The Strategic Role of Robotic Systems in UK Aerospace Manufacturing
Introduction

The UK aerospace sector ranks second globally by value, generating £36.4 billion in
turnover and supporting over 120,000 direct jobs in 2023!". Identified as a priority
frontier industry in the UK Government's 2025 Advanced Manufacturing Sector Plan,
aerospace relies on sustained investment in automation to maintain global
competitiveness and meet decarbonisation targets!?. At the forefront of this agenda are
robotic systems. This essay evaluates their strategic role by examining technical
feasibility, economic and regulatory frameworks, ethical considerations, and social
impact.

Technical Feasibility

Aerospace manufacturing demands extreme precision, with tolerances down to tens of
micrometres, and mastery of specialist materials such as CFRP and titanium alloys. The
sector's high-mix, low-volume production has long resisted automation. Yet today,
breakthroughs put robotics squarely within reach, as technical feasibility advances
rapidly.

Robotic drilling of aerospace-grade materials is a key application. Haoua et al.l¥!
demonstrate that robotic systems equipped with material-recognition sensing can
adaptively drill multi-material aerospace stacks, CFRP and titanium combinations, with
hole-quality parameters meeting aerospace-grade standards. This directly addresses
the precision barrier that previously limited the adoption of robotics in aerostructure
assembly. assembly. At the University of Limerick, Farhadi et al.[*further establish a
digital twin framework for robotic drilling processes, validating real-time monitoring of
hole quality in CFRP panels using a KUKA aerospace end-effector, the same platform
Airbus employs for fuselage drilling and riveting operations.

At the systems integration level, Al-powered cobots are expanding beyond single-task
drilling to multi-function machining. Chowdhury et al.®’ describe a fully autonomous
cobot platform handling deburring, painting, and precision drilling on actual
aerostructures, validated against demanding manufacturing tolerances. Cobots have
also overcome the stiffness-payload trade-off that previously restricted their use in
flight-critical assembly. The IFR confirms this trajectory: cobots reached 10.5% of all
industrial robot installations globally in 2023, driven by advances in Al, machine vision,
and force-sensing technologies®.

Economic and Regulatory Frameworks

The business case for accelerating robotic adoption in UK aerospace is compelling but
urgent. According to the IFR's World Robotics 2024 statistics, the global average robot
density reached a record 162 units per 10,000 manufacturing employees in 2023, with



Germany at 429 and Japan at 419 [7]. The UK, by contrast, stands at just 111 units per
10,000 employees, below the global average and the lowest robot density of any G7
nation”l. This automation gap poses a direct competitiveness risk for UK aerospace
suppliers operating in global supply chains.

Fiscal policy has proven decisive. The UK Government's Advanced Manufacturing
Sector Plan co-invests in automation research and offers capital allowances on
qualifying. However, after the super-deduction tax credit expired in Q1 2023, UK
industrial robot installations fell 35% to 2,500 units in 2024, from a record 3,800 units in
2023, demonstrating the sensitivity of automation investment to policy continuity!”.
Sustained incentive structures are therefore non-negotiable.

Regulatory governance falls under the UK Civil Aviation Authority. Robotic systems in
safety-critical assembly must meet AS9100 quality standards and BS EN ISO 10218
robot safety requirements, with production approvals aligned to EASA Part 21
frameworks. Post-Brexit regulatory independence has strengthened UK rulemaking
capacity, though alignment with EASA standards remains essential for suppliers
competing in European supply chains!".

Ethical Concerns

Job displacement is the primary ethical concern surrounding aerospace automation.
Yet evidence consistently shows roles are reshaped rather than eliminated. Rahman et
al.’emphasise the obligation on employers to provide structured retraining pathways,
while also documenting that cobots measurably reduce physical strain and improve
ergonomic conditions for production workers. As robotic systems arrive on the shop
floor, operators transition from manual tasks to programming and supervisory roles, as
observed at Airbus Filton and BAE Systems Samlesbury, where employment levels have
remained stable alongside increased automation.

Accountability in safety-critical systems presents a second ethical challenge. When a
robotic process contributes to a structural failure in a flight-critical component,
attributing liability among the robot manufacturer, system integrator, OEM, and
certifying authority remains legally and ethically ambiguous. Digital thread
architectures providing full, immutable traceability of every robotic action partially
address this, though universal implementation across the UK's aerospace supply chain
tiers remains incomplete!.

