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Abstract

This thesis presents the development and validation of carbon fibre suspension links for the
2026 UBRacing Formula Student car. Strain gauge testing was used to validate theoretical
suspension loads, while laminate analysis, bonded joint testing and full scale tensile testing
were used to drive the final design. The selected carbon tube met the strength target set and the
bonded joint achieved a design shear strength of 16.2 MPa at 40°C after surface treatment and
temperature correction. Full link testing achieved a stiffness of 10,611 N/mm, exceeding the
7,140 N/mm target, and sustained 1.5 times the design load before yielding. The final carbon
fibre suspension package offers a 1.5 kg mass saving over the steel counterpart which equates
to 5.5 points gained in all dynamic events while meeting the required strength and stiffness
targets for competition use.
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Nomenclature

CFRP Carbon fibre reinforced polymer

FSUK Formula Student UK

CLT Classical Laminate Theory

CoG Centre of gravity

DAQ Data acquisition system

DP490 3M Scotch-Weld DP490 structural epoxy adhesive
FS Formula Student

FUWB Front upper wishbone

FLWB Front lower wishbone

IMU Inertial measurement unit

IPA Isopropyl alcohol

SG Strain gauge

SFE Surface free energy

ub Uni-directional

uTS Ultimate tensile strength

7075-T651 High-strength aluminium alloy temper designations
ABD Extensional, coupling, and bending laminate stiffness matrix
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1 Introduction

1.1 Motivation

Formula Student (FS) is an engineering competition in which multidisciplinary student teams
compete annually with a self-developed race car. Since racing performance depends on
continuous changes in velocity, suspension design is critical to maintaining tyre contact,
stability, and driver control [1]. Competitor analysis conducted within UBRacing, the University
of Birmingham’s Formula Student team, revealed that the top five teams achieved an average
7% overall improvement across all dynamic events. In response, the team has set ambitious
design targets for the 2026 competitor, including a total vehicle mass of under 180 kg.

The suspension assembly forms part of the vehicle’s unsprung mass, which directly affects the
tyre’s ability to follow road surface variations and maintain consistent contact with the track.
Race car performance depends not only on suspension geometry, but on how accurately that
geometry is maintained under load [2]. Compliance in the suspension links can cause
unintended changes in wheel alighment, particularly toe angle, during braking and cornering.
This toe compliance can reduce predictability and alter the intended handling balance.

Carbon fibre suspension members therefore offer a strong design justification, as their high
specific strength & stiffness provides the potential to reduce unsprung mass while limiting
elastic deflection and preserving the designed suspension kinematics under load.

1.2 Aim of Work

The aim of this thesis is to implement a carbon fibre suspension link solution for the 2026
UBRacing car with a sub 2.5 kg total mass whilst meeting the axial deflection and strength
targets set.

1.3 Objectives

- Conduct on-track strain gauge testing on the 2025 FSUK entrant to determine
suspension link loads and correlate results with the theoretical model.

- Set appropriate strength and stiffness targets to which components should be designed
to.

- Perform physical testing of bonded joints and carbon lug specimens to validate
analytical calculations.

- Apply test driven design improvements and manufacture components for the FSUK
2026 competition car.



2. Design Loads

2.1 Strain Gauging

Representative suspension loads were required to size the carbon suspension members and
metallic interfaces against tensile and compressive loading. The design process therefore relied
on a theoretical suspension load model, which predicted the axial forces in each wishbone
member under braking, cornering and combined loading cases. To provide confidence in these
predictions, strain gauge (SG) testing was carried out on the previous year’s vehicle and
compared against the existing load model. This allowed the theoretical loads to be checked
against physical vehicle data before being used for material selection, laminate sizing, metallic
insert design and joint sizing [3].

2.1.1 Strain Gauge Selection

Figure 1a: Overall upper wishbone free-body diagram.

Strain Gauge

Chassis pickup § / Qutboard pickup

Figure 1b: Instrumented wishbone member (axial model).



The upper wishbone load path was idealised using the free-body diagrams shown in Figure 1a.
This represents the overall wishbone assembly, where loads from the tyre and upright are
applied at the outer joint and reacted at the front and rear chassis pickups. These forces are
transferred through the wishbone legs, allowing the selected member to be considered for (SG)
instrumentation.

Figure 1b isolates the instrumented wishbone leg. For the purpose of load validation, the
member was treated primarily as an axial load-carrying component, with the dominant force
acting along the member axis. The strain gauge was therefore aligned parallel to the leg to
measure the axial strain associated with the member force, N. Although local bending and
shear may be present due to joint offsets and assembly stiffness, the measurement was
considered suitable for validating the predicted axial load from the suspension model.

A single linear strain gauge in a quarter-bridge configuration was selected as a practical
compromise between measurement accuracy, installation complexity and available acquisition
hardware. A full-bridge arrangement would provide improved bending compensation and
thermal stability; however, wiring complexity and requirement for a robust trackside setup made
a single-gauge solution more practical. As a result, the measured strain was treated as a
representative local axial strain rather than a complete description of the member’s strain field.

The SGD-5/350-LY11 SG was selected because the instrumented wishbone leg was treated
primarily as an axial load-carrying member. The single linear grid was aligned parallel to the
member axis so that the measured strain corresponded mainly to the axial force in the
wishbone leg. The 5 mm gauge length provided a suitable compromise between local strain
measurement and strain averaging. The 350 Q resistance reduced self-heating and lead wire
sensitivity compared with lower-resistance gauges, improving measurement stability during
vehicle testing. The polyimide backing was suitable for general static and dynamic stress
analysis and provided sufficient flexibility for installation on the wishbone surface [4]. Although
the free-body diagram shows that shear and bending may also be present, the single-gauge
arrangement was considered acceptable because the aim was to validate the predicted axial
member force rather than determine the complete multi-axial stress state.

For an expected strain of 850 p¢g, the resistance change can be estimated using:

Where:
AR is the change in SG resistance, Q
R is the nominal SG resistance, Q

k is the gauge factor of the SG

€ is the measured strain Figure 2: SGD-5/350-LY 11 SGs.

Using a k of 2.05 as stated by the manufacturer, this corresponds to a resistance change of
around 0.60 (2, making the signal suitable for acquisition using a Wheatstone bridge and SG
amplifier.



2.1.2 Installation & Calibration

The nitrocarburised surface layer was locally removed at the gauge location to expose the base
material and improve strain transfer between the wishbone substrate and the strain gauge. This
was necessary because the surface layer may have different stiffness and strain behaviour from
the underlying material, which could reduce the accuracy of the measured substrate strain. The
gauge was positioned using low-residue tape. Care was taken to avoid contaminating the
prepared surface, as adhesive residue could reduce bond quality and strain transfer. A
cyanoacrylate-based adhesive was used because it is commonly used for room-temperature
strain gauge installations, provides rapid bonding, and is compatible with polyimide-backed foil
gauges. The adhesive was selected over slower-curing alternatives because of the lower overall
cost.

Figure 3: Strain gauge installation & calibration.

BS 8422 was used as a reference for strain gauge load-cell calibration practice; however, a full
BS 8422 calibration curve was not produced. The standard is intended for the calibration of
strain gauge load-cell systems and requires a controlled calibration procedure including
multiple force increments, repeated loading series and assessment of non-linearity and
reproducibility. In this project, the instrumented wishbone was not being certified as a
standalone load cell, but was instead used to provide an approximate axial force measurement
for comparison with the suspension load model.

A simplified first-order calibration was therefore applied. The wishbone was loaded in tension
using an Instron machine, which provided the reference force measurement. The unloaded
bridge output was recorded as the zero offset, and the change in Arduino output under known
tensile load was used to define a voltage-to-force sensitivity. This produced the relationship:

val = 541 X (frl — 547) x 5 + 1024 (2)
Where:
frlis the numerical output from the forward leg Wheatstone bridge

val is the load in kN

10
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Figure 4: Calibration load curve showing Instron force output in orange and strain gauge amplifier output in blue.

2.1.3 Dynamic Vehicle Testing

To correlate the SG load output with the vehicle acceleration vector, an inertial measurement
unit (IMU) was installed at the predetermined vehicle centre of gravity location, CoGy, ,. The
Adafruit ICM-20948 9-DoF IMU was selected to record vehicle motion during on track testing.
This sensor integrates a 3-axis accelerometer and 3-axis gyroscope, enabling acceleration,
angular velocity and orientation related data to be captured.

The IMU provides digital output through SPI communication, making it compatible with the
Arduino data acquisition system (DAQ) used in the test setup. A dedicated enclosure was
designed for the board to ensure secure mounting and correct alignment with the vehicle
coordinate system. This ensured that the measured acceleration components corresponded
accurately to the longitudinal and lateral axes of the vehicle.

Figure 4: IMU hardware and mounting design: (a) Adafruit ICM-20948 9-DoF IMU breakout board; (b) CAD model of the
designed enclosure used to mount and align the IMU on the vehicle..

All of the IMU data accumulated from the runs has been entered into a MATLAB script that
creates the tractive circle diagrams (Figure 3) for the car from that specific run (Appendix A).

11
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Figure 2: G-G plots for 8 minutes of clockwise running and the skid-pad test.

The raw acceleration data recorded by the IMU contained high frequency noise from sensor
vibration and electrical noise within the DAQ. Before producing the G-G diagram, the
longitudinal and lateral acceleration signals were therefore filtered to obtain a cleaner
representation of the vehicle’s dynamic behaviour.

A fourth-order Butterworth low-pass filter was applied to the acceleration data:

The sampling frequency, f;, was 100 Hz. A cut-off frequency, f,, of 5 Hz was selected to remove
high frequency noise while retaining the lower frequency acceleration changes associated with
braking, acceleration and cornering [7].

2.1.4 Data Processing

The SG amplifier output was converted into force using the calibration relationship obtained
from the Instron testing Eq. 2.

To allow direct comparison, the SG force data and IMU acceleration data were trimmed to the
same length. The resulting force and longitudinal acceleration signals were then plotted against
time using a dual axis lot using the MATLAB script in Appendix A, as shown in Figure 6.

12
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Figure 3: Force (kN) v Longitudinal acceleration (g).

Figure 6 shows that the measured wishbone force varies with the longitudinal acceleration of
the vehicle during the dynamic section of the test, approximately between 7 s and 37 s. This
correlation confirmed that the SG system was able to capture changes in suspension member
loading during on-track running and provided a basis for comparing measured loads against the
theoretical suspension load model.

2.1.5 Correlation with Theoretical Model

The theoretical load map contained predicted member loads for a range of longitudinal and
lateral acceleration values. The measured IMU acceleration data was used as an input to the
map, allowing a predicted load to be generated for each point in the test run.

Table 1: Extract from the theoretical load map showing four load cases across five suspension members.

G_Long G_lLat FL_LWB_FWD FL_LWB_ RWD  FL_UWB_FWD FL_UWB_RWD  FL_TRD

-1.370 0.000 -1511.293 7504.652 1893.670 -3138.079 -2488.842
-1.354 0.340 -808.816 8170.459 1666.275 -3420.239 -2675.516
-1.338 0.479 -466.717 8383.191 1536.171 -3510.598 -2729.466
-1.323 0.585 -185.514 8518.769 1422.361 -3568.284 -2760.777

The strain gauged member, front left-upper wishbone-rearward leg (FL_UWB_RWD) , was
selected from the theoretical load map for comparison with the SG data.

A 10-35 s event window was selected to isolate the main dynamic manoeuvres. Cross
correlation was then used to correct any time lag between the measured and theoretical load
signals. The comparison was first assessed using Figure 7a, which compares the lag corrected
measured and theoretical load traces over time. This was then supported by Figure 7b, which
shows the measured versus theoretical load agreement.

13
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Figure 7a: Theoretical v SG data correlation plot.
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Figure 7b: Theoretical v measured force-time plot.

The final comparison produced a correlation coefficient of approximately (R = 0.466), indicating
a moderate positive relationship between the theoretical member load and the strain-gauge-
derived load. This suggests that the measured signal generally followed the predicted load trend
during higher dynamic activity, although the agreement was not sufficient to validate the model
as an absolute load prediction method.
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The discrepancy between the two signals is likely to result from both measurement and
modelling uncertainty. The strain gauge was installed in a quarter-bridge arrangement and
therefore remained sensitive to temperature drift, local bending strain, gauge alignment error
and electrical noise. In addition, the calibration was simplified rather than performed as a full
load-cell calibration, meaning that non-linearity, hysteresis and repeatability were not fully
quantified. The theoretical model also idealised the wishbone member as an axial load path
and may not fully capture compliance, joint offsets or local bending effects.

Therefore, the result provides initial confidence that the theoretical model captures the main
loading behaviour of the member, but further work would be required before using the strain
gauge data as a precise absolute force reference. Improved calibration, temperature
compensation, bridge completion and repeated test runs would be required to reduce
uncertainty and improve correlation.

Table 2: UBR29 axial link loads.

Member Max Tension (N) Max Compression (N)
FLWB FWD Leg 7794.21 -2435.09
FLWB RWD Leg 8801.93 -2459.31
FUWB FWD Leg 1959.45 -3922.39
FUWB RWD Leg 1070.88 -3689.92
FTRD 1016.54 -2798.94
FPLRD 244.26 -2946.72
RLWB FWD Leg 5383.79 -1039.16
RLWB RWD Leg 7406.93 -4824.82
RUWB FWD Leg 1514.08 -4406.61
RUWB RWD Leg 1044.26 -2946.79
RTRD 5689.61 -3602.39
RPRD 0.00 -2869.22

2.2 Compliance Based Link Approach

2.2.1 Purpose

While the wishbone must satisfy strength requirements under the maximum design loads (Table
2), strength alone does not ensure acceptable suspension behaviour. The use of CF requires
metallic end fittings or inserts to interface with spherical bearings and chassis/upright mounts.
These metallic interfaces, bonded joints and bearings introduce compliance into the
suspension system.

A stiffness target was therefore required to ensure that the wishbone links remained sufficiently
stiff that compliance induced geometry changes were small relative to the designed kinematic
toe and camber characteristics of the suspension. The analysis was attempted on the FLWB as
they are subjected to the highest loading conditions.

15



2.2.2 Input Data

UBR29’s suspension geometry was developed using OptimumK. The software was used to
obtain the suspension kinematic characteristics required for the stiffness target calculation,
including toe and camber angle gain, as shown in Figure 8.

The toe and camber compliance sensitivities were determined by virtually perturbing the
wishbone link lengths incrementally in the Y-plane, then recording the resulting changes in toe
and camber angle. A2 mm displacement in the Y-direction resulted in a toe angle gain in roll of
0.121 deg/mm. The input parameters used for the stiffness target calculation are presented in
Table 3.

Oy Nypr *t T[] Output Data

Name Value Unit
Toe Angle Gain in Roll 0126 -
Toe Angle Gain in Heave /L=
Steering Toe Angle Gain
Steering Camber Angle Gain /Lo
Camber Angle Gain in Roll
Camber Angle Gain in Heave
Camber Angle
Toe Angle

Ackerman Angle

Anti-Lift Percentage /127
Anti-Lift Percentage /o7
Anti-Lift Percentage

Anti-Lift Percentage
Anti-Squat Percentage
Anti-Squat Percentage /7
Brake Bias /-

Camber Angle

Camber Angle

Camber Angle

Camber Angle Gain in Heave

Camber Angle Gain in Heave

Camber Angle Gain in Heave degimm

Camber Angle Gain in Left Wheel Bump/Rebound -0.038 deg/mm
Camber Angle Gain in Left Wheel Bump/Rebound

Camber Angle Gain in Left Wheel Bump/Rebound

-0.034 degimm

Figure 8: UBR29 suspension link setup.

