative industrial manipulators
While advancements in gripping technologies alleviate one aspect of the extraction process, experimental trials have shown that another significant limiting factor in collaborative robotics lies in the pulling force capacity of the collaborative robot itself [21]. The UR3e and UR5e Cobots used in this study are designed to ensure safe human-robot collaboration, thus featuring a force limitation that limits the maximum pulling force of the robot [25].

Higher pulling forces can be achieved using industrial-grade robot arms designed by manufacturers like ABB, KUKA, or Fanuc [19]. This would require physical barriers or safety enclosures to ensure safety of personnel during collaboration. This somewhat negates the purpose of collaboration; however, it can be argued that it might be necessary in cases where cartridges are tightly seated or heavily crimped. These robot arms have greater payload capacity, joint torques, and structural rigidity. Their mechanical capability can be considered adequate to ensure that the desired forces are achieved during extraction while still allowing semi-collaborative operation.
6.3 Hybrid approaches

The Cobots can be utilized to properly position the cartridge, and then a specialized linear extraction system, such as a servo-driven puller, can be utilized to perform the extraction [45]. This combines the benefits of precise positioning with significant force potential. In addition to the potential of force generation, the increased rigidity of larger platforms reduces the energy losses due to compliance, thus increasing the efficiency of the force transfer. In addition, future research in this area can include dynamic modelling of the stiffness of the robot, torque limits, and deflection under load to simulate realistic extraction capabilities [47].
 6.4 Investigation of Automated Primer Neutralisation

After the removal of the projectile and propellant, the primer remains the most dangerous component of the ammunition. Primer assemblies contain dangerous explosive compounds such as lead styphnate and are press-fitted into the cartridge case [14]. As a result, the neutralization of the primer assemblies becomes an important process within an automatic disassembly process.

Future Research Directions:

The development of a robotic primer neutralization system:

- Automated placement into a sealed initiation fixture: A robot may flip the cartridge case upside down and place it inside a special chamber. It may then move back to a safe distance before the initiation process.

- Controlled actuation: Primer initiation may be done using a solenoid firing pin, an electrical impulse, or an air-driven mechanism. The fixture may include provisions for pressure relief, reinforced walls, and debris containment.

- Integrated safety systems: This may include interlocks, blast shields, fire detection sensors, upstream contamination sensors, and remote activation capabilities.

- Verification after neutralization: This may be achieved through machine vision sensors to confirm the detonation of the primer before moving the downstream components for processing.

Research in this domain may help realize the long-term vision for an entirely automatic ammunition processing system that can neutralize all dangerous components of an ammunition piece safely and with minimal human intervention [28].
6.5 Development of an Autonomous Ammunition Disassembly System

A long-term goal would be to design a completely autonomous ammunition disassembly system that can operate in a continuous manner with minimal supervision [26]. This system might have the capability to combine various processes into a single workflow, which might be beneficial in an industrial environment.

A complete system might include the following:

6.5.1 Automated feeding and orientation: Vibratory feeders, conveyor belts, or a hopper-fed system might be used to feed ammunition into the system in a consistent orientation. Machine vision might be used to identify calibres, orientation, and condition prior to disassembly [27].

6.5.2 Robotic manipulation: Collaborative or industrial robots might be used to load ammunition into fixtures, orient it between stations, and manipulate separated components [35].

6.5.3 Projectile extraction: The improved gripping system along with a high-force extraction system might be a key element in this process.

6.5.4 Propellant management: Automated propellant removal might be a significant advantage in propellant management.

6.5.5 Primer neutralization: As mentioned earlier, a controlled ignition system might be a key element in a completely automated system.

6.5.6 Component sorting and material recovery: clean brass, copper, steel, and lead might be sorted using machine vision or automated weighing systems [29].

6.5.7 Condition monitoring and system intelligence: Force sensors, load cells, and data logging might be used to monitor system parameters in real-time to identify any abnormalities during the process [27].

A completely automated system might be a major breakthrough in demilitarisation technology, which might be a significant advantage in demilitarisation processes.
6.6 Evaluation Across Multiple Calibres

Due to limitations, it is worth noting that the current study only focuses on the 7.62×39 mm cartridge [10]. Ammunition characteristics vary significantly from one calibre to another, and they include [34]:

· Projectile geometry

· Case material (brass, steel, and poly-coated)

· Neck tension

· Crimp type and degree

· Sealant application

· Propellant characteristics


Thus, it is important to carry out tests on various calibres in order to determine the applicability of the proposed methods for automation.