Capital access equity is a third concern. Robotic installations for aerospace-grade
machining carry substantial acquisition and integration costs. Large OEMs can absorb
these expenditures, but the majority of UK aerospace suppliers operate as Tier 2 and
Tier 3 SMEs for whom such investment is prohibitive without targeted support. Without
intervention, automation risks concentrating manufacturing capacity among large



primes, weakening the supply chain diversity on which UK aerospace resilience
depends!?.

Social Impact

Approximately 88% of UK aerospace jobs anchor communities outside London and the
South East!. Where automation is paired with structured workforce development,
employment levels in these regions have remained stable. Beyond employment, robotic
deployment directly reduces occupational hazards disproportionately affecting
production workers: repetitive-strain injury from manual drilling and riveting, CFRP dust
inhalation linked to respiratory disease, and fall risk during large structure assembly are
all mitigated under the Health and Safety at Work Act 1974.

Sustainability benefits add further social value. Robotic optimisation of titanium cutting
paths, precision paint application, and Al-driven quality inspection collectively reduce
material waste and costly rework, supporting the sector's decarbonisation
commitments under the UK Jet Zero Strategy 2022. Rahman et al.® argue that cobot
adoption earns a genuine social license only when productivity gains are equitably
distributed, reaching workers and communities, not merely captured as cost savings by
large OEMs.

Conclusion

Robotic systems are now hon-negotiable in UK aerospace manufacturing. From
precision CFRP drilling to Al-driven autonomous machining, technical readiness is
firmly established FI®. The global robot density gap and the sharp investment
contraction following the loss of the super-deduction both create urgent pressure for
sustained policy action”l. The regulatory framework is credible but must evolve to
address algorithmic accountability in autonomous assembly. Ethically, reskilling
obligations are real and targeted SME support is essential for an equitable transition®!,
With bold policy and strategic investment, robotic automation does not threaten UK
aerospace employment; it secures globally competitive, high-quality work for the future.
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Part2: Robot Design and Analysis
P2_Task 1: Forward Kinetics Derivation

The SCARA robot presented in figure P2b utilises an RRP (Revolute Revolute Prismatic)
joint configuration. To derive the forward kinematics, the standard Denavit-Hartenberg
(D-H) convention is applied.

The base frame (z,,) points upward, while the end-effector frame (zy) points
downwards. To account for this, an « rotation of 180° (rr radians) is applied to joint 2 to
invert the z-axis. Furthermore, because Joint 2 is physically lower than Joint 1, the
translation d, is treated as a negative offset. The tool offset ds is incorporated as an
end-effector translation.

Let g4, q; and g5 represent the variable joint parameters 6,, 8, and d5 (prismatic stroke)
respectively. Based on the parameter table provided (d; = 0.3,d, = 0.06,a; = d3 =
0.3,a, = d4 = 0.3,ds = 0.2), the D-H parameter is defined as follows:

Joint (i) 0;(Rotation d; (Translation | a; (Translation | a; (Rotation
about z) along z) along x) about x)

1 (Revolute) q1 d, d; 0

2 (Revolute) q2 —-d, dy T

3 (Prismatic) 0 qs 0 0

Transformation Matrices

Applying the standard D-H transformation matrix formula, the individual homogeneous
transformation matrices for each link are:

Link 1 (T):
cos (q;) -sin(q;) 0 dzcos(qq)
70 —|Sin(q) cos(q) O dssin(q)
1 0 0 1 d,
0 0 0 1

Link 2 (T;): (Note the @ = m rotation which flips the Z-axis downwards

cos (q2) sin(qz) 0 dycos(qz)
Ti = sin(qz) —cos(qz) 0 dysin(qz)
0 0 ~1 —d,
0 0 0 1




Link 3 (T#) and Tool Offset (T;00;):

100 O]t 0 0 O 100 0
r2.p 0010 offo 10 o] _j0o 10 0O
3 fteol =g 0 1 g [0 0 1 ds 0 0 1 gs3+ds

000 1Jlflo oo 1 00 0 1

Final Forward Kinematics Equation

The total transformation from the base frame (U) to the end-effector frame (H) is the
product of the matrices: TY =T+ T3 - T% * Teoor

By multiplying these matrices and applying trigonometric addition formulas (where
c12 = cos (qq + q;) and s;, = sin (q; + q,)), we derive the final analytical forward
kinematics matrix:

€1z S12 0 dycyp + dzcos(qq)
Ty = [S12 12 0  dysy; +dssin(q;)
0 0 -1 di—d,—q3—ds
0 0 0 1
This symbolic matrix confirms the physical reality of the robot: the z-position is purely
dependent on the vertical stack (d;—d,—qg;—ds) and the z-axis vector [0,0, —1]7
correctly points downwards.