Table 3: Input Parameters.

Parameter Symbol Value

Reference wheel travel range Az 10 mm

Toe gain G 0.126 deg/mm

Camber gain in roll Geamber 0.600 deg/mm

Total compliance allowance C 5% of kinematic change
mz:z‘;ne compliance budget Tallow 40% of total allowance
Forward lower link design load Ff 7794 N

Rearward lower link design load F. 8801 N

Link length L 350 mm

Toe sensitivity St 0.01 deg/mm

2.2.3 Stiffness Targets & Interpretation

Table 4: Resultant stiffness targets.

Lower wishbone

Allowable axial

Required stiffness

leg Load (N) deflection (mm) (kN/mm) Required EA (MN)
Forward leg 7794 1.26 6.35 2.22
Rearward leg 8801 1.26 7.14 2.50
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These values are not to govern the sizing of the carbon fibre tube itself, as the axial stiffness of a
suitably selected carbon tube is expected to exceed the required minimum. However, the result
remains significant because the effective stiffness of the complete wishbone member is not
determined by the carbon tube alone. The metallic lugs and bonded inserts will introduce
additional compliance into the load path.

Therefore, the stiffness target should be treated as a requirement for the complete wishbone
assembly, rather than only the composite tube. While the carbon tube may provide sufficient
axial stiffness, excessive deformation in the bonded joint or metallic end fittings could still
produce unwanted toe compliance. As a result, the design of the lugs, bond length and insert
geometry must also be considered when validating the final wishbone stiffness.

The detailed stiffness target calculations are provided in Appendix B.

2.2.4 Fatigue Analysis

Rainflow counting was used to convert the measured variable amplitude load into fatigue
relevant stress cycles. Fatigue damage depends on repeated cycle amplitude and count and
not the maximum stress reached. Rainflow counting is a method for storing service
measurements in a form suitable for fatigue analysis and life prediction, by decomposing the
load history into cycles defined by their mean value and amplitude [8].

The SG derived force ranged from approximately 0.5 to 4.0 kN, corresponding to raw stresses of
12 to 91 MPa for a cross-sectional area of 43.35 mm? . However, Figure 9 shows that full range
cycles were not present. Instead, rainflow counting identified typical cycle amplitudes of only
around 13 MPa.

Rainflow Stress Range Histogram
350 T T T T T T T

300 - .

250 - b

N
o
o
T
\
L

Cycle Count
o
o
T
1

100 B

50 - —

0 e, 1 L 1 1 | 1 1 e
-25 -20 -15 -10 -5 0 5 10 15 20 25
Stress Range (MPa)

Figure 9: Rainflow stress histogram.

As meaningful fatigue damage in 7075-T6 aluminium generally requires much higher cyclic
amplitudes, the predicted fatigue life is effectively infinite under the measured loading
conditions. Therefore, the component experiences minimal fatigue demand, unless higher
stress amplitudes, a smaller critical section, or significant bending stresses are introduced.
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3 Component Sizing

3.1 Composite Laminate Sizing

3.1.1 Theory

Classical Laminate Theory (CLT) was used to predict the stresses developed in each ply of the
composite tube under the applied loading. A composite laminate is made up of multiple plies
stacked at different fibre orientations. By changing the ply angle, thickness and material type,
the laminate stiffness and strength can be tailored to suit the expected load case [9].

Each ply has a local material coordinate system, where direction 1 is along the fibre and
direction 2 is transverse to the fibre. The full laminate is analysed in the global tubular
coordinate system. Since the plies may be orientated at different angles, the stiffness and
stress state of each ply are transformed between the local and global coordinate systems.

The analysis uses the material elastic properties to calculate the ply stiffness, combines all ply
stiffnesses into the laminate ABD matrix, solves for the laminate strains and curvatures and
then calculates the local stresses in each ply. These local stresses are then used with the Tsai-
Wau failure criterion to assess whether each ply is safe. A ply is predicted to fail when Tsai-Wu
index>1[10].

3.1.2 Material Choice & Properties

Range of Carbon Fiber Properties
Tensile Strength & Modulus

1,100
T1100G .
1,000 T11008 @ us produced carbon fiber
Orange Zone Standard Modulus
Green Zone Intermediate Modulus
E a60 TIOOOG. Purple Zone High Modulus
&
S~ T800S .
E
(n 800 T800H
3 T830H
&
= T700G
700 17005. M35J
g M40J
2 ® Mmws
& 600 ) Ms5J
~ . M60J
T300 ®
500 .
400
0 10 20 30 40 50 60 70 80 90 100
TENSILE MODULUS (Mpsi)

All values noted on this flyer are lot average typical properties,
they are used for material selection purposes only.

Figure 10: Toray fibres; tensile strength v modulus plot [11].

Toray is a leading manufacturer of carbon fibre materials and is widely used within aerospace
and motorsport industries. Toray fibres are also commonly supplied as pre-impregnated
materials by a range of composite manufacturers, making them relatively accessible for

manufacturing.
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For this application, fibres from Toray’s M-series high modulus range were selected, as shown in
Figure 10. These fibres provide a suitable balance between high tensile strength and increased
stiffness, making them appropriate for lightweight structures. Higher stiffness fibres, such as
M55J and M60J, were not selected because their very high modulus can make them more
difficult to handle, process and manufacture reliably.

Table 5: Pre-impregnated fibre properties ( Datasheets in Appendix D).

Property Symbol  Unit MTC400-1-C200T-M40J-42%RW-1250 MTC400-1-UD140-M46J-33%RW-300P
Longitudinal tensile modulus Eq GPa 67 226.6
Transverse tensile modulus E, GPa 66.5 1
In-plane shear modulus G12 GPa 4 5
Major Poisson’s ratio V12 - 0.07 0.26
Longitudinal tensile strength X MPa 981 1994
Longitudinal compressive strength X MPa 737 1030
Transverse tensile strength Y; MPa 893 1
Transverse compressive strength Y, MPa 765 1
In-plane shear strength S MPa 95.9 77.2

3.1.3 Implementation

The laminate is defined in the MATLAB code using three main arrays:

plyAngles = [45 0 0 90 45 90 0 0 45]; % deg
plyT = [0.20 0.133 0.133 0.20 0.20 0.20 0.133 0.133 0.2]"' * 1le-3; % m
plyMatID = [1 2 2 1112 21]"'; % material per ply

Here, plyAngles defines the fibre angle of each ply, plyT defines the ply thickness, and plyMatID
assigns the material type to each ply. This allows each ply to have its own orientation, thickness,
and material.

The reduced stiffness terms are then calculated from the material properties:

O = — 21
- V21V12
vi2E;
Qur = —2—
2T - V21V12
E,
Q =
271 - V21V12
Qe = G12 (3a-d) [9]

These terms form the local ply stiffness matrix [Q]. The code then transforms this stiffness
matrix according to the ply angle to generate the transformed stiffness matrix, allowing angled
plies to be included in the global laminate model.

The transformed stiffness matrices are summed through the laminate thickness to form the
ABD stiffness matrices:
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[A] = in plane stiffness
[B] = extension bending coupling stiffness
[D] = bending stiffness

These are then assembled and solved which gives the laminate mid plane strains. The strain at
each ply is calculated using its position through the thickness and the global ply strain is then
transformed into the local ply coordinate system. The local ply stress is calculated producing
the local stress components:

o, = stress along fibre
0, = stress transverse to the fibre
T1, = in-plane shear stress

Finally, the Tsai-Wu failure criterion is applied to each ply using the local stresses and material
strength values:

Hyo01 + Hyop + HgTq5 + Hllalz + H22022 + H66T12 + 2H, 070, (4)[10]
Full script can be found in Appendix A.

3.1.4 Laminate Strength analysis

Table 6: CLT script output.

Ply Material Angle_deg t_mm sigl MPa sig2_MPa taul2_MPa Critical Tsailu
1 "MTC400-1-C200T-M40]-42%RW-1250" a5 0.2 38.672 39.035 -5.1923 “Shear"” -0.015283
2 "MTC400-1-UD140-M46] - 33%RW-360P" @ 9.133 416.77 -0.27838 -0.0820562 "Transverse" 0.047403
3 "MTC400-1-UD14@-M46] - 33%RW-300P" 2] 9.133 416.77 -0.27838 -0.016663 "Transverse" 0.847403
4 "MTC400-1-C200T-M40]-42%RW-1250" ge Q.2 -42.334 119.29 ©.0094259 "Transverse" ©0.022453
5 "MTC400-1-C200T-M40]-42%RW-1250" a5 0.2 38.916 38.792 -5.1923 “Shear"” -0.015321
6 "MTCA00-1-C260T-M407-42%RW-1250" =l ] 0.2 -42.334 119.39 4.5866e-05 "Transverse" 0.0622453
7 "MTC400-1-UD140-M46]-33%RW-300P" 2] 9.133 416.77 -0.27838 ©.0048232 “"Transverse” 0.047406
8 "MTC400-1-UD140-M46] - 33%RW-300P" 5] 9.133 416.77 -0.27838 0.0087218 "Transverse" 0.047406
9 "MTC400-1-C260T-M40]-42%RW-1250" -45 0.2 38.82 38.887 5.1923 "Shear" -0.015306

A longitudinal tensile load of 16 kN was applied to the 9-ply laminate, with the resulting ply
stresses and Tsai-Wu indices shown in Table 5. As expected, the 0° uni-directional (UD) plies
carry the majority of the axial load, reaching a longitudinal stress of approximately 417 MPa.
This is roughly 20% of the longitudinal tensile strength, indicating a strong margin under the
applied tensile load.

The woven 45° plies experience much lower axial stress and mainly provide torsional support.
Addition of these plys are necessary since loading is unlikely to be perfectly axial due to joint
misalignment, bending and vibration. The woven 90° ply adds circumferential support,
improving resistance to transverse deformation or splitting.

The maximum Tsai-Wu index is approximately 0.047, which is far below the failure limit of 1. This
indicates that no ply is close to failure under the applied load.

The tubes are to be manufactured in accordance to the layup schedule discussed. The internal
surface is to be controlled by laminating around a metallic mandrel whilst external surface is
controlled by two semi-circular carbon composite moulds.
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3.2 Metallic Insert Sizing

3.2.1 Approach

Figure 11: Inboard (left) and FLWB outboard (right) inserts.

The end fittings are treated as conventional single-eye lugs because the suspension load is
transferred through a single pinned connection at the lug hole. The geometry is simple and the
load path is direct, with the load passing from the composite tube into the metallic lug and then
through the bolt at the eye.

For this type of component, the critical design region is the material surrounding the hole. The
main expected failure modes are therefore bearing failure at the pin hole, shear tear-out from
the hole to the free edge and tensile failure across the reduced section. These are the standard
failure modes considered in lug sizing calculations.

A more complex analysis is not required as the load is primarily carried along the axis of the
member and reacted through the lug eye. Therefore, the insert can be sized using the standard
geometric parameters of hole diameter, lug thickness, lug width and edge distance.

3.2.2 Lug Calculation

The performance of the lugs was assessed using empirical design data. The McDonnell Douglas
structural design manual provides lug strength methods based on experimental test results,
with charts used to determine efficiency factors for the relevant failure modes. These charts
allow the effects of lug geometry, such as edge distance, width, thickness and hole diameter to
be included in the strength assessment. The lug sizing method and associated design charts
were therefore taken from the McDonnell Douglas structural design manual [12].

The main failure modes considered were bearing failure, shear tear-out, net-section tension, lug
yielding and bushing yielding. The lug geometry was defined using the hole diameter D, lug
thickness t, lug width W, edge distance e and applied load P.

Bearing and shear tear-out were assessed using the empirical bearing equation:
Poru = KprFruxApr (9)12]

where the bearing area is
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Ay, = Dt (6)[12]

The bearing efficiency factor, k;,- was taken from the relevant bearing efficiency curve for 7075
aluminium ( Appendix C ). The graph relates kj,- to the lug geometry ratios e/D and D/t.
The net-section tensile strength was checked using:

Py, = k¢Fry(W — D)t (7)12]

The tension efficiency factor, k;was taken from figure C3.3.1-4a in Appendix C. These figures
account for the reduction in tensile strength caused by the stress concentration at the bolt hole.

Yielding was checked using:
Pbry = kbryFtyAbr (8)[12]

where k., was obtained from Figure C3.3.1-5 in Appendix C.

A spreadsheet was then created to be able to iterate different lug geometries quickly to come up
with the most optimised shape. The lug geometry used is shown in Figure 9.

Axial Load Analysis Transverse Load Analysis

® N
1
Lug Geometry
Hole diz = Lug Geometry
Edge dis =
Lug Thik. = Haole diz = 18.8 mm
Lug Wid = Lug Thk. = 5.48 mm
=D = CEA AT = 38.64 mm"2
Dt = CEAAZ = 35.23 mm"2
_ wiD = CEAAZ = 35.23 mm"2
Obtainke-  from fig &2 = CSA A4 = 3884 mm’2
Obtzsink:  from fig. %4 = A = 17432
dw = 03
Shape P = 41.551
Lug Material OitainXers from fig.50E <ers iz
TOTS TES1 Ratio to| 5t temp
RT 25°C | 40°C Lug Material
Ultimate Tensile Strength {Mipa) BET| 0.5731 547 TOTE TE5T Ratio to| at temp
“Wield Strength {Mpsa) 459| 0576 48T RT 25°C
Shear Strength {Mipa) 320| 05688 3 [1] Ultimate Tensile Strength {Mpsa) EET| 0.5731 542
Yiekd Strength {Mpa) 4338|0576 457
Ultimate Load Carrying Capability Shear Strength {Mpa) 320| 0.9688 310

Applied Axizlboad = 8501 N Ultimate Load Carrying Capability
Shear tear out St = 34335 N
Tensile Strength = 20458 N Applied Axizl load = 8801
R.F = 23241 Sheartsarowt S = 31008
Tensile Strength = 21538
R.F = 24524

Figure 12: Lug Calculator.
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3.3 Bonded Joint Sizing

3.3.1 Adhesive Selection

3M DP490 was selected instead of 3M 9323 mainly for manufacturing consistency. Although
9323 may be suitable for structural bonding, its viscosity is too high to reliably fill the adhesive
gap between the insert and tube [13]. This and its difficulty to prepare makes it less practical for
bonding.

DP490 was preferred because it is a two-part structural epoxy designed for high toughness and
strength, with a 90-minute work life and 2:1 mix ratio, making it easier to apply accurately during
assembly [14]. The datasheet also reports strong bonding performance on relevant substrates,
including 30 MPa overlap shear strength on sandblasted aluminium and 36 MPa on CFRP,
supporting its suitability for aluminium to carbon composite bonding.

The main remaining concern is adhesive failure at the carbon-aluminium interfaces, which will
be addressed through careful surface preparation before bonding.