6.6.1 How extraction forces scale with neck length, case material, and manufacturing variations: This data, if obtained from multiple calibres, would allow for predictive models that relate geometric information to forces necessary for extraction. With further sensing modules, this data set could potentially be used for critical safety metrics, allowing a robot to "perceive" when it is necessary for an activity to cease.
Chapter 7: Reflections

This project provided an excellent opportunity to utilize the engineering methodologies, the knowledge of systems of robots, and the experimental approach within a realistic environment. Although the work has been successful in achieving the benchmark requirements and identifying the direction of future development, the process has been subject to various challenges that have impacted the pace of the work. Reflecting on the various factors has not only provided an insight into the direction of the work undertaken but also into my own professional development.
7.1 Challenges and Constraints

7.1.1 Delayed Access to Software: A primary challenge was the delayed availability of the required simulation software. With the project’s heavy reliance on digital modelling and offline programming in the safe and efficient development of work cells, the delayed access to simulation and virtual commissioning activities was a hindrance in the early stages of the project. This resulted in a number of activities being compressed into later stages of the project, rather than being front-loaded in the project’s timeline.
7.1.2 Delayed Access to Hardware: A similar delayed access was experienced in the project’s access to the physical hardware. With experimentation in collaborative robots and extraction tooling being an inherently time-consuming activity, the project’s scope was stringently controlled, with only a single week of practical time remaining once access was granted. Although the project’s primary research questions were addressed, the time constraint was a major limitation in the ability to conduct thorough testing or additional validation with the single week of hands-on time restricting the number of experiments that could be conducted.

7.1.3 Competing Resourcing Demands: With the project being undertaken concurrently with the introduction of a new organisational capability in the form of an additional collaborative robot system-based approach to high-risk operations, the project was subject to resourcing demands. With the project being undertaken concurrently with a highly successful program, the new capability promises to offer Dstl an extra layer of safety assurance in the storage and management of potentially unstable or aging energetic materials. Although the project’s resourcing was temporarily impacted by the new capability, the experience was professionally valuable and directly pertinent to collaborative robots and hazardous materials handling.
7.2 Positive Outcomes

Despite significant time limitations and resource challenges, the project successfully achieved its primary objectives. The fundamental technical question, regarding the feasibility of a collaborative robot for extracting a projectile from a cartridge case, was addressed by means of simulation, experimentation, and comparative end-effector testing. The research findings have established a clear distinction regarding the limitations and path forward for future development of gripping technology. This is a robust start for future work, as it provides a more defined path forward.

In addition, personal strengths were identified throughout the project. The significant time limitations and resource challenges served to emphasize the ability to prioritize and deliver within constrained time frames. Rather than being a hindrance, these challenges helped to identify and focus on the most critical tasks.
Chapter 8: Project management

8.1 Project Logbook Summary (July 2025 – March 2026)
Below are some extracts from my project logbook
July 2025 – Project Initiation:
· Agreement on the scope of the project: Cobots-assisted disassembly of small arms ammunition.

· Initial discussions with the supervisor regarding the viability of the project and safety concerns

· Initial identification of the potential of robotic manipulation

August 2025 – Background Research

· Familiarisation with ammunition construction and demilitarisation practices
· Identification of key challenges: safety, scalability, and material recovery
· Initial exploration of mechanical vs thermal disposal techniques

September 2025 – Early Simulation Attempts

·  Initiated an evaluation of simulation tools, starting with NVIDIA Isaac Sim.

· Initially viewed as a positive option based on the tool’s ability to model physics; nevertheless, it was soon realized that the tool was beyond the scope required for the application.

· Experienced challenges in ensuring the application were running stably on the virtual machine.

October 2025 – Switching Simulation Approach

· Continued with the evaluation process using Isaac Sim but encountered the same challenges.

· Decision made to cease the use of the tool and instead opt for the RoboDK tool.

· Found the tool easier to work with and much closer to the task requirements.

· One significant advantage was the ability for offline programming, which was expected to come in handy when access was granted to the real robot.

· In hindsight, this was a good move!
Late February 2026 – Simulation Development

· A work cell was created in RoboDK, and testing of the extraction motion was initiated.

· Analysis of the movement revealed no collisions and complete reachability of the positions.

· A notable limitation of the simulation was discovered: RoboDK does not include friction.

· Thus, although the motion was working, there was a degree of uncertainty in terms of its effectiveness in the extraction of the projectile.

· It was realized that simulation would not be very effective, and physical testing would be required.
Mid-March 2026 – Experimental Trials

· Physical testing was initiated with the use of the RG2 and Robotiq grippers.

· Initial observations revealed slippage of both grippers on the projectile.

· Although the Robotiq gripper was slightly better, there were a few instances where a good grip was achieved.

· Nonetheless, even with a good grip, there were instances where the robot would fail to execute the extraction.

· It was observed that the robot would terminate the extraction too early. I fear that the platforms were not powerful enough to execute the extraction.

· In addition, the Robotiq gripper was observed to leave marks on the projectiles.

· There were indentations and damage to the surface of the projectile after repeated attempts at extraction.

· From these observations, it was concluded that gripping was a major challenge.

· In addition, even when gripping was effective, the robot was a major limitation.

· Thus, an alternative method involving a collet chuck was investigated.

· The collet chuck was observed to perform very well in terms of gripping, with minimal slippage.

8.2 Gantt Chart Reflection

A comparison of the initial Gantt chart and the final delivery timeline reveals that there was an overall three-month delay in the project, mostly caused by difficulties in obtaining access to software and hardware. The limited window significantly impacted the distribution of tasks toward the end of the project. Although the overall project architecture was preserved, some of the experimental activities were either condensed or skipped in the process. It is evident from this project that it is important to gain access to critical tools and hardware in robotics projects, as delays in commissioning will impact all subsequent project activities.
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GLOSSARY

Ammunition Demilitarisation: The process of safely disposing of, breaking down, or neutralising ammunition to remove explosive hazards while recovering materials where possible.