Task 2: MATLAB Function Using Robotics Toolbox (RTB 9.10)

The forward kinematics transformation matrix derived above was implemented natively
in MATLAB. The function scara_fk.m compute the 4 x 4 matrix for any given joint array

q = 91,92, q3]-

To validate the accuracy of the mathematical derivation, an exhaustive test script
(scara_test.m) was developed. This script evaluates the manual scara_fk matrix
against the industry-standard fkine function within Peter Corke’c Robotic Toolbox (RTB
9.10) across multiple edge-case configurations.

Scara_fk.m function:

function T_final = scara_fk(q)
% SCARA_FK Calculates the Forward Kinematics for the SCARA RRP robot.

% Define Robot Parameters (from Table)

dil = 0.3;

d2 .06;

al .3; % Represents length d3 in the diagram
a2z = 0.3; % Represents length d4 in the diagram
ds = 0.2; % End-effector tool offset

% Extract joint variables
t1 = q(1);

t2 = q(2);

d3_var = q(3);

% Calculate Individual D-H Transformation Matrices
% Link 1 (Revolute)
Tol = [cos(tl), -sin(tl), @, al*cos(tl);

sin(tl), cos(tl), ©, al*sin(tl);

0, 9, 1, di1;

9, 9, 0, 1];

% Link 2 (Revolute) - Note the alpha = pi (180 deg) rotation on X
T12 = [cos(t2), sin(t2), @, a2*cos(t2);

sin(t2), -cos(t2), @, a2*sin(t2);

0, 9, -1, -d2;

0, 9, 0, 11;

% Link 3 (Prismatic)
T23 = [1, @, 0, 0;

e, 1, 9, o;

2, 8, 1, d3_var;
8, 0, 9, 1]1;

% Tool Transform (End effector offset dF along the new Z axis)
T_tool = [1, @, 9, 0;
1, @, 9;
e, 1, ds;
e, 9, 1];

% Calculate Final Transformation Matrix
T_final = T@1 * T12 * T23 * T_tool;

Figure 1: MATLAB script (scara_fk.m) implementing the derived analytical forward kinematics matrix using standard
D-H parameters.



Scara_test.m Validation Script

% SCARA_TEST: Exhaustive validation of the Forward Kinematics

clear; clc;

disp(’ SCARA FORWARD KINEMATICS VALIDATION TEST');

% Build the Robot Object locally for testing

L(1) = Link('d', ©.3, 'a', .3, 'alpha', @, 'qlim', [-pi pi]);

L(2) = Link('d', -e.e6, 'a', ©.3, 'alpha', pi, 'qlim', [-pi pil);

% Fix for RTB 9.1@: Use D-H array [theta, d, a, alpha, sigma]

L(3) = Link([@, @, @, @, 1]);

L(3).qlim = [@ ©.2];

|

SCARA_Robot = Seriallink(L, 'name’, 'Industrial SCARA');

SCARA_Robot.tool = transl(e, @, @.2);

% Define Edge Case Test Scenarios [thetal, thetaz, d3]

test_cases = [
[ e, e; % Case 1: Zero position
pi/2, e, 9.1; % Case 2: 99 deg base rotation, halfway down
pi/4, -pi/4, 8.2; % Case 3: Complex rotation, fully extended
-pi/2, pi/2, % Case 4: Negative rotations

1;

tolerance = le-4; % Acceptable floating-point error
% Run the tests
for i = 1:size(test_cases, 1)

q_test = test cases(i, :);

fprintf('\nTest Case %d: q = [%.2f rad, %.2f rad, %.2f m]\n',
i, q_test(1), q test(2), q test(3));

% Calculate using our manual function

T manual = scara fk{q test);

% Calculate using Robotics Toolbox

T_toolbox = double(SCARA_Robot.fkine(q_test));

% Compare Results

diff = abs(T_manual - T_toolbox);

if max(diff, [], 'all’) < tolerance

disp('--> RESULT: PASS (Manual math perfectly matches Toolbox)');
else

disp('--> RESULT: FAIL (Discrepancy detected)');

disp(‘Manual Matrix:'); disp(T_manual);

disp(‘'Toolbox Matrix:'); disp(T_toolbox);
end

Figure 2: Exhaustive validation script (scara_test.m) designed to test four distinct edge-case configurations against
the RTB 9.10 standard



Validation Results (Command Window Output)