3.3.2 Surface Treatment Scope

The shear strength values from the datasheet cannot be directly used to size the final joints.
They are based on controlled laboratory coupon tests with specific substrates, surface
preparation and cure conditions. It was important to carry out physical single lap shear testing
to determine what real world shear strength values could be achieved using the actual
materials, preparation method and bonding process.

Surface treatment was critical because adhesive joint strength depends heavily on the
condition of the bonding surfaces [15]. The aluminium samples were sandblasted before
bonding to roughen the surface and increase mechanical keying, allowing the adhesive to
physically interlock with the substrate. This was followed by vacuum plasma treatment.
Vacuum plasma is a surface treatment process where a material is placed in a vacuum
chamber and drawn down to a low vacuum. High voltage electrodes inside the chamber are
then activated which ionise the remaining air. The material is then exposed to this plasma for a
fixed duration before the chamber repressurises and the part can be removed. In this way, the
material is uniformly exposed to a low intensity and highly repeatable treatment.

3.3.3 Plasma Treatment Trials

The aim was to identify the specific surface free energies at various vacuum plasma settings,
prior to bonding lap shears. Contact angle measurements were carried out on the samples in
their as received condition. Contact angle describes the angle formed between a liquid droplet
and the surface of a material [15]. A lower contact angle generally indicates a more hydrophilic
surface, which can correspond to a higher surface free energy (SFE).
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For the aluminium samples, only the water contact angle was measured, as additional test
liguids may interact with the metal surface and produce unreliable results. For the carbon fibre
samples, contact angle measurements were taken using both water and diiodomethane. A
minimum of three measurements were taken for each sample, and the mean value was used to
calculate the surface free energy.

Figure 13a: Contact angle measurements using DSA - Contact Angle and SFE analyser

The following results were taken from sample 1:
Table 7a: Initial contact angle measurements.

Measured Contact Angle (°) Calculated SFE (mN/m)
Water Diiodomethane Polar Disperse Total
Aluminium 90-65* - - - -
Carbon Fiber 68.01 37.35 7.97 40.85 48.83

* the measured contact angle changed over 1-2 seconds, starting at ~90° and stabilising ~65°. This would indicate the water
was reacting with a contaminant on the surface.

The same sample was then cleaned with IPA and retested:
Table 7b: Contact angle measurement post IPA cleaning.

Measured Contact Angle (°) Calculated SFE (mN/m)
Water Diiodomethane Polar Disperse Total

Aluminium 70 - - - -
Carbon Fiber 84.36 38.67 2.10 40.21 42.31

The change observed between the initial and IPA cleaned sample would indicate the

samples have some surface contamination that has been removed or reduced by the

cleaning process. All further testing was completed on samples that are first cleaned with

IPA. All samples were treated in vacuum plasma using a VacuTEC 2020 with metal

electrodes. There are 3 main parameters that can be adjusted with vacuum plasma.

Duration (s) - Typical exposure to plasma ranges between 20 seconds and 5 minutes depending
on the material and required result.

Pressure (mb) - Typical pressures are 0.5 mb — 3 mb. At lower pressures, there are fewer
interactions but the ions will likely be more energetic when they make contact with the surface.
At higher pressures, there are more collisions but they will tend to be less energetic.

Power (W) - Power is relative to the chamber size. On the system used, up to 1kw can be
generated but more general power settings are 300-500 W for this size.
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For the tests, a setting of 0.7 mb and 500 W were used, with only the duration changing between

tests.

Setting 1 - 45 seconds

Setting 2 - 90 seconds

Setting 3 - 2x 90 second cycles

Setting 4 - 180 seconds

Table 7c: Contact angle measurement post treatment.

Figure 13b: Sample Treatment chamber.

=

0
0

Measured Contact Angle (°) Calculated SFE (mN/m)
Water Diiodomethane Polar Disperse Total
Setting 1 Aluminium 23 - - - -
Carbon Fiber 26.04 31.45 28.72 43.55 72.27
Setting 2 Aluminium 33-19* - - - -
Carbon Fiber 23.89 26.84 28.61 45.41 74.01
Setting 3 Aluminium 15 - - - -
Carbon Fiber 18.80 19.12 29.06 47.97 77.03
Setting 4 Aluminium 11 - - - -
Carbon Fiber 19.56 23.23 29.47 49.70 76.17
The following graph is then plotted from the acquired results:
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The aluminium samples showed a clear trend, with increasing treatment time leading to a
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Figure 13c: Plot of CA for Aluminium, calculated SFE for CFRP samples.

reduction in contact angle. Full wetting of the aluminium surface was not achieved. However,
minor adjustments to the plasma power and pressure would likely allow this to be reached with

minimal further development.

The carbon fibre samples showed a significant increase in polar SFE, even after short treatment

durations. Longer treatment times produced further small increases in the polar component,
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although an increase in the dispersive component was also observed. As plasma treatment is
expected to primarily affect the polar component of surface energy, an increase in the
dispersive component may suggest that the surface was beginning to be over-treated. To
confirm the optimum treatment condition, the surface free energy results should be compared
against the corresponding lap shear strength results.

The samples were then placed in a bonding jig to control the 0.25 mm adhesive gap and left to
cure at room temperature for 24h before oven curing for 1h at 80°C.

Figure 13d: Bonded samples.

3.3.4 Sample Testing

Single lap shear tests were conducted in accordance with ASTM D5868. Each specimen was
pulled under displacement control at a constant crosshead speed of 13 mm/min until a brittle
failure was detected by the machine [17].

SB +180s

Figure 14a: Tested samples.

The maximum load at failure was recorded, and the corresponding shear strength was
calculated based on the bonded area. Observations of the failure surfaces were made to assess
the failure mode and verify consistency between samples.
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Single Lap Shear Tests - Scaled Curves with Grouped Averages

Force (kN), scaled to 1 in?

SB+PT180 Avg (Tests 1 2 3 4)

PT45 Avg (Tests 5 6)

PT90 Avg (Tests 7 8 9)

PT90*2 Avg (Tests 10 11 12 13)

PT180 Avg (Tests 14 15 16 17)
[

0 0.5 1 15 2 25
Displacement (mm)

Figure 14b: Force V displacement curves for tested samples.

- The sandblasted trials with the 180 s plasma treatment showed a peak force only slightly
higher than the 180 s plasma only samples.

- Although the maximum forces were not significantly improved, the sandblasted joints are
noticeably stiffer and exhibit less compliance.

- The failure mechanisms for these joints are much more consistent and favourable, showing
less adhesive failure and more cohesive failure.

DP490 Adhesive Performance Curve
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Figure 14c: DP490 extrapolated temperature dependant performance curve.

The highest shear strength achieved with the selected surface treatment was 19.3 MPa at room
temperature. Figure 14c shows a polynomial fit of the manufacturer’s adhesive performance
data against temperature. As the joint is specified for 40°C with a safety factor of 3, the room-
temperature strength was reduced to account for temperature effects.
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The manufacturer’s data indicates an approximate 16% loss in performance from room
temperature to 40°C, reducing the design shear strength from 19.3 MPa to 16.2 MPa. This
adjusted value can therefore be used to specify the bonded joint with confidence.

4 Physical Testing

4.1 Test Specimen Manufacture

Two aluminium lugs were machined to the specification given in Section 3.2.2, with the
technical drawing provided in Appendix |, before being sandblasted. The carbon tube was laid
up around a mandrel using the laminate specified in Section 3.1.4. To reduce manufacturing
cost and complexity, an external mould was not used.

The components were then plasma treated for 180 s according to the parameters defined in
Section 3.3.3. Bonding was carried out using a dedicated jig to ensure correct alighment. Pilot
holes were drilled in the carbon tube to allow the adhesive to be injected into the bond region
during assembly.

Figure 15: Test specimen manufacturing.

4.2 Bonded Link Validation Test

The specimen was mounted in the Instron and loaded in tension until failure. Failure was
attributed to the aluminium lug, as shown in Figure 12. The lug performed worse than expected,
reaching a UTS of 15 kN and beginning to yield at approximately 12.3 kN (Figure 16b).

It should be noted that the central bearing hole was not machined concentrically with the
external lug profile, with an offset of approximately 0.5 mm measured. In addition, the
stress/strain response shown in Figure 13c indicates that the material began yielding at around
275 MPa, which is significantly below the expected yield strength of 7075-T651 aluminium. This
suggests that the supplied material may not have matched the stated specification. A lye test
performed on the material confirmed this.

Despite this, yielding still occurred at approximately 1.5 times the design load, and a member
stiffness of 10,611 N/mm was extrapolated from the test data. This exceeds the target stiffness
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of 7,140 N/mm defined in Section 2.2.3. Therefore, while the lug material and machining

accuracy require further verification, the bonded tube assembly successfully met the stiffness

requirement and demonstrated adequate load capacity relative to the design target.

Force (kN)

Figure 16a: Tensile test setup and material failure.
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Figure 16b: Recorded and cleaned force vs displacement curve.
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Figure 16c: Extrapolated stress vs strain curve.

5 Component Detailing

5.1 Front Suspension

Figure 17a: Front suspension renders.

The UBR29 car uses a double unequal-length A-arm suspension configuration with a direct-
acting spring and damper arrangement (Figure 17a). The pushrod pickup pointis located on the
lower wishbone; therefore, the outboard cowbell insert incorporates an integrated mounting
boss to provide the required attachment point (Figure 17b).
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Upright

Trackrod

Figure 17b: FLWB / cowbell detail (Technical DWGs in Appendix |).

Table 8: Front suspension mass delta estimate per corner.

Member Steel link mass (g) CFRP link mass (g)
FUWB 360 220
FLWB 486 235
Track rod 186 102
1032 557 Total

5.2 Moulded Front Upper Wishbone

An aerodynamic performance benefit was identified by reducing the cross-sectional area of the
upper wishbone. This required the wishbone to be profiled rather than manufactured with a
constant circular section.

The development of a fully moulded composite lug wishbone was carried out in parallel with the
bonded tube to metallic lug design. This concept is manufactured in two composite halves,
which are laid up separately, machined and then bonded together to form the final wishbone
assembly. The laminate schedule is provided in Appendix F while the machining scheme is
detailed in Appendix H.
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Figure 18: Moulded FUWB half pre-machining.

Instead of using aluminium inserts bonded at either end to retain the spherical bearings,
threaded bearing housings with mating threads were used. The threaded interface provides the
required preload to resist axial loads through the bearing housing and securely retain the
spherical bearing within the wishbone.

In addition, the threaded housing provides a mechanical retention feature, helping to reduce
peel loading at the bonded interface and improving the robustness of the wishbone assembly.

Spherical ——
Bearing

4 ‘|| B
Mating M22 X 1.0 thread

Figure 19a: Bearing housing cross-section
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Figure 19b: Mating top-hats ( Technical DWG In Figure 19c: Assembled pair.
Appendix 1)

5.3 Rear Suspension

Figure 20: Rear suspension render

Table 9: Rear suspension mass delta estimate per corner

Member Steel link mass (g) CFRP link mass (g)
RUWB 382 270
RLWB 453 210
Track rod 122 96
957 576 Total
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6 Conclusion and Further Work

The SG testing gave a useful validation of the theoretical load model, with the measured
wishbone loads following the same general trend as the predicted loads. Although the
correlation was affected by noise and calibration uncertainty, it was sufficient to support the
model as a design basis.

Physical testing confirmed the strength and stiffness requirement, with the bonded link
achieving a stiffness of 10,611 N/mm, exceeding the target of 7,140 N/mm. The assembly also
reached a UTS of 15 kN, with yielding beginning at approximately 1.5 times the design load.
While the aluminium lug underperformed due to material and machining issues, the bonded
carbon tube assembly itself performed successfully.

The bonded joint testing also provided confidence in the selected adhesive and surface
preparation method, giving a design shear strength of 16.2 MPa at 40°C after temperature
correction.

Overall, the carbon fibre suspension package provides a clear mass-saving benefit, reducing
the estimated front corner mass by 475 g and the rear by 381 g. The work therefore meets the
main objectives of reducing unsprung mass while satisfying the required strength and stiffness
targets.

Further work should focus on:

- Improving the strain gauge measurement system to reduce noise and provide a more
accurate conversion between vehicle acceleration and member force, allowing absolute
load values to be used with greater confidence.

- Further investigating surface preparation methods, including the potential use of sol-gel
treatments, to improve bond durability and reduce the risk of adhesive failure.

- Conducting tensile and compressive load testing on complete wishbone assemblies to
validate their performance under representative suspension loading conditions.

- Research & development into machining of composite materials from tool selection,
fixturings and optimised tool paths.
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Appendix A - Scripts
IMU data into readable plots script

filename = 'serial 20251025 152527"';
raw = readlines (filename) ;

% Remove empty or malformed lines
raw = raw(strlength (raw) > 0);
raw = raw(contains (raw, ',"'));

data = split(raw, ',");

% Extract numeric columns

ax = str2double (strtrim(data(:, end-2)));
ay = str2double (strtrim(data(:, end-1)));
az = str2double (strtrim(data(:, end)));

% Create time vector
fs = 10;
t = (0:length(ax)-1)"' / fs;

g0 = 9.81;

% Subtract gravity

az = az - g0;

Filter the acceleration

fs = 100; % sampling freq Hz

fc = 5; % cutoff freqg Hz

[b, al] = butter (4,fc/(fs/2), 'low'); % 4th-order low-pass
axf = filtfilt (b, a, ax);

ayf filtfilt (b, a, ay);
azf = filtfilt (b, a, az);

Convertto g
ax g = axf / g0;

ay_g = ayf / g0;

az_g = azf / g0;

Plot G-G diagram

figure('Color', 'w');
scatter(az g, ax g, 10, 'k', 'filled', 'MarkerFaceAlpha', 0.5);
hold on;
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% mark the max combined g
g total = sgrt(ax g.”"2 + az g."2);
[max g, idx] = max(g total);
plot(az g(idx), ax g(idx), 'ro', 'MarkerSize', 8, 'LineWidth', 1.2);
% draw constant g circles
theta = linspace (0, 2*pi, 200);
for r = [0.5 1.0 1.5]
plot (r*cos (theta), r*sin(theta), 'k:', 'LineWidth', 0.8);
end

xlabel ('Lateral Accel. (g)'):
ylabel ('Longitudinal Accel. (g)');
title('G-G Diagram');

axis equal;

grid on;

x1lim([-2 21):

ylim([-2 2]);

legend('Data', 'Peak g', 'Location', 'best');

Rainflow Fatigue

Compute total acceleration magnitude

g total = sqgrt(ax g.”2 + ay g."2);

% Perform rainflow counting on total g magnitude

RF = rainflow(g total);

% Display rainflow matrix plot

figure('Color', 'w');

rainflow (g total);

title('Rainflow Histogram - Combined G Magnitude');

xlabel ('Ag Range');

ylabel ('Cycle Count');

% Extract cycle ranges and counts

ranges = [RF.Range];

counts = [RF.Count];

% Display summary table

disp('=== Rainflow Cycle Summary (G Magnitude) ==='");

disp(table(ranges', counts', 'VariableNames', {'Ag Range', 'Cycle Count'}));
% Compute a relative fatigue damage index
damage index = sum(counts .* (ranges ." 3));
fprintf ('\nRelative fatigue damage index: %$.3f\n', damage index);
% Histogram of Ag ranges

figure('Color', 'w');

histogram(ranges, 30);

xlabel ('Ag Range');

ylabel ('Cycle Count');

title('Distribution of Acceleration Cycle Amplitudes');

grid on;
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Strain into Force and Rainflow Histogram script