Axial Force: A force applied along the longitudinal axis of a component, such as the upward pulling force used during projectile extraction.

Breakaway Force: The initial peak force required to overcome static friction and separate a press‑fit joint, such as the projectile–case interface.
Cobot (Collaborative Robot): A robot designed to operate safely in proximity to humans using force‑limiting and safety‑rated monitoring features.
Collet Chuck: A cylindrical clamping tool that uses uniform radial compression to grip round components, providing high holding force and improved contact area compared to parallel grippers.
Digital Twin / Virtual Commissioning: A digital simulation environment used to validate robot paths, cell layout, and potential collisions before real‑world deployment.
DSTL: Defence Science and Technology Laboratory — the UK government agency responsible for scientific and technical defence research.
End‑Effector: The tool mounted at the end of a robot arm (e.g., gripper, collet, sampling device) used to interact with objects.

FEA (Finite Element Analysis): A computational engineering method that divides a structure into discrete elements to model stress, strain, and deformation during loading.

Friction Coefficient (μ): A value describing how easily two surfaces slide against each other; used to calculate gripping and extraction forces.

Grain (Propellant Grain): A single piece of solid propellant, often used in larger‑grain energetic materials; sampling such grains helps characterise explosive behaviour and stability.

Grip Slip: Unwanted relative motion between a gripper and the object being held, typically caused by insufficient friction or clamping force.
Inert Cartridge: A cartridge that has been rendered non‑energetic, containing no live propellant or active primer, used for safe mechanical testing.
Jaw Insert: Material added to gripper jaws (e.g., rubberised or textured surfaces) to increase friction or reduce surface damage during gripping.

Kinematic Simulation: The process of modelling robot movement without calculating forces, friction, or contact mechanics.

Neck Tension: The radial clamping force exerted by the cartridge case neck onto the projectile after seating, resisting axial movement.

Parallel‑Jaw Gripper: A gripper type with two opposing jaws that move linearly to clamp an object; effective for flat surfaces but limited for cylindrical components.

Press‑Fit Joint: A mechanical assembly where two components are tightly fitted through interference between surfaces, creating frictional retention.

Primer: A small ignition component containing impact‑sensitive explosive mixture, initiating the combustion of propellant within a cartridge.

Projectile Extraction: The process of removing a bullet from the cartridge case by applying controlled axial force.
Radial Compression: A clamping action applied uniformly around the circumference of a cylindrical object, improving friction and reducing deformation.
Robotiq Hand‑E: A collaborative‑robot gripper with adjustable force and position control, used in precision manipulation tasks.
SAA: Small Arms Ammunition
Simulation Environment (RoboDK): Software used for offline programming, collision checking, robot modelling, and trajectory validation.
UR3e / UR5e / UR30: Models of collaborative robots produced by Universal Robots, each with different payload capacities and mechanical capabilities.
Figure � SEQ Figure \* ARABIC �2�: Sequence of mechanical operations during the extraction process. The upper image shows the On Robot RG2 mounted on the UR-5e platform engaging with the projectile while the cartridge case is secured in a machinist’s vice. Subsequent images illustrate the robot executing a linear upward motion to attempt separation of the projectile from the cartridge case.





Figure � SEQ Figure \* ARABIC �3�: Sequence of mechanical operations during the extraction process. The upper image shows the Robotiq HAND-e mounted on the UR-5e platform engaging with the projectile while the cartridge case is secured in a machinist’s vice. Subsequent images illustrate the robot executing a linear





Figure � SEQ Figure \* ARABIC �4�: sequence illustrating the mechanical extraction process. The initial image shows the projectile secured using a collet chuck, with the cartridge case rigidly constrained in a machinist’s vice. The following images depict the robot performing a linear extraction motion along the cartridge axis.





Figure � SEQ Figure \* ARABIC �6�: Photographic evidence showing surface damage to a copper-washed 7.62×39 mm cartridge, including scratching of the case and pronounced indentation on the projectile. Image captured during trial serial 12 using the Robotiq Hand-E gripper on the UR5e platform





Figure � SEQ Figure \* ARABIC �7�: Captured image highlighting mechanical damage to a lacquer-coated 7.62×39 mm round, with evident case scratching and clear surface impressions on the projectile. Recorded during trial serial 7 with the Robotiq Hand-E gripper on a UR5e system.





Figure � SEQ Figure \* ARABIC �8�: photographic evidence of damage observed during extraction trials, showing surface scratching on the copper-washed 7.62×39 mm cartridge case and visible deformation of the projectile due to impingement from the collet chuck. Image captured during serial 1 of the Collet Chuck (UR30) test sequence.





Figure � SEQ Figure \* ARABIC �9�: Photographic evidence illustrating surface damage sustained during extraction trials, including scratching of the copper-washed 7.62×39 mm cartridge case and localised deformation of the projectile resulting from collet chuck impingement. Captured during serial 12 of the Robotiq Hand-E (UR5e) trials.
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