Command Window

SCARA FORWARD KINEMATICS VALIDATION TEST

Test Case 1: q = [0.902 rad, ©9.00 rad, .00 m]
--> RESULT: PASS (Manual math perfectly matches Toolbox)

Test Case 2: q [1.57 rad, .00 rad, ©.10 m]

--> RESULT: PASS (Manual math perfectly matches Toolbox)

Test Case 3: q [@.79 rad, -©.79 rad, ©.20 m]
--> RESULT: PASS (Manual math perfectly matches Toolbox)

Test Case 4: q = [-1.57 rad, 1.57 rad, .05 m]
--> RESULT: PASS (Manual math perfectly matches Toolbox)

Figure 3: Command window output proving the manual mathematical derivation perfectly matches the Robotic
Toolbox across all tested edge cases

Task 3: Simulation and Teaching Model

A full simulation model of the SCARA robot was developed using the Robotics Toolbox.
The script scara_teach.m constructs the physical SerialLink robot object using the
derived D-H parameters. It initializes a highly intuitive graphical user interface, allowing
for real-time parameter tuning and joint programming. Furthermore, an optimized script
scara_workspace.m was developed to computationally map and visualize the entire
3D reachable workspace of the manipulator.



Scara_teach.m Simulation Script

% SCARA_TEACH: Builds the SCARA robot model and opens the teaching interface
% This script fulfills P2_Task 3 (Simulation and parameter tuning)

clear; clc;

% Define D-H Parameters using Peter Corke's 'Link' object
L(1) = Link('d", ©.3, 'a', ©.3, 'alpha', 0, 'qlim’', [-pi pil);
L(2) = Link('d', -0.06, 'a', 0.3, ‘alpha’, pi, 'qlim', [-pi pil);

% Fix for RTB 9.1@: Use D-H array [theta, d, a, alpha, sigma]
% sigma=1 explicitly sets this as a Prismatic joint

L(3) = Link([e, @, o, @, 1]);

L(3).qlim = [@ @.2];

% Build the Seriallink Robot Object
SCARA_Robot = Seriallink(L, ‘name', 'Industrial SCARA');

% Apply the end-effector offset (d5 = ©.2m) as a Tool Transform
SCARA_Robot.tool = transl(@e, @, 0.2);

% 3. Launch the Teaching Interface
disp('Launching SCARA Teaching Mode...');

% Define an initial zero position [thetal, theta2, d3]
q_initial = [e, @, @];

% FIX for RTB 9.1@ Prismatic Joint Bug:
% Attach the workspace directly to the robot's default plot options.
SCARA_Robot.plotopt = {'workspace', [-©.8, ©.8, -0.8, 9.8, -0.5, 0.8]};

% Plot the robot and open the interactive teach panel
figure('Name', 'SCARA Teaching Interface');
SCARA_Robot.teach{q_initial);

Figure 4: MATLAB script (scara_teach.m) constructing the SerialLink robot model and initializing the interactive
teaching mode.

Teaching Interface

= | Figure 1. SCARA Teaching Interface %

Industrial SCARA

Figure 5: The interactive 3D teaching interface, enabling real-time tuning and visual feedback for joint parameters q1,
g2, and q3.



Scara_workspace.m Reachable Workspace Script

% SCARA_WORKSPACE: Generates and plots the 3D reachable space of the robot
clear; clc
disp('Calculating S
% Define joint limit
ql_min -pi; ql_ma:

-pi; q2_max

e; ma:

solution)

step_d3 = 0.05;
% Pre-allocate arra for extreme optimization
point: length{ql_min:step ql:ql_max) * length{gq2_min:step q2:q2_max) * length(d3_min:step_d3:d3 max);
num_points, 1);
os(num_points, 1);
eros(num_points, 1);
1;
% Iterate through joint limits to map the workspace
for g1 = ql_min:step_ql:ql_max
Fi _min:step_q2:

end
end
% Plot the Workspace Point Cloud
figure( 'Name',
plot3(X, Y, 'b. ] 'b.' plots tiny blue dots
grid on;
xlabel(
ylabel( (m)*
zlabel( (m)*,
title('SCARA Robot dee ble g 'FontSize', 14)

Figure 6: MATLAB script (scara_workspace.m) utilizing nested loops to systematically calculate and map the end-
effector's physical boundaries.

Workspace Visualisation
SCARA Robot 3D Reachable Workspace

T

0.2
X-axis (m)

Figure 7: 3D point-cloud visualization of the reachable workspace, demonstrating the SCARA robot's physical
cylindrical constraints.