Load accelerometer data

filename = 'serial 20251025 152527';
raw = readlines (filename) ;

% Remove empty or malformed lines

raw = raw(strlength (raw) > 0); % remove blank lines
raw = raw(contains (raw, ',"')); % keep only lines with commas

% Split by commas
data = split(raw, ',");

% Extract numeric columns

ax = str2double (strtrim(data(:, end-2)));

ay = str2double (strtrim(data(:, end-1)));

az = str2double (strtrim(data(:, end)));

Time vector

fs = 100; % sampling frequency (Hz)
t = (0:length(ax)-1)" / fs; % time 1in seconds

Filter the lateral acceleration

o°

cutoff frequency (Hz)
4th order low-pass

fc = 4.5;
[b, al] butter (4, fc/(fs/2), 'low');
axf = filtfilt (b, a, ax);

I o

o0

g0 = 9.81;
ax_g = axf / g0;

Load SG data

% Convert SG amplifier output to force
val raw = 5.41 .* ((frl - 547) .* 5 ./ 1024); % kN

baseline time = 5; % first 5 seconds assumed
stationary
baseline samples = baseline time * fs;

o

FO = mean(val raw(l:baseline samples)) ;
val = val raw - FO;

installed static preload
change in axial force, kN

o°

Match vector lengths

minLen = min(length(t), length(val));
t = t(l:minLen) ;
val = val (l:minLen);

ax_ g = ax_g(l:minLen);

Plot strain and lateral acceleration
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figure('Color', 'w'");

yyaxis left

plot(t, val, 'b', 'LineWidth', 1.2);

ylabel ('Force (kN)'");

yyaxis right

plot(t, ax g, 'r', 'LineWidth',k6 1.2);

ylabel ('Longitudinal Acceleration (g)');

xlabel ('Time (s)'");

title('Strain and Longitudinal Acceleration vs Time');
legend({'Strain', 'Longitudinal (g)'}, 'Location', 'best');
grid on;

force to stress

A = 43.35; % mm”"2
sigma = (val * 1000) / A; % MPa
sigma = sigma - mean(sigma) ;

Rainflow on stress

RF = rainflow(sigma) ;

if istable (RF)

ranges = RF.Range;

counts = RF.Count;
elseif isstruct (RF)

ranges = [RF.Range]';

counts = [RF.Count]';
else

ranges = RF(:,3);

counts = ones(size(ranges));
end
ranges = ranges(:);
counts = counts(:);
sigma_a = ranges / 2;

S—-N curve: approximate 7075

m = 6.64;

C = 2.87e21;

sigma a eff = max(sigma a, le-3);

Nf = C ./ (sigma_a eff.”m);

Miner damage
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D i = counts ./ Nf;

D = sum(D 1i);

fprintf ('\n FATIGUE RESULTS (7075-T6 ) \n');
fprintf ('Miner damage for this run: %.3e\n', D);
fprintf ('Estimated number of repeats to failure: %.3e\n', 1/D);

blockMinutes = t (end)/60;

lifeHours = (1/D) * blockMinutes/60;

fprintf ('Estimated fatigue life: %.3e hours\n', lifeHours):;
fprintf ('Force (kN): min=%.3f, max=%.3f\n', min(val), max(val));

fprintf('sigma a: min = %.3f, max = $.3f MPa\n', min(sigma a), max(sigma a));
fprintf (' \nRAW STRESS (with mean):\n'");

sigma raw = (val * 1000) / A;

fprintf ('sigma raw: min = $.3f, max = %.3f MPa\n', min(sigma raw), max(sigma raw));
sigma = sigma raw - mean(sigma_raw);

fprintf ('sigma (mean removed): min = %.3f, max = %$.3f MPa\n', min(sigma),

max (sigma)) ;

fprintf('sigma a from rainflow: min = %.3f, max = $.3f MPa\n', min(sigma_a),
max (sigma a));

FATIGUE RESULTS (7075-T6 )
Miner damage for this run: 1.296e-13
Estimated number of repeats to failure: 7.716e+12
Estimated fatigue life: 1.020e+11 hours
Force (kN): min=-1.778, max=1.682

sigma a: min = -12.405, max = 13.340 MPa

RAW STRESS (with mean) :

sigma raw: min = -41.016, max = 38.811 MPa
sigma (mean removed): min = -39.436, max = 40.391 MPa
sigma a from rainflow: min = -12.405, max = 13.340 MPa

Histogram of stress range
figure('Color','w');

supportsWeights =
~isempty (findprop (matlab.graphics.chart.primitive.Histogram, 'Weights'));

if supportsWeights

histogram(ranges, 40, 'Weights', counts);
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else

expandedRanges = arrayfun(@(r,c) repmat(r, round(c*2), 1), ranges,

'Uni

end

xlab
ylab
titl
grid

)

% Expand counts manually:

formOutput', false):;
expandedRanges = vertcat (expandedRanges{:});

histogram(expandedRanges, 40);

el ('Stress Range (MPa)');

el ('Cycle Count');

e('Rainflow Stress Range Histogram');
on;

CLT script

Geo

r =

metry

8.516e-3; % mean radius (m)

Materials

mat = [E1 E2 G12 v12 Xt Xc Yt Yc S]

%$E1l = longitudinal tensile modulus

$E2 = transverse tensile modulus

%Gl2 = shear modulus

$v1l2 = Poisson's ratio

%Xt = longitudinal tensile strength

%Xc = longitudinal compressive strength

%Yt = transverse tensile strength

%Yc = transverse compressive strength

%S = in-plane shear strength

mat (1) .name = "MTC400-1-C200T-M40J-42%RW-1250";

mat (1) .prop = [67e9 66.5e9 4e9 0.07 98le6 737e6 893e6 765e6 95.9e6];
mat (2) .name = "MTC400-1-UD140-M46J-33%RW-300P";

mat (2) .prop = [226.6e9 1e9 5e9 0.26 1994e6 1030e6 leb le6 77.2e6];
Layup

plyAngles = [45 0 0 90 45 90 0 0 45]; % deg

plyT = [0.20 0.133 0.133 0.20 0.20 0.20 0.133 0.133 0.2]" * 1le-3;
plyMatID = ([1 22 1112 21]'; % material per ply
Loads

F axial = 16e3; % N

T torque = 0; % N.m

p_int = 0; % Pa

M global = 0; $ N.m

N = [

F axial/ (2*pi*r)
p_int*r
T torque/ (2*pi*r)
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[
M global/ (2*pi*r)
0

0
17
Setup

n = numel (plyAngles) ;

plyAngles = plyAngles(:);

if numel (plyT) ~= n || numel (plyMatID) ~= n

error ('plyAngles, plyT, and plyMatID must have the same length.');

end

= sum(plyT);
z = [-h/2; -h/2 + cumsum(plyT)];

A = zeros(3); B = zeros(3); D = zeros(3);
Qloc = cell(n,1);

ABD matrix
for k = 1:n
p = mat (plyMatID(k)) .prop;

El=p(1l); E2=p(2); Gl2=p(3); v12=p(4);
v21l = v12*E2/E1l;

Ql1l = E1/(1-v12*v21);

Q22 = E2/(1-v12*v2l);
Q12 = v12*E2/ (1-v12*v21);
Q66 = G12;

QO = [Q11 Q12 0O0; Q12 Q22 0; 0 O Q66];

Qloc{k} = 0Q;

th = deg2rad(plyAngles (k));

c = cos(th); s = sin(th);

Qb = gbar(Ql1,022,012,066,c,s);

z0 = z(k);
z1l = z(k+1);

A=A + Qb*(z1-z0);
B =B + 0.5*Qb*(z172-2z0"2);
D D + (1/3)*Qb*(z173-20"3);

end

Solve laminate strains

ABD = [A B; B DI];

ek = ABD \ [N; M];
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eps0 ek (1:3);

kappa = ek (4:6);

fprintf ('\nMid-plane strains:\n');
fprintf('eps x = $.3e, eps y = %.3e, gamma Xy = %.3e\n', eps0);
fprintf ('kappa x %$.3e, kappa y = %.3e, kappa xy = %$.3e\n', kappa):;

Il o

Mid-plane strains:

eps x = 1.840e-03, eps y = -7.566e-04, gamma xy = -3.552e-06

kappa x = 3.699e-16, kappa y = -4.545e-16, kappa xy = 1.085e-19
Ply stresses and failure
for k = 1:n

p = mat (plyMatID(k)) .prop;

Xt=p(5); Xc=p(6); Yt=p(7); Yc=p(8); S=p(9);

zmid = 0.5*% (z (k) +z (k+1));
epsG = eps0 + zmid*kappa;

th = deg2rad(plyAngles (k));
c = cos(th); s = sin(th);

€2 82 2VWewS
s"2 ch2 -2*c*s
-c*s c*s c"2-s"2

1

epsL Te*epsG;
siglL = Qloc{k}*epsL;

sl = sigL(1l);

s2 = sigL(2);

tl2 = sigL(3);

FI fiber = max(sl/Xt, -sl/Xc);

FI trans = max(s2/Yt, -s2/Yc);
FI_shear = abs(tl2)/S;

[FImax, idx] = max([FI fiber FI trans FI shear]);
modes = ["Fiber","Transverse","Shear"];

F1=1/Xt-1/Xc; F2=1/Yt-1/Yc;
Fll=1/ (Xt*Xc); F22=1/(Yt*Yc); F66=1/5"2;
F12=-0.5*sqrt (F11*F22) ;

TW = Fl*sl + F2*s2 + Fl1l*sl1l”2 + F22*s272 +
F66*t1272 + 2*F12*sl*s2;

out (k, :) = table(
k, mat(plyMatID (k)) .name, plyAngles(k), plyT(k)*1le3,
sl/le6, s2/le6, tl2/leb,
modes (idx), TW,
FImax >= 1, TW >= 1,
'VariableNames', {'Ply', 'Material', 'Angle deg','t mm',
'sigl MPa', 'sig2 MPa', 'taul2 MPa',
'Critical', 'TsaiWu',
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'Fail MaxStress', 'Fail TsaiWu'});

end
disp (out) ;
fprintf ('Max Tsai-Wu = %.3f\n', max(out.TsaiWu)) ;
Ply Material Angle deg £ mm sigl MPa
sig2 MPa taul2 MPa Critical TsaiWu Fail MaxStress Fail TsaiWu
1 "MTC400-1-C200T-M40J-42%RW-1250" 45 0.2 38.768
38.939 -5.1923 "Shear" -0.015298 false false
2 "MTC400-1-UD140-M46J-33%RW-300P" 0 0.133 416.77 -
0.27838 -0.017759 "Transverse" 0.047404 false false
3 "MTC400-1-UD140-M46J-33%RW-300P" 0 0.133 416.77 -
0.27838 -0.017759 "Transverse" 0.047404 false false
4 "MTC400-1-C200T-M40J-42%RW-1250" 90 0.2 -42.334
119.39 0.014208 "Transverse" 0.022453 false false
5 "MTC400-1-C200T-M40J-42%RW-1250" 45 0.2 38.768
38.939 -5.1923 "Shear" -0.015298 false false
6 "MTC400-1-C200T-M40J-42%RW-1250" 90 0.2 -42.334
119.39 0.014208 "Transverse" 0.022453 false false
7 "MTC400-1-UD140-M46J-33%RW-300P" 0 0.133 416.77 -
0.27838 -0.017759 "Transverse" 0.047404 false false
8 "MTC400-1-UD140-M46J-33%RW-300P" 0 0.133 416.77 -
0.27838 -0.017759 "Transverse" 0.047404 false false
9 "MTC400-1-C200T-M40J-42%RW-1250" 45 0.2 38.768
38.939 -5.1923 "Shear" -0.015298 false false

Max Tsai-Wu = 0.047

Local function

function Qb = gbar(Q11,022,Q12,0Q066,c,s)

c2

c"2; s2 = s°2;

Qb = zeros (3);

Qb (1,1) = Ql1*c2"2 + Q22*s2”2 + 2*(Ql2+2*Q66) *c2*s2;

Qb (1,2) = (Q11+Q22-4*Q66) *c2*s2 + Ql2* (c2"2+s2"2);
Qb (2,2) = Ql1*s272 + Q22*c2”2 + 2*(Ql2+2*Q66) *c2*s2;
Qb (1,3) = (Q11-012-2*Q66) *c”"3*s - (Q22-Q12-2*Q66) *c*s"3;

44



Qb (2, 3) (011-012-2*Q66) *c*s"3 - (Q22-Q012-2*Q66) *c"3*s;

Qb (3, 3) (Q11+022-2*Q12-2*Q66) *c2*s2 + Q66* (c"4+s"4);
Qb (2,1) = Qb(1,2);
Qb (3,1) = Qb(1,3);
Qb (3,2) = Qb(2,3);

end

Single Lap Shear Force Equaliser Script

Input

)

A target = 645.16; % Target bond area (mm”"2)

% Actual areas for each test
bondAreas = [624.75,666.35,634.95,641.3,575.04,640.6,640,609.84,563.2,524.475, ...
539.116,486.92,603.6,517.2,647.806,655.69,487.97];

folder = 'C:\Users\anton\Documents\UBR29\Testing\28.10.25\Tensile tests
28.10.25.is_gtest Exports';

files = dir(fullfile(folder, '*.csv'));

nFiles = numel (files);

if nFiles ==

error ('No CSV files found in folder: %s', folder);
end

if numel (bondAreas) < nFiles

warning ('bondAreas has fewer entries (%d) than files (%d).',
numel (bondAreas), nFiles);
bondAreas = [bondAreas, nan(l, nFiles - numel (bondAreas))];

elseif numel (bondAreas) > nFiles
bondAreas = bondAreas(l:nFiles);

end
forceCol = 'Force';
dispCol = 'Displacement';

Groups definition

groups = { [1 2 3 4], [5 6], [7 8 9], [10 11 12 13], [14 15 16 17] };

Compute common displacement grid

commonStep = 0.05; % mm
maxDisp = 0;
for iFile = l:nFiles

tbl = readtable(fullfile(folder, files(iFile) .name));

if ~ismember (dispCol, tbl.Properties.VariableNames) || ~ismember (forceCol,
tbl.Properties.VariableNames)

error ('File %s does not contain required columns "%s" and "%s".',

files(iFile) .name, dispCol, forceCol);

end

displacement = tbl. (dispCol) ;

maxDisp = max (maxDisp, max(displacement)) ;
end
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commonDisp = 0:commonStep:maxDisp;

Allocate Storage

allForces = nan(length (commonDisp), nFiles);
maxForces = nan(nFiles,1);
maxDisps = nan(nFiles,1l);

Plotting: individual scaled curves

figPlot = figure('Name', 'Scaled Curves with Grouped Averages', 'Position', [100 100
1000 7001);

hold on;
% colors for groups
groupColors = lines (numel (groups)) ;
for iFile = 1l:nFiles
fname = files (iFile) .name;

tbl = readtable(fullfile(folder, fname));
displacement = tbl. (dispCol); %
force raw = tbl. (forceCol);

renamed variable

A actual = bondAreas(iFile);
if isnan (A actual)

warning ('bondAreas (%d) is NaN — using scale=1 for file %s', iFile, fname);
scale = 1;

else
scale = A target / A actual;

end

force = force raw * scale;
interpForce = interpl (displacement, force, commonDisp, 'linear', NaN);
allForces(:, iFile) = interpForce;

% compute max force and displacement at max

°

[Fmax, idxMax] = max (force);
Dmax = displacement (idxMax) ;
maxForces (iFile) = Fmax;
maxDisps (iFile) = Dmax;

% Plot original curve as light gray

plot (displacement, force, 'Color', [0.7 0.7 0.7], 'LineWidth', 1.0,
'HandleVisibility', 'off'");
end

Grouped Averages

for g = l:numel (groups)
idx = groups{g};

idx = idx(idx >= 1 & idx <= nFiles);
if isempty (idx)

continue;
end
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groupForce = allForces(:, idx);

avgForce = mean (groupForce, 2, 'omitnan');

stdForce = std(groupForce, 0, 2, 'omitnan');

% plot average line

plot (commonDisp, avgForce, 'Color', groupColors(g,:), 'LineWidth', 2.5, .
'DisplayName', sprintf ('Group %d Avg (Tests %s)', g, num2str (idx)));

end

xlabel ('Displacement (mm)"');

ylabel ('Force (kN), scaled to 1 in”2 target');

title('Single Lap Shear Tests - Scaled Curves with Grouped Averages');
legend('Location', 'eastoutside');

grid on;

hold off;

TABLE: create summary table of max forces

groupIDs = nan(nFiles,1);

for g = l:numel (groups)
idx = groups{g};
idx = idx(idx >= 1 & idx <= nFiles);
grouplIDs (idx) = g;

end

T = table((l:nFiles)', groupIDs, bondAreas(l:nFiles)', maxForces, maxDisps,
'VariableNames', {'Test', 'Group', 'BondArea (mm2)', 'MaxForce (kN)',6 'Disp at max
(mm) "});

% Print in command window
fprintf ('\n=== Summary of Maximum Forces ===\n');

display (T) ;

=== Summary of Maximum Forces ===

17x5 table
Test Group BondArea (mm2) MaxForce (kN) Disp at max (mm)
1 1 624.75 12.67 1.6823
2 1 666.35 12.302 1.7107
3 1 634.95 12.856 1.7391
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4 1 641.3 11.759 1.7565

5 2 575.04 11.987 1.9707
6 2 640.6 9.6976 1.6382
7 3 640 10.992 2.0973
8 3 609.84 11.376 2.0955
9 3 563.2 11.642 1.8573
10 4 524.48 12.324 1.7674
11 4 539.12 12.127 1.5415
12 4 486.92 13.074 1.574
13 4 603.6 9.7836 1.7874
14 5 517.2 12.94 1.9039
15 5 647.81 12.216 2.009
16 5 655.69 10.037 1.5108
17 5 487.97 12.61 1.4066

try
figTable = figure('Name', 'Max Force Summary', 'Position', [200 150 800 350]);
% create uitable using the figure as parent so it shows
uit = uitable(figTable,
'Data', table2cell(T),
'ColumnName', T.Properties.VariableNames,
'Units', 'normalized',
'Position', [0 O 1 11);

try

ncol = width (T);

% set pixel widths proportionally
colWidth = repmat ({floor (800/ncol)}, 1, ncol);
uit.ColumnWidth = colWidth;

catch

end

movegui (figTable, 'center'); % bring it into view
catch ME

warning ('Could not create uitable figure: %$s\nTable is still available in
workspace and saved as CSV if possible.', ME.message);
end

Stress-Strain plot Script
filename = 'cleaned';
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readlines (filename) ;
raw (strlength (raw) > 0);

raw
raw

data = split(raw);

F kN = str2double(data(:, end-1)); % Force in kN
d mm = str2double(data(:, end)); % Displacement in mm
valid = ~isnan(F kN) & ~isnan(d mm);

F kN = F kN(valid);
d mm = 0.5*d mm(valid);

AQ = 5e-8; $ m"2
LO = 0.05; % m

Sort force-displacement data by displacement

[d mm, orderFD] = sort(d mm);

F kN = F kN (orderFD);

[d mm, iaFD] = unique(d mm, 'stable');
F kN = F kN (iaFD);

Smooth force-displacement data

wED = max (11, 2*floor(0.04*numel (F kN))+1);

F kN s = movmean(movmedian(F_kN, wEFD), WwFD);

if numel (F_kN) >= 27
F kN s = smoothdata(F kN, "sgolay", 27);
end

Calculate stiffness from force-displacement curve

maxElasticDisplacement = 0.25;
iK = find(d mm <= maxElasticDisplacement & d mm >= 0);
if numel (1K) < 10

iK = l:min(round(0.5*numel (d mm)), numel (d mm));
end

pK = polyfit(d_mm(iK), F_kN_s(iK), 1),

stiffness kN per mm = pK(1l);
stiffness N per mm = stiffness kN per mm * 1000;

Plot force-displacement graph

figure('Color', 'w'");
plot(d mm, F kN, 'Color', [0.6 0.6 0.6]); hold on;
plot(d mm, F kN s, 'k', 'LineWidth', 1.5);
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grid on;

xlabel ('Displacement (mm) ') ;

ylabel ('Force (kN)'");

title('Force vs Displacement');

legend('Raw', 'Smoothed', 'Linear stiffness fit', 'Location', 'best');

Warning: Ignoring extra legend entries.

Convert units for stress-strain

F N =F kN * 1000; $ kN to N
dm=4dmm / 1000; $ mm to m
Stress-strain

stress = F N / AQ; $ Pa

strain = d m / LO;

[strain, order] = sort(strain);

stress = stress (order);

[strain, ia] = unique(strain, 'stable');
stress = stress (ia);

w = max (11, 2*floor (0.04*numel (stress))+1);
stress s = movmean (movmedian (stress, w), w);

if numel (stress) >= 27

stress s = smoothdata (stress, "sgolay", 27);
end

Estimate Young's modulus

maxElasticStrain = 0.005; % adjust if needed
iE = find(strain <= maxElasticStrain & strain >= 0);
if numel (iE) < 10

iE = l:min(round (0.5*numel (strain)), numel (strain));
end

polyfit(strain(iE), stress s (iE), 1);
p(l);

p
E

0.2% offset line

offset = 0.002;

offset line = E * (strain - offset);

Find yield point

diff = stress s - offset line;
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crossIdx = find(diff(l:end-1)

if isempty(crossIdx)
warning ('No intersections
region."');

yield strain = NaN;
yield stress = NaN;
else
yi = nan(size(crossIdx));
x1 = nan(size(crossIdx));
for kk = l:numel (crossIdx)
i = crossIdx(kk):;
x1 = strain(i);
X2 = strain(i+1);
yl = diff(i);
y2 = diff (i+1);
if y2 ~= yl
x0 =
else
x0 = x1;
end
s0 = interpl (strain([i i+1]),
xi(kk) = x0;
yvi(kk) = s0;
end
[yield stress, kbest] =
yield strain = xi (kbest);

end

Plot stress-strain graph

figure('Color', 'w'");
plot(strain, stress, 'Color',
plot(strain, stress s, 'k',
plot(strain, offset line, '

if ~isnan(yield stress)

plot (yield strain, yield stress,

end

grid on;

xlabel ('Strain');

ylabel ('Stress (Pa)');
title('0.2% Offset Yield'):

'LineWidth',
__r"

.* diff(2:end) <= 0);

found. Try smoothing more

x1 - yl*(x2 - x1)/(y2 - y1);

max (yi);

[0.6 0.6 0.6]);
1.5);
'LineWidth',

hold on;

1.3) g

lbol,

stress_s([i i+1]),

or adjust elastic-fit

x0, 'linear', 'extrap'):;

'MarkerFaceColor', 'b");

legend('Raw', 'Smoothed','0.2% Offset Line', 'Yield Point', 'Location', 'best');

Print results

fprintf ('Stiffness = %.3f N/mm\n', stiffness N per mm);
fprintf ('E (fit) = %.3f GPa\n', E/1e9);

fprintf ('Yield Stress = %$.2f MPa\n', yield stress/le6);
fprintf('Yield Strain = %$.6f\n', yield strain);

Stiffness = 10611.160 N/mm
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E (fit) 10611.160 GPa

Yield Stress = 287942.97 MPa

DP490 shear strength v temp plot Script

[

% Adhesive Performance - Smoothed Curve
clc;

clear;

close all;

% Data
temperature = [-55 23 80 120 150];
shear strength = [23.7 30.2 11.9 2.8 1.9];

% Polynomial fit (degree 3)
= polyfit (temperature, shear strength, 3);

T

% Generate smooth curve points
x_smooth = linspace (min(temperature), max (temperature), 200);
y smooth = polyval (p, X smooth);

% Plot

figure;

plot (temperature, shear strength, 'o', 'MarkerSize', 8, 'LineWidth', 1.5);
hold on;

plot (x smooth, y smooth, 'LineWidth', 1.5);

xlabel ('Temperature (°C)"');

ylabel ('Shear Strength (N/mm"~2)"');

title ('Smoothed Adhesive Performance Curve');

grid on;

legend ('Experimental Data', 'Polynomial Fit', 'Location', 'best');
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Appendix B — Axial Stiffness Calculations

Axial Stiffness Calculation

Parameter Symbol Value
Reference wheel travel range Az 10 mm
Toe gain G, 0.126 deg/mm
Camber gain in roll Geamper 0.600 deg/mm
Total compliance allowance C 5% of kinematic change
Wish-bone compliance budget Tutton 40% of total allowance
fraction
Forward lower link design load Ff 7794 N
Rearward lower link design load F, 8801 N
Link length L 350 mm
Toe sensitivity S 0.01 deg/mm
At = G Az

At = 0.126 * 10 = 1.26 deg

TallowTotal = CAT

TallowTotal = 0.05*1.26 = 0.063 deg

TallowLWB = NTallowTotal

TatowLWB = 0.40 * 0.063 = 0.0252 deg

Tatowleg = TauowlWB/2

0.0252

Taowleg = = 0.0126 deg

Sattow toe = Tallowleg/ST
0.0126
0.01
k =F/8auiow toe

k= 8801 _ 7104 N
T 126

Satiow toe = =126 mm

53




Appendix C - Lug Performance Curves
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Mote: For lugs of aluminum alloy plate, bar, or hand forged billets
one half inch thick or thicker, the value of K. is restricted to 2.0,
Curve A 15 a cutoff to be used for all aluminum alloy hand forged
billet when the long transverse grain direction has the general
direction € in the sketch.

Curve B is a cutoff to be used for all aluminum alloy plate, bar, and
hand forged billet when the short transverse grain direction has the
general direction C in the sketch, and for die forging when the lug

contains the parting plane in a directional approximately normal to

the direction C.
Figure C3.3.1-1 Bearing Efficiency Factors For Aluminum Lugs
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Appendix D — Datasheets

3M DP490

Scotch-Weld"
EPX™ Adhesive DP490

Product Data Sheet

Updated
Supersedes :

: March 1996
November 1993

Product Description

DP490 is a black,
thixotropic, gap filling two
component epoxy adhesive
with particularly good
application characteristics.

It is designed for use where
toughness and high strength
are required and shows
special benefits in the
construction of composite
assemblies.

The product has excellent
heat and environmental
resistance.

Physical Properties

Not for specification purposes

BASE

ACCELERATOR

Specific Gravity

1.00

1.00

Consistency

Non-sag paste

Non-sag paste

Mix Ratio By Weight | 100 50

By Volume | 100 50
Colour Black Off-White
Work Life 1.5 hours minimum at 23°C

Time to Handling
Strength

4 to 6 hours at 23°C

Time to Full Strength

7 days (test to full performance at one week)

Shelf Life 15 months from date of despatch by 3M when stored in the
original carton at 21°C (70°F) & 50 % Relative Humidity
Performance Performance Two cure cycles were
Characteristics Characteristics of the evaluated as follows:
Not for specification purposes Cured Adhesive.

Cure Cycle 1 7 days at 23°C
Cure Cycle 2 24 hours at 23°C, 1 hour at
80°C
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Performance

Characteristics (Cont...)
Not for specification purposes

Temperature (Etched Aluminium) Shear Tests were performed at
Performance in Shear Strength to BS 5350 C5, 23°C unless otherwise
and Peel. Peel Strength was floating stated.
roller peel to BS5350 C9.
Temperature (°C) Shear Strength (1) Shear Strength (2) Peel Strength
(N/mm?) (N/mm?) DaN/cm
-55 23.7 316 N/A
23 30.2 28.7 9.24
80 11.9 12.7 7.32
120 2.8 3.2 N/A
150 1.9 1.7 N/A
Adhesion to Etched
Aluminium after
Environmental Ageing
Ageing Condition Shear Strength
(N/mm?)
RT Control 26.2
Water at 23°C, 750 hours 25.6
50°C, 96% RH, 750 hours 22.0
120°C, 750 hours 253
175°C, dry heat, 120 hours 29.6
Skydroll 500B at 23°C, 750 hours 27.6
JP4 at 23°C, 750 hours 28.7
Hydraulic Oil at 23°C, 750 hours 29.5
DP490 shows good This can be improved still
adhesion to many plastic further by the use of 3M
surfaces even by simply Scotchbrite abrasion and/or
solvent wiping. use of the primer Scotch-
Weld 3901.
Plastics Shear Strength
(N/mm?)

Carbon Fibre Reinforced Epoxy
Polyester Sheet Moulding Compound
Glass Fibre Reinforced Phenolic
ABS (filled)

PVC (filled)

Azloy (glass filled polycarbonate)
Valox (glass filled PET)

PMMA

Noryl (tm XTRA) (glass filled PPO)

36.1 (cohesive)
4.3 (substrate)
30.3 (cohesive)
3.2 (substrate)
2.9 (substrate)
3.0 (adhesion)
1.4 (substrate)
3.7 (adhesion)
4.9 (adhesion)
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Storage Conditions

Store product at 15°C to
25°C for maximum storage
life.

Directions for Use

Place the cartridge into the

Surface Preparation:

surface contaminants in

I/Clean Up 3M EPX Applicator and clip  The degree of surface addition to enhancing
into position. preparation depends on the mechanical adhesion. Grit-
bond strength required and blasting using a clean, fine
Remove the resealable cap.  the environment likely to be  gnit also offers excellent
encountered by the bonded adhesion on many metallic
Expel a small quantity of structure. For most plastics substrates.
adhesive and ensure both solvent wiping with 3M VHB
components flow freely. surface cleaner, followed by  Where humid environments
abrasion with 3M are likely to be encountered
Attach comect mixernozzle Scotchbrite 7447, followed by metallic substrates we
(this should have 20 or by a further solvent wipe recommend additional
more elements). until clean, will give good priming with 3M Scotch-
performance (except for Weld 3901. Altematively,
Dispense the adhesive as acetal, polyethylene and chemical conversion coating
required. polypropylene and some technigues combined with
other low surface energy priming can offer the best
When finished either leave matenals). This also durability.
the nozzle in place and applies to powder coat
store, orremove the nozzle, paints and other stoved Clean-Up:
wipe clean the tip, and paint systems. Excess uncured adhesive
replace cap. can be removed with the
The same surface following solvents:
To re-start after storage preparation will also give
remove the old nozzle with good adhesion to metal 3M VHB Surface Cleaner
cured adhesive and re-fit a surfaces. The objective is (mild alcohol based cleaner)
new nozzle, or remove the to remove loosely attached 3M Scotch-Grip Solvent
cap and fit a new nozzle. surface films such as oils, No2. (Ketone blend)
waxes, dusts, mil-scale, 3M Industrial Cleaner
loose paints and all other (Aerosol).
Additional Product P ! '
Information ' © n
e 1 f
a p 0
5 e r
e r m
s a
c (0] t
0 n i
n 0]
t f n
a (0]
c 0]
t n
a
d t
g d h
u i e
r t
I p
3 0 r
M n e
a p
S I a
a r
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Health & Safety
Information

Precautions:

Causes severe eye irritation,
may cause permanent eye
damage. lIrritating to skin.
May cause sensitisation by
skin contact. Avoid contact
with the skin and eyes.
Wear suitable gloves and
eye/face protection.

Launder contaminated
clothing before re-use.
Avoid prolonged breathing
of vapours. Avoid
inhalation of dust when
grinding or cutting cured
material.

First Aid:

Eye Contact: Immediately
flush eyes with copious
amounts of water for at
least 15 minutes, holding

eyes open. Call a physician.

Skin Contact: Wash
immediately with plenty of
soap and water.

3M, EPX, Duo-Pak, Scotch-Grip, Scotchbrite and Scotch-Weld are trademarks of the 3M Company.

For further information
please contact the
Toxicology Department at
the Bracknell Head Office
on (0344) 858000.

Values presented have been determined by standard test methods and are average values not to be used for specification purposes.

Our recommendations on the use of our products are based on tests believed to be reliable but we would ask that you conduct your own tests to
determine their suitability for your applications.
This is because 3M cannot accept any responsibility or liability direct or consequential for loss or damage caused as a result of our

recommendations.

Specialty Tapes & Adhesives

3M United Kingdom PLC
3M House,

28 Great Jackson Street,
Manchester,

M15 4PA

Customer Service :

Tel 0161 236 8500
Fax 0161237 1105

3M Ireland

3M House, Adelphi Centre,
Upper Georges Street,

Dun Laoghaire,Co. Dublin,
Ireland
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SGD-5/350-LY 11

PRECISION STRAIN GAGE

PRECISION LINEAR PATTERN FOR STATIC AND

DYNAMIC APPLICATIONS

0= OMEGA

SGD Series

»* Very Flexible, Mechanically Strong

» Small Bending Radius

» Broad Temperature Range

»* Ribbon Leads or Solder Pads

= Clear Alignment Marks

» Affix with Cold or Hot Curing Adhesives

OMEGA* strain gages are available in a varety of models
to cover most strain measurement applications. Thelr
rugﬁau consiruction and fexibllity make them suitable for
highly accurate static and dynamic measurement. The
measuring grid |s formed by etching constantan foll, which
Is then completely sealed in a camer medium composed of
polyimide film. The lnear pattemn strain gages are usad to
messure straan in a single direction. They are often used for
experimantal stress analysis applications. The strain gage
pattem ks shown on the left side of the table. Notice the
“arrow” which indicates the principal stress direction.

The linear patiern strain gages are avallable in a variety or
atyles and sizes. OMEGA |s offering miniature linear pattems
for atrain measurement of a stress concentration

or high gradient areas_ Ve also have wede or narrow grid
patterns, and small, medium or large patterns. To determine
if the strain gages have temperature characteristics matched
1o steel or aluminum, see the column labeled “COMP*

short for compensation, “5T indicates steel. “AL" indicates
sluminum, “UNG" indicates uncompensated. See the column
labeled “BTP" for accessory bondable termingl pad model
numbers.

Dimensions are ksted for pattem gage grid length (A&[&md
width (B), and the matrix ar camer length (C) and

(D). The patierns inclede alignment triangles. The camer or
matrix material on the patiems may be trimmed in the field
on all sides to within 0.25 mm of the fodl grid with no effect on
strain gage performance.

E-16
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DIMENSIONS
mim (Inch)t
CARRIER
GAGE PATTERN MODEL NO. MAX ¥ TEMP TERM
Leads not shown  Phg of 10 D  (Vrms) TERMINATION COMP PAD
Shown SG0D-1.5120-LY11 120 1.50 120 4.70 3.40 2.5 Ribbon Leads | ST
actual size 0.059) (0.047) (0185 (0.134
4.70 mem SGD-1.5M120-LY13 120 ‘ Mfm;mm L.:w ;ﬂ;m "I 35 |mibbonLleads |AL
] Measurement of stress BTP-1
- SGD0-1.5M120-LY¥41 120 e ation 25 | Solder Pads | ST
= = | 860-1.5120-LY43 120 120 Q 35 |SolderPads AL
Shown SG0-2/350-LY 11 350 200 250 TR 5] 75 |Ribbon Leads | ST
actual size {0.079) (0.098) (0.239) (0.228)
7.60 mm SGD-2/350-LY13 350 Minkaiure linear patism 10 | Ribbon Leads | AL
t-:: saDsseival | sso | . Messwememosies | 75 |SoderPads |ST |grpy
= | 5GD-2/350-LY43 350 raduced haet genarlion 50 o 10 | Solder Pads | AL
SG0D-2DV350-LY11 350 10 Ribbon Lead 5T
Ehoun 180 480 740 660 : mACe
SGD-2D/350-LY13 350 (0075} (183) (0.2804 (0.260) 14 Ribbon Leads | AL
Miniature linear patt
SGD-2DMB50-LY41 | 350 " orid width, wide 10 |SolderPads |ST |gyps
350 0
SGD-20/350-L Y43 350 14 | Solder Pads | AL
Shaown SGD-3/350-LY11 350 = Ribbon Leeds | ST
actual size 320 250 700 400
7.00 mm SGD-J3IS0-LY13 350 {0.126) (0.09E) (0276} (0.157) 13 | Ribbon Leads | AL
= linear pattern leadal’ pads &t
[—= SGD-3350-LY4 350 on end of grid 9.5 Solder Pads 1) BTP-3
| sapwssoLvas 350 =0 13 | Solder Pads
DISCOUNT SCHEDULE 1 For dimensions kay, visit us anline. E
110 10 phga. - Maximumn penmitied bridge energizing vollage (Vrms). %m = Steal
111&2‘1% MNote: For strain gage sccessonias Wl us onne. ) ;ﬁ"w = Alumirum
195 40 40 phos. . Ordering Examyie: ¥i1, 3.2 men grid, -
EDB'H:IUPE'H:IOEM For HF 350 £ raminal-resislances sirain gags. Eh.“-

_| mom



PRECISION STRAIN GAGE

PRECISION LINEAR PATTERN FOR STATIC AND
DYNAMIC APPLICATIONS

To Order m

DIMENSIONS
mim (inchjt
CARRIER
GAGE PATTERN MODEL MO. TEMF TERM
Lesds notshown  Phg of 10 TERMINATION COMP PAD
h SGO0-3M20-LY11 120 4 Ribbon Leads | ST
achienl abes 00 150 7E0 &0
780 mm SGO-3M20-LY13 120 (0118 (0053 (0.307) 0450) | 5.5 | RibbonLeads | AL
Linear patbemn, BTP-2
SGD-3M20-LY41 120 grid width narmow 4 Solder Pads 5T
< 3 1200
SG6D-1.5M20-LY43 120 55 Solder Pads AL
Shown SG0-35120-LY11 120 45 |Fibbon Leads | ST
actual size 30 170 BE0 330
gE0mm | SGO-35M120-LY13 120 (0.918) (0067} (02600 $0.130) ] Ribbon Leads | AL
_— Linear pathenm,
[==] SG0-38M120-LY4 120 small size 45 |SolderPeds |&T |BTF-3
== | 5GD-35M120-LY43 120 rena ] Solder Pads | AL
Shown | SGO-4M120-LY11 120 a9 Ribbon Leads | ST
actual size 380 570 790 70
7ol mm | SGD-4M20-LY13 120 (04500 (D224} (0.311) (D.2B0) 12 Ribbon Leads | AL
|__ Linear patbem,
2 _:] SGO-4120-LY41 120 grid width wide 8 |SolderPade | ST | BTF-3
1200
= | sGD-4120-L¥43 120 12 | Solder Pads | AL
Shawn SGD-5/350-LY11 350 12 Aibbon Leads | 5T
actu| Kioe 450 320 880 520
SBdmm | SGO0-5/350-LY13 350 (0477 (0026) (0.386) (0.205) 17 | Ribbon Leads | AL
Linear pattenm,
(=] |scosssoLva 350 medium size 12 |SolderPads [&T |BTF-4
-— 350 02
SGD-5/350-LY43 350 17 | Solder Pads | AL

* Maimurn panmiied bridge anergizing vollage (Vims)
Twoihpkos. ................. Mel | Nofe: Far strain page sccessovies vt us online. ST w Sl
11 o 24 a2 0% | Ovdering Exampler SG0-4720-L Y13, 3.8 mvn g - A,
125 w0 49 ﬁ ................. 10% | 1202 ngmhm'-.resmm'ln.- sirain gage. grid el AL = Alumirum
150 and up end OEM . .Consull Faclory aﬁ;&‘
A "
TYPICAL STRAIN GAGE INSTALLATION o M "."’".-u
""""-—_-l-""" 1 Dimensions Key:
HIbbunGI;nlck i“\um . —
Straiin or User
Fine Gage Wire (30 AWE) " e | A
.l';_ e T
-
1
GRID
Az Active gage length
B: Active gage width
ndabde Terminal Pn.dl’!'l'l"hfnr Stress Relief CARRIER
and Junction for -Gage 'Wines C: Matrix length
D Madrix width
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To Order
DIMENSIONS
mm {inchjt
CARRIER
GAGE PATTERN MODEL NO. - MAK v TEMP TERM
Leads not shown  Plg of 10 c D (Vrms) TERMINATION COMP PAD
Shown SGO-6M120-LY11 120 : Ribbon Leads | ST
aciual size E50 210 1140 590
1ldmm | SGD-EM20-LY13 120 {0.256) (0.122) (0.443) (D201) 12 | Ribbon Leads | AL
Linear pattern, BTP-4
BN | saDsn20-Lyat 120 medium size 9 |SogerPags | ST
120 0
= = | sGD-6M20-LY43 120 12 | Solder Pads | AL
Ehown SGO-7/350-LY11 350 15 | Ribbon Leeds | ST
actual size E50 310 1140 510
1idmm | SGD-7/350-LY13 350 {0.256) (0.122) (0.443) (0207 | 20 | Ribbon Leads | AL
Linaar paltem.
[BEE] |seo-7sso-Lvad 350 meesdlium alze 15 | GolderPads | 5T |BTPS
350 &2
= | 5GD-7/350-LY43 350 20 | Sockder Pads AL
Sheown SG0-7/1000-LY¥11 1000 27 | Ribbon Lesds | ST
k171l pow— 026 (012 0469 (0220 - -
7I000-LY13 1000 Medium size, higher 37 ibbon Leads
resistance, A
|[BE| |seo-7iooo-Lyar | 1000 ey e ion 27 | SclderPads | ST |BTPE
&3 | SG0-7/1000-LY43 1000 1000 <2 37 | GolderPads | AL
Shawn SGO0-10/120-L¥11 120 14 | Ribbon Leeds | ST
actual size 1000 480 1770 GO0
17.7 mm SGO-10/120-LY13 120 |0.334) (0.183) (0EET) (0.31S) 19 | Ribbon Leads | AL
e Linear pattern,
| | sGD-10/120-LY41 120 Large size 14 | SolderPads | 5T |BTRS
— 120 @
= | 5GD-10/120-LY43 120 19 Solder Pads AL
* Mavimum pevmilled Bridge anengiring wolfage (Vims) IE 2T - Sial
T 10pegs. .. ... ... ... Met | Note: For strain gage acosssones Wl S anling. Bl = Alstirwii
124 phgs. ... 5% | Orcaring Exampis: SGD-8M30L Y13, 5.5 mm grid, W—
Potodbpkgs. ..., 1P | 1200 nominakresistance sirain gage. ﬂﬂ% ,
£ end up and OEM . Consult Factary X .,_tuwk
Eougyly

BONDABLE TERMINAL PADS

Terminal patiem: + Dimensions Key:
Wi inctalling stesin wiith Flsbscen bt o '”d = —C
solder pads, use Bondable Terminal Pads (BTP) I e i I
betwesn the strain gage and the wines io your I |
matumentaton. IIIIIIII I-II-IHH e
The Bondable Terminal Pads provide a la sasy DB = =
1o use soldering area and provide strain between i
the strain gage and the heavy instrument wires. I H l l l l l l l —
Using Bondable Terminal Pads is . Use the same A: Active gage length
adhesive and bonding prooedune on Bondable B: Active -
Terminal Pads as you use on the strain gage. c Rum'
OMEGA offers BTPs in several sires and wiring - Miabri
configurations fo fit most all strain gage applications. :: ===‘=:= Hmﬂm g:w::ﬂﬂ

E-18
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=
o
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PRECISION STRAIN GAGE

PRECISION LINEAR PATTERN AND EXTRA LONG PATTERN

DIMENSIONS
mam (inchit
NOM.
RESIS- GRID CARRIER
GAGE PATTERN  MODEL NO. Lt
Lesds not shown  Plg of 10 i TERMINATION
Shown SGO-10/350-LY 11 350 22 | Ribbon Leads | ST
actual size 1000 480 1770 800
1.7 mm SGO-10/350-LY13 350 | (0.304) (0983) (0BT} (0315) | 32 | Ribbon Leads | AL
L Linear pattam, BTP-5
BE| |sco-omsovar | aso lare size 22 | SolderPads | ST -
== 3500
== | 5G0-10/350-LY43 as0 32 | Solder Pads | AL
Shown o |SGD10M000-LY11 | 1000 | yppn gm0 aog | 40 |Ribbonieass |ST
17.7 mm sGD-10M000-LY13 | topp | O384 (O1B3) (REAT) O35) 1 oo | peinleads | AL
n— Linear pattern, lange size,
0 l higher resistance, 1
_ 5GD-10M000-LY41 | 1000 red heal generaiion 40 | Solder Pads | 5T BTP:5
ez | SGO-10M000-LY43 | 1000 1000 £ 55 Solder Peds | AL
Shown
SGO0-13/350-LY 11 350 30 |Ribbon Leads | ST
actual size 1300 720 2 1000
SGD-13350-LY13 350 (0.511) (0.283) (0.E93) (0.533) 40 Ribbon Leads | AL
Linear pattam,
|| SGD-134350-LY41 350 grid kength lomg 30 | Solder Pads | 5T BTP-5
3800
[ SG0-13/350-LY43 350 40 Solder Pads AL
Shown
xg;. e | SGO-13MD00-LY1T [ 1000 SH0 0TI 20 1000 55 | Aibbon Leads | ST
7 mm (0.511) (0.283) (0.E93) (0.333)
g 5GD-13M000-LY13 | 1000 pattemn, grid length long, 75 | Ribbon Leads | AL
i || sGD-131000-LY41 | 1000 fugher resistance, reduced 55 |Solder Pads | ST |BTP-E
heat generation
=  |enpqaM000-Ly4s | 1000 1000 2 75 Solder Pads | AL
 For dimansions ke, wisif us onfine
* Mamimum gemnifted hridge enevpinng volage (Vims) ET = Sieal
Node: For sirain gage accessanias, waif us oniine. AL = Sl rEnem

11 1o 24 phgs. .
95 0 49 phgs. . . .

150 and up and OEM . Corsult Faciory
Extra-Long For Inhomogeneous Materlal

To Order

Ordeving Exampie: SGD-1%3580-L Y13, 13 mwm gnid,
500 nominal-resistance s pape.

DIMEMSIONSE mm (Ench)

GRID CARRIER

GAGE PATTERN MODEL NO. 1 MAX V* TEMP TERM
Laasd nol shawn Plg of & c D Wrms) TERMINATION COMP  PAD

Ehown smaller 2600 | EOO | 4000 | 1200
'ﬂ1-1"u:.'u.|i SGD-30M120-LY40 120 w.oe4) | s | (1.575) | woar Salder Pads
size 50 mm a0 | ap0 [ 2600 [ 500
SGD-30NA20-LY40 120 et |t | a7 [ oen 10 Solder Pads UNC
0o | apd | 3e00 | 500
SGD-303E0-LY 40 a&0 (e | eae | (e | eaen 14 Soldar Pads LiC BTP-&
000 | 430 | B0 | O.00
SGD-50M120-LY40 120 11885 | ioceen | ez | io.asd 12 Salder Pads LG
15000 | GO0 | 16500 | 9.00
SG0-150/240-L Y40 240 {5.806) | 10187 | 428 | w.asn a5 Solder Pads LiC
i For dimandsions ey, vsil us onling.
* Manimum germiffed hridge snerginng wolage (Vioms)

Node: For slrain gage accessores, visif us onbne
Ordering Example: SGD-T0/120-L Y40, 120 €2 nominal-resistance strain gage. " UNC - Uncompensated

E-18
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MTC400-1

SHD COMPOSITE MATERIALS INC www.shdcomposites.com S H D

203 McKenzie Road
Mooresville Tel: 41 (704) 6266876 composites
NC 28117 us-sales@shdcomposites.com

MTC400-1
Epoxy Component Prepreg

Introduction

MTC400-1 is an epoxy resin system designed to cure between 175°F and 275°F allowing flexibility in
component manufacture. It is a toughened epoxy resin system designed for component manufacturing that
can be supplied on a variety of fabrics and in UD format to meet your cost and manufacturing requirements.

Typical applications: Motorsport / Aerospace

Key Features & Benefits

Cure temperature from 175°F to 275°F

Service temperature up to 390°F after post cure

Low CTE and shrinkage

Work life at 70°F: 30 days

Storage life at 0°F: 12 months

Very low VOC content — no added solvents during manufacture

Improved toughness over MTC400

Storage & Out Life

This material should be kept frozen at 0°F. It must be kept sealed in a polythene bag which must not be
opened until fully thawed to room temperature. If the material is not fully used, then the material must be
resealed in the polythene bag to prevent moisture absorption.

SHDUS/MISC/945 lssue: 1 21st June 2022

Revised: 21 February 2023 Uncontrolled copy when printed
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SHD COMPOSITE MATERIALS INC wrww.shdcomposites.com

203 McKenzie Road
Mooresville Tel: +1 (704) 6266876
NC 28117 us-sales@shdcomposites.com

Cure Cycles & performances

CURE CYCLE OPTIOMNS:

Temperature Duration Tg
175°F {minimum) 16 hours 195°F
195°F & hours 210°F
210°F 4  hours 230°F
230°F 2 hours 250°F
275°F {miaximnwm) 1 hour 295°F
355°F Post Cure 2  hours 400°F

#  Curing Schedule is meant to be a guide only and Is subject to local conditions.

#  Toawvold exotherm particular care must be taken with thick laminates.
Ramp rates must not exceed 5°F per minute during initial cure.
Ramp rates must not exceed 1°F per minute during post cure (free standing).

SHDUSMAISC 945 Houe: 1 2148 Jures 207232

Revised: 31 February 2023 Uncontralbed éapy when printed
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SHD COMPOSITE MATERIALS INC

203 McKenzie Road
Mooreswille
NC 28117

wiww shdcomposites.com

Tel: +1 (704) 6266876

us-sales@shdcomposites.com

Cured Material Properties

SHD

composites

PLY: 200gsm 2x2 twill 6k, 42% resin weight
Moaterial description:  MTC400-1-C200T-TE00-42%AW-1250 {SHDO447-1250)
Test Results Standard
Vi Fibre walume fraction 4879 % BSEN IS0 14127
Method B
CPT Cured ply thickness 0.225 mm BSEN IS0 14127
Method B

Tensile 0° Tensile strength 981 MPa BSEN IS0 527-4
Tensile modulus G67.0 GPa
Paisson's ratio 0.07

Tensile 90° Tensile strength 893 MPa
Tensile modulus B66.5 GPa
Paisson’s ratio 0.07

Compressive 0° Compressive strength 737 MPa prEN 2850 Type B
Compressive modulus 61.0 GPa

Compressive 90° Compressive strength 765 MPa
Compressive modulus 61.7 GPa

Flexural 0° Flexural strength 1032 MPa BSEN 150 14125
Flexural modulus 64.5 GPa

Flexural 90° Flexural strength 1056 MPa
Flexural modulus 64.9 GPa

In-Plane Shear £45° In-Plane shear strength {5% strain) 95.9 MPa BSENI50 14129
In-Plane shear strength {ultimate) 1186 MPa
In-Plane shear modulus 4.00 GPa

Interlaminar Shear 0° Interlaminar shear strength 97.4 MPa BSEN IS0 14130

Interlaminar Shear 90° Interlaminar shear strength 91.8 MPa

Fracture Toughness (Glc) Gu 350 ym* prEN 6033

DMA - Dry Tg Tg E Onset 09 °F Modified ASTM D7028
Tg Peak Tan & 432 “F (Single Cantilever)

Cure schedule: 15 mins @ 185°F then 90 mins @ 275°F, 4°F/min ramp rote [solid release, autoclove cured, & bar ). All figures in
this tobie are octual test results and hove not been normalised. Complete test reports can be supplied independently upon

request.

SHOUSMAISC S Hiue: 1

Reviged: 31% February 2023

Uncontralbed capy when printed
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203 McKenzie Road
Mooresville Tel: +1 (704) 6266876 composites
NC 28117 us-sales@shdcomposites.com -

SHD COMPOSITE MATERIALS INC www.shdcompaosites.com S H D

Viscosity Profile
Measured using o rototional rheometer
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Health and Safety

This material contains epoxy resin which can cause allergic reactions with skin contact and must avoid
repeated and prolonged skin contact.

Please refer to the product Safety Data Sheet before using this material. The following precautions must be
taken when using epoxy resin prepregs:

e Overalls must be worn.

e Impervious gloves must be worn.

e Curing schedule is meant to be as a guide only and is subject to local conditions.
* To avoid exotherm, particular care must be taken with thick laminates.

e Ramp rates must not exceed 5°F/min during initial cure and 1°F/min during post cure.

Disclaimer: Technical advice, instruction, data or recommendation, whether verbial or in writing, is glven in good faith. The SHD company providing any such
advice gives no warranty or guarantee, whether express or implied, in relation to such advice.

Customers must carmy out their own tests and assessments as necessary In order to determine the guality and sultability of the product for their particular
appiication and circumstances. Such testing should be performed under conditions Identical to thase to which the final companent/product may be subjected.

Values ksted in any SHD document are for typical properties of the product or substance in question and are not to be used In g either
statsstical specifications nor engineering basis values. They do not ¢ either minl or values for the product or substance In guestion.
SHDUS/MISC/945 kssue: 1 215t June 2022
Revised: 21% February 2023 Uncontrolied copy when printed
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EN24T

EN24
Technical Datasheet SMITI'IS

Engineering Steel

Keadily machinable

Product Description Machinability

EM24
817840
34CrHiMos

. 35MCDE
Hardening American Al5 4340
German Werkstoff Mo. 1.6582
~upplied hargened and tempered. European Standard EMTOZ Y5
Availability
Kound bar, flat bar, square bar and plate

Chemical Compaosition (weight %)

c Si Mn P 5 Mao Cr Mi
mimn. 03 010 045 0.20 1.0 1.30
ma. 044 035 070 0035 004 0.35 1.40 1.70

Mechanical F"I‘ElpE'I"T.iE'S- [subject to ruling section)

Condition Tensile Yield Elongation lzod Hardness

B e MY ime L KEV | Brinell
T BE0-1000 &50 13 35 248-302
U Q251000 755 12 42 269-331
W 1000-1150 a50 12 42 293-352
W 10751225 G0 11 35 311-375
X 1150-1300 1020 10 25 341-401
) 12251375 1095 10 .y 363-429
i 1550 1235 5 9 444

Technical Assistanc

Smithe Baltast OZES5 908 397 Smite Lessds o113 307 5167 _

Smiths Eiggkreace 01767 504 T Smiths Marchester 0161 794 BES0 m P53 B i

Smitre Brmirggham 0121 T2E 4540 Smitre Monasch rie03 7EY BFE nu':,.-‘. E

Smitkes Erisaol Q117 971 2800 Smiths Mottinghaem 0115925 4801 i -UKAS-

Smitres Chadmishard 07245 4565 664 Smitre Redneh oriZ0% 315 512 RETe

Smiths Gaieshead 0197 $53 5428 Smiths Versood 01202 824 347 1933

Smitrs Horsham 014803 261 981 Main Office 0845 527 3331 wweLsmithmetalcom  infoEsmithmetaloarr
L i i apar® from contr echual ob

v ol 3
C Srrathvi Malal Cantned 1039
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Appendix E - FUWB Manufacturing

1. BE978 epoxy tooling board used as a male | 2. Once machined the pattern was sealed and
pattern for creating the female carbon released. Chipboard shuttering was screwed
moulds. into the block to create the mould returns to
add stiffness. A 1-8-1 layup was used bringing
the total laminate thickness to ~5.5 mm
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3. Carbon moulds prior to the addition of 4. Once fully laminated the moulds were
laminating bushes. bagged and cured in an autoclave at 60deg for
12h at 90psi pressure.

5. Wishbone mould cured and taken off the | 6. The mould was sealed and release.
pattern. A post cure of the mould followed Lamination as per laminate book in appendix
to increase its glass transition temperature E began.
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7.Cured wishbone half. The machining of
the wishbone is then carried out according
to the processes outlines in Appendix F.
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Appendix F — Laminate Schedule- FUWB

Laminate Schedule
UBR29-FS-003-01-MLDG-FUWB

From: AS

Release Date: 01.04.26
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PLY

ORIEN-
TATION

UBR29-FST-301-01-MODIFIED
HOULDER SCREW-DIA8

0 O

®) ©

OP No.

Material Spec.

Orientation

Comments

Laminator

Orientate mould as
shown and note

rosette.
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FLY
ORIEN-
TATION

90°
45(!

U'ﬂ

-45°

OP No.

Material Spec.

Orientation

Comments

Laminator

02

MTC400-1-C200T-M40J-
42%RW-1250

Install pre-released
dowels and wrap 4x
around diameter.
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90°

45°
PLY
ORIEN- 0°
TATION
_45°
®
90°
45°
O
© ///// PLY
ORIEN- 0°
/ TATION
/ s
. ® -
-

OP No. Material Spec. Orientation | Comments Laminator
03 MTC400-1-C200T-M40J- +-45 Star ply around
42%RW-1250 dowels and lay over
dowel
04 Room Temperature Debulk — 15 min
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90°

45°
PLY
ORIEN- 0°
TATION
_45 @
(]
D 90°
45°
FLY
O ORIEN- 0°
O TATION
-45°
87 —— @) c
@)
O
O

OP No. Material Spec.

Orientation

Comments

Laminator

05 MTC400-1-C200T-M40lJ-
42%RW-1250

0/90

Star ply around
dowels and lay over
dowel
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?0°
45°
PLY
ORIEN- 0°
TATION
-45°
@
-]
-
|
. ® -
O ——
@)
@)

OP No. Material Spec.

Orientation

Comments

Laminator

06 MTC400-1-C200T-M40J-
42%RW-1250

+-45

Star ply around dowel
and lay over dowel
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45°
PLY
ORIEN- 0°
TATION
-45°
®
O
O
-
e \i 3
®)
)

OP No. Material Spec. Orientation | Comments Laminator
07 MTC400-1-UD140-M46J- 0 Do not overlap ply
33%RW-300P onto dowels.
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PLY
ORIEM-
TATION

90°
45°

DO

OP No.

Material Spec.

Orientation

Comments

Laminator

08

MTC400-1-UD140-M46.-
33%RW-300P

0

Do not overlap ply
onto dowels.
Butt plys as shown.
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PLY
ORIEN-
TATION

OP No. Material Spec. Orientation | Comments Laminator
9 MTC400-1-UD140-M46J- 0 Do not overlap ply
33%RW-300P onto dowels.

Butt plys as shown
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PLY
ORIEN-
TATION

OP No.

Material Spec.

Orientation

Comments

Laminator

10

MTC400-1-UD140-M46.-
33%RW-300P

0

Butt plys as shown
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PLY

ORIEN-
TATION
O
O
@)
-

OP No. Material Spec. Orientation | Comments Laminator
11 MTC400-1-UD140-M461- 0 Fill remaining area as
33%RW-300P shown. Do not
overlap plys
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PLY
ORIEN-
TATIOM

45°

OP No. Material Spec. Orientation | Comments Laminator
12 MTC400-1-UD140-M46J- 0/90 Transfer preforms
33%RW-300P onto job.
NB: Dimensions +-
2mm
13 Room Temperature Debulk - 15 min
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PLY
ORIEN-
TATION

e
e

—Tx\“ﬁ

——

OP No.

Material Spec.

Orientation

Comments

Laminator

14

MTC400-1-UD140-M46.-
33%RW-300P

0

Butt plys as shown.
Op 7-10 as reference
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90°

PLY
ORIEN-
TATION

OP No. Material Spec. Orientation | Comments Laminator
15 MTC400-1-UD140-M461- 0 Butt plys as shown.
33%RW-300P Op 7-10 as reference
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10.0000 mm

OP No. Material Spec. Orientation | Comments Laminator
16 MTC400-1-UD140-M46J- 0/90 Transfer preforms
33%RW-300P onto job.
NB: Dimensions +-
2mm
17 Room Temperature Debulk - 15 min
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PLY
ORIEN-
TATION

O O

OP No.

Material Spec.

Orientation

Comments

Laminator

18

MTC400-1-UD140-M46.-
33%RW-300P

0

Butt plys as shown.
Op 7-10 as reference

88




PLY
ORIEN-
TATION

OP No.

Material Spec.

Orientation

Comments

Laminator

19

MTC400-1-UD140-M46.-
33%RW-300P

0

Butt plys as shown.
Op 7-10 as reference
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45°

PLY
ORIEN-
TATION

10.0000 mm

OP No. Material Spec. Orientation | Comments Laminator
20 MTC400-1-UD140-M46J- 0/90 Transfer preforms
33%RW-300P onto job.
NB: Dimensions +-
2mm
21 Room Temperature Debulk - 15 min
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PLY

ORIEM-
TATION

90°

45°

O

OP No.

Material Spec.

Orientation

Comments

Laminator

22

MTC400-1-UD140-M46.-
33%RW-300P

0

Butt plys as shown.
Op 7-10 as reference
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90°

-]

45°
PLY
ORIEN- 0°
TATION

@)
-45° O
1
O M

O

OP No.

Material Spec.

Orientation

Comments

Laminator

23

MTC400-1-UD140-M46.-
33%RW-300P

0

Butt plys as shown.
Op 7-10 as reference
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PLY
ORIEN-
TATION

90°
45°

D¢

-45°

OP No. Material Spec. Orientation | Comments Laminator
24 MTC400-1-C200T-M40J- 0/90 Lay as shown. Trim
42%RW-1250 excess material post
debulk
25 Room Temperature Debulk — 15 min

94




90°

45°
PLY
DRIEN' OO
TATION

-45°

OP No. Material Spec.

Orientation

Comments

Laminator

26 MTC400-1-C200T-M40J-
42%RW-1250

0/90

Lay as shown.
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PLY

ORIEM-
TATION

90°

45°

OO

-4R°

Yy
s

OP No. Material Spec. Orientation | Comments Laminator
27 MTC400-1-C200T-M40J- 45 Lay as shown. Trim
42%RW-1250 excess material post
debulk
28 Room Temperature Debulk — 15 min
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90°

45°
PLY
ORIEN- 0°
TATION

-45°

Yy
i

OP No. Material Spec.

Orientation

Comments

Laminator

29 MTC400-1-C200T-M40J-
42%RW-1250

45

Lay as shown.
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90°

45°
PLY
ORIEN- 0°
TATION

-45°

Fln'
i,

OP No. Material Spec.

Orientation

Comments

Laminator

30 MTC400-1-C200T-M40J-
42%RW-1250

0/90

Lay as shown.
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PLY

ORIEM-
TATION

90°

45°

OO

2"
s

OP No. Material Spec. Orientation | Comments Laminator
31 MTC400-1-C200T-M40J- 0/90 Lay as shown. Trim
42%RW-1250 excess material post
debulk
32 Room Temperature Debulk — 15 min
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PLY
ORIEM-
TATION

O

-t

25,9348 mm

/

OP No.

Material Spec.

Orientation

Comments

Laminator

33

MTC400-1-C200T-M40lJ-
42%RW-1250

0/90

Lay as shown.
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PLY
ORIEN-
TATION

30.4834 mm

25.5348 mm

OP No.

Material Spec.

Orientation

Comments

Laminator

34

MTC400-1-C200T-M40J-
42%RW-1250

0/90

Lay as shown.
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PLY

ORIEN-
TATION
O
-
)
34.6455 mm o
I 30.4834 mm )
. 25.5348 mm 4
| —
OP No. Material Spec. Orientation | Comments Laminator
35 MTC400-1-C200T-M40J- 45 Lay as shown.

42%RW-1250
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PLY

ORIEN-
TATION
)
B 34.6455 mm N
» 30.4834 mm .
- 25.5348 mm _
—_—
—
OP No. Material Spec. Orientation | Comments Laminator
36 MTC400-1-C200T-M40J- 0/90 Lay as shown. Trim
42%RW-1250 excess material post
debulk
37 Room Temperature Debulk — 15 min
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PLY

ORIEN-
TATION
O
-
)
I 43.0529 mm "
o 39.2615 mm J
34.6455 mm o
- 30.4834 mm N
25.5348 mm .
ﬁ
— /
OP No. Material Spec. Orientation | Comments Laminator
38 MTC400-1-C200T-M40J- 45 Lay as shown.

42%RW-1250
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PLY
ORIEM-
TATION

O

46.9968 mm

- -
43.0529 mm
- -l
39.2615 mm
el -
34.6455 mm
-l
30.4834 mm
L- -l
25.5348 mm
~

D,

\

OP No.

Material Spec.

Orientation

Comments

Laminator

39

MTC400-1-C200T-M40l-
42%RW-1250

0/90

Lay as shown.
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PLY
ORIEN-
TATION
O
O
@)
-
. 51.3800 mm
. 46.9968 mm
43.0529 mm

- 39.2615 mm N

. 34.6455 mm N

- 30.4834 mm N

25.5348 mm
e
OP No. Material Spec. Orientation | Comments Laminator
40 MTC400-1-C200T-M40J- 45 Lay as shown. Trim
42%RW-1250 excess material post
debulk
41 Room Temperature Debulk — 15 min
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90°

45°
PLY
ORIEN- 0°
TATION

_45°

OP No. Material Spec. Orientation | Comments Laminator

42 MTC400-1-C200T-M40J- 0/90 Lay as shown.
42%RW-1250
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90°

45°
PLY
ORIEN- 0°
TATION

-45 @

OP No. Material Spec. Orientation | Comments Laminator
43 MTC400-1-C200T-M40J- 0/90 Lay as shown.
42%RW-1250
44 Room Temperature Debulk-15mins
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90°

45°
PLY
ORIEN- 0°
TATION

-45 ¢

OP No. Material Spec.

Orientation

Comments

Laminator

45 MTC400-1-C200T-M40J-
42%RW-1250

0/90

Lay as shown. Trim
excess material post
debulk
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90°

45°
PLY
ORIEM- 0°
TATION
-45 @
|
O
O
' '\
O

OP No. Material Spec. Orientation | Comments Laminator
46 MTC400-1-C200T-M40J- 0/90 Lay as shown. Trim
42%RW-1250 excess material post
debulk
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45°
PLY
ORIEN- 0°
TATION

-45°

OP No. Material Spec. Orientation | Comments Laminator
47 MTC400-1-C200T-M40J- 0/90 Lay as shown. Trim
42%RW-1250 excess material post
debulk
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Layup Checklist

OP No. | Material Spec. Orientation | Comments Laminator
01 Orientate mould as shown
- and note rosette.
02 MTC400-1-C200T- Install pre-released dowels
M40J- - and wrap 4x around
42%RW-1250 diameter.
03 MTC400-1-C200T- +-45 Star ply around dowels and
M40J- lay over dowel
42%RW-1250
04 Room Temperature Debulk — 15 min
05 MTC400-1-C200T- 0/90 Star ply around dowels and
M40J- lay over dowel
42%RW-1250
06 MTC400-1-C200T- +-45 Star ply around dowel and
M40J- lay over dowel
42%RW-1250
07 MTC400-1-UD140- 0 Do not overlap ply onto
M46J- dowels.
33%RW-300P
08 MTC400-1-UD140- 0 Do not overlap ply onto
M46J- dowels. Butt plys as shown.
33%RW-300P
9 MTC400-1-UD140- 0 Do not overlap ply onto
M46)- dowels.
33%RW-300P Butt plys as shown
10 MTC400-1-UD140- 0 Butt plys as shown
M46)-
33%RW-300P
11 MTC400-1-UD140- 0 Fill remaining area as
M46J- shown. Do not overlap plys
33%RW-300P
12 MTC400-1-UD140- 0/90 Transfer preforms onto job.
M46J-33%RW-300P NB: Dimensions +-2mm
13 Room Temperature Debulk - 15 min
14 MTC400-1-UD140- 0 Butt plys as shown. Op 7-10
M46J- 33%RW-300P as reference
15 MTC400-1-UD140- 0 Butt plys as shown. Op 7-10
M46J- as reference
33%RW-300P
16 MTC400-1-UD140- 0/90 Transfer preforms onto job.

M46J-

NB: Dimensions +-2mm
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33%RW-300P

17 Room Temperature Debulk - 15 min

18 MTC400-1-UD140-M46J- | 0 Butt plys as shown. Op 7-10
33%RW-300P as reference

19 MTC400-1-UD140-M46J- | 0 Butt plys as shown. Op 7-10
33%RW-300P as reference

20 MTC400-1-UD140-M46J- | 0/90 Transfer preforms onto job.
33%RW-300P NB: Dimensions +-2mm

21 Room Temperature Debulk - 15 min

22 MTC400-1-UD140-M46J- | 0 Butt plys as shown. Op 7-10
33%RW-300P as reference

23 MTC400-1-UD140-M46J- | 0 Butt plys as shown. Op 7-10
33%RW-300P as reference

24 MTC400-1-C200T-M40J- | 0/90 Lay as shown. Trim excess
42%RW-1250 material post debulk

25 Room Temperature Debulk — 15 min

26 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

27 MTC400-1-C200T-M40J- | 45 Lay as shown. Trim excess
42%RW-1250 material post debulk

28 Room Temperature Debulk — 15 min

29 MTC400-1-C200T-M40J- | 45 Lay as shown.
42%RW-1250

30 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

31 MTC400-1-C200T-M40J- | 0/90 Lay as shown. Trim excess
42%RW-1250 material post debulk

32 Room Temperature Debulk — 15 min

33 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

34 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

35 MTC400-1-C200T-M40J- | 45 Lay as shown.
42%RW-1250

36 MTC400-1-C200T-M40J- | 0/90 Lay as shown. Trim excess
42%RW-1250 material post debulk

37 Room Temperature Debulk — 15 min

38 MTC400-1-C200T-M40J- | 45 Lay as shown.
42%RW-1250

39 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

40 MTC400-1-C200T-M40J- | 45 Lay as shown. Trim excess
42%RW-1250 material post debulk

41 Room Temperature Debulk - 15 min




42 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

43 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

44 Room Temperature Debulk-15mins

45 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

46 MTC400-1-C200T-M40J- | 0/90 Lay as shown.
42%RW-1250

47 MTC400-1-C200T-M40J- | 0/90 Lay as shown. Trim excess
42%RW-1250 material post debulk

48 Room Temperature Debulk-15mins

49 Cure:2h @ 110°C 6bar autoclave pressure
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Appendix G - Lye Testing

Due to the premature yielding of the lug at approximately 275 MPa, compared with the
more typical expected value of around 400 MPa, there was uncertainty regarding the
aluminium alloy supplied for manufacture. A sodium hydroxide lye test was therefore
considered as a simple qualitative check of the material.

Sodium hydroxide reacts with aluminium by breaking down the oxide layer and
chemically attacking the surface. However, this method cannot reliably confirm the
exact alloy grade or temper. It can only provide an indicative comparison, as 7075
aluminium is expected to react more vigorously and darken more noticeably than some
other aluminium alloys.

Figure 18: Aluminium samples; 7075 on the left, 5083 on the right.

Figure 19: Reaction of sample; 7075 on the left, 5083 on the right.

Samples of known 7075 and 5083 aluminium alloy were first cut into small strips and
exposed to a 10% NaOH solution to compare their reactions. The 7075 sample
produced a noticeably more vigorous reaction and darkened to a black surface finish,
providing a baseline response for comparison.
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Small sections were then cut from the tested lug and placed into the same solution. The
lug samples did not show the same reaction intensity or blackening observed in the
known 7075 sample (Figure 20). This suggested that the tested lug material has not
been 7075 aluminium, supporting the earlier concern raised by the unexpectedly low
yield strength measured during tensile testing.

Figure 20: Lug material in NaOH.
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Appendix H - Machining Scheme - FUWB

FUWB Machining Scheme



Manufacturing Stages

3. Bonding of two halves
together

1. Carbon lamination of top
and lower wishbone halves .

2. Machine the mating faces of both halvesto ==
remove excess material, followed by boring of the
bearing slots

4. Installation of
bearing retaining
top hats.



1. Lamination

1. Machined tooling board 2. Carbon female mould 3. Carbon wishbone half laid

used as a male pattern created from pattern and cured on carbon mould
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1. Lamination — Test Piece Example

Mould layup into

Cured female mould Wishbone half Tooled

pattern cured (untooled

Resin male pattern

faces
120 faces)



2. Machining-
Fixturing

Modified M8 shoulder screws to

reduce head height

Red surfaces showing excess
material

Carbon mould
used as fixturing
121

Fixturing clamps around wishbone
circumference



2. Machining-
Boring

Wishbone half
placed back

into mould

and clamped
C’bore drilled to fit the

modified shoulder bolt
sub flush to the post
machined surface.

EPNC-C10 08-25C08F63 1C02

SOLIDMILL 8.0

v

ITEM # BRAND:  MFR#: UNSPSC:
1SC5622851  Iscar 5622851 23241614

List Price: £66.70 cach

Proposed — '+

Quantity Available

tool used

Manufacturer stock 14



2.
Machining-

Remove clamps and torque the

shoulder bolts to the fixture 12



2. Machining- (UBRacing,

Boring

N\ Clamps re-installed

N and screws removed
N\ to bore out the holes
to final @ 24.6 mm.




3. Bonding

The lower wishbone halfis placed in
the mould, followed by installation
of the upper half using three locating
bushes. The adhesive bond line
thickness is controlled by 0.25 mm
glass beads.



4. Bearing
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The bearing is retained by two
top-hatinserts. Mating M22 X
1.0 threads provide the required
preload to withstand




Appendix | — Technical Drawings
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NOTES:

1. MACHINE ALL SURFACES TO CAD DATA.

2. HATCHED REGION MACHINED TO

£

0.2

. MATERIAL CERTIFICATE REQUIRED MATERIAL BE368
COMPONENT| - 4 5 SPEC
a C l n g DIMENSIONS IN MILIMETRES U.O0.S MASS (kg) . HEAT N/A
TREATMENT
_ 0 DECIMAL PLACES +0.50 |[DRAWN BY SURFACE

IF IN DOUBT - ASK| 2 DEcimar piace 10,25 TreatmenT | N/A

A3 2 DECIMAL PLACES +0.10 DESCRIPTION
3 DECIMAL PLACES +0.02
DO_NOT SCALE GENERAL CONCENTRICITY 0.1 TIR MAS
TEL. | +44 (0)121 414 4218 | ANGULAR TOLERANCE +0.25 PATTERN-WISHBONE LEGS

E-MAIL. | ubracing@gmail.com | REMOVE BURRS AND SHARP EDGES
This drawing and the copyright herein are the property of UBRacing. It is SHEET PART
private & confidential and is issued on the express condition that it is .
not modified,copied or communicated to any other party without the written SCALE 1 . 2 @_a- 1/1 [NUMBER UBR29-FST-012-02
consent of UBRacing.
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REV | DESCRIPTION INIT |DATE
01A | INITIAL RELEASE MAS 13.10.2025

N
v

7. F A
07999 ®12.0

7.959

' 0.5%x45°

A SECTION A-A

NOTES:

MATERIAL CERTIFICATE REQUIRED g/;EERIAL STEEL

B R 1 COMPONENT 0 0046
a C l n g DIMENSIONS IN MILIMETRES U.0.S WASS  (kg) - HEAT N/A
TREATMENT

1. DEBURR ALL SHARP EDGES. e gy s e

1 DECIMAL PLACE +0.25

2. INSPECT TO DIMENSIONS SHOWN. A4l R 2

GENERAL CONCENTRICITY 0.1 TIR MAS BUSH-8ID-TOOLING

3 . COAT IN OIL AND PLACE IN TEL. +44 (0)121 414 4218 |ANGULAR TOLERANCE +0.25

E-mAIL. | ubracing@gmail.com |RemOvE BURRS AND SHARP EDGES
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