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Real-time monitoring of manufacturing processes

-

Real-time process monitoring:

This research theme focuses on the fundamental Challenge Approach Publication DOI
research for real-time monitoring of manufacturing — )
process Wlth respect to the fo”own‘]g 3 aspects Data re“ablllty SElf-attentlon IEEE . 2”d.r0und of
Mechanism Transactions review
Based Sensor on Intelligent
Anomaly Transportation
Detection Systems
Sensor fusion | Deep Transfer IEEE Sensors | DOI:
effectiveness Learning With 10.1109/JSE
: Self-Attention for N.2022.3186
Effectiveness Industry Sensor 505
of Sensor Fusion
Fusion _ _ —
Algorithms Computational Computational | Memory-efficient | 2022 27th DOI:
Data Efficiency efficiency Transformer for | International 10.1109/ICA
Reliability Industry Sensor | Conference on | C55051.202
Fusion Automation 2.9911157
(“Sensorformer”) | and
Computing
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Made Smarter Innovation Research

CBHRected Factories Real-time monitoring

Key product:

Real-time, multi-sensor data analysis for industrial process monitoring that is
data-efficient, computationally efficient, capable of identifying critical data streams

as well as being able to perform real-time anomaly detection

Deep neural network with only small amount of
industrial data

Integration of multiple sensors from different
modalities

Can be easily adapted to different industrial
processes

Industry engagement:

Processing of drilling data (Airbus)

Discussion ongoing for link-up with Rolls-Royce (facilitated by

AMRE)

of manufacturing processes

Multi-sensor data stream
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Robotic
Drilling = Al
Closed Loop
Automation
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Made Smarter Innovation Research

Bt ected Factories RODOLIC drllllng

e Improving positional accuracy for industrial robots in a cheaper and
broader manner (solution should be applicable to secondary encoder
robots as well)

e Improvement should be made across working volume

e Drilling use case - improvements hole-to-hole and part-to-part
(solution should be applicable to both)

e Time taken for feedback loop taken into consideration from a
monitoring perspective - always limited by the speed of the controller
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Made Smarter Innovation Research

Bt ected Factories RODOLIC drllllng

e Algorithm should be flexible enough to allow extra input parameters - process forces,
environmental factors, etc.

e An accurate and repeatable datum still critical - trialled using different datums for drilling process
and algorithm training data set: algorithm overcorrecting

e Need to identify highly important input parameters from the beginning - irrelevant parameters
end up ‘confusing’ the algorithm
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Made Smarter Innovation Research

Bt ected Factories RODOLIC drllllng

Next steps...
e In the process of updating the algorithm and creating a unified framework for datuming

e Use the knowledge from Ze’s work on sensor fusion - identify what’s important, THEN include in
algorithm

e Close the feedback loop - connectivity enabled, once algorithm is ready, the feedback loop can
be closed
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“HRected Factories  1Ntelligent Robotic drilling

40 , 8 5 0 nswreominsreial sireraf $98 Mper r— 2 8 0/0 of airframe cost comes from drilling

Airbus Axon Aviation GN Bullen

Robotic drilling

]

! ,, Enhance data monitoring
; ‘

Data analytics to improve performance

Monolithic machines
Expensive
Bespoke More flexible
Lower cost
Easier to deploy

Integrate metrology systems

Machine learning Metrology

Inflexible Predicting burr size Measuring drilling angle
Building-sized Identifying material changes Ensuring accuracy
Detecting anomalies Recording process quality
Funded by Airbus and EPSRC
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Sensorised
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Made Smarter Innovation Research

EBHfected Factories S€Nsorised jigs & tools

® [Iff-the-shelf, the accuracy of a mobile
manipulator is of the order of a few
millimetres, as shown by the experimental
results in the graph

Use case: accurate
pick-and-place

® This would not be suitable for most industrial

Processes End-effector positioning accuracy without
® For this reason, sensor feedback would be '°catsat'°"
required to improve the precision of the . .
robot £ el e
z : i '
® Machine vision feedback works well in many H . e, |
60 -40 S . T ® 20 40 &0

cases, but suffer from high additional costs
and reprogramming efforts

Y-axis end-effector
=
®
®
L]

-40
X-axis end-effector positions (mm)

® No localisation
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Made Smarter Innovation Research

CHnected Factories D€Nsorised jigs & tools

® A readily available source of feedback in most
collaborative robots is the force-torque sensor

® [In the other hand, most jigs, assemblies or machines
have certain mechanical features that can be exploited to
constrain the degrees of freedom of the parts

® [sing these two factors, by gently applying force to the
companents and fixing them to specific mechanical
features, we can reduce uncertainty during operations

17 safety functions,
all EN IS0 13849-1,
Cat 3, PLd, certified
by TUV NORD

Full EN IS0 10218-1
compliance, certified
by TUV NORD

Easily
replaceable
joints

Force Sensing, Tool Flange

Force, x-y-z

« Intuitive
programming flow

« Light and responsive

teach pendant
Thin cable and wide screen

+ Customizable stopping

time and stopping distance

Torque, x-y-z

Range 100.8 N 10.8 Nm

Precision 5.0 N 0.2 Nm

Accuracy 5.5N 0.5 Nm
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Made Smarter Innovation Research

C¥inected Factories ~ Sensorised jigs & tools

End-effector metrology results

. L
i b trzscirer
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e  Experiments confirmed that the approach provides an®Y Product Applications:
order of magnitude accuracy improvement Making mobile manipulators:
Maore accurate Enhanced pick-and-
* (ngoing work to standardise the procedures and the .. faibfe place lgistics e
design of the |ocating fixtures L ower cost e s
Easier to deploy

Enhance positioning
of large object
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Non-contact Gap Detection

Cost Intervention In-process Detection

Objective Action/Intervention Reduction Qpporunity Required?

Ensure intimate contact between

assembly parts (gap <0.3mm)

despite variations in the
condition of supply

Modify clamping
map to eliminate
gaps

o No for 3D scan
« Yes for through-skin scan

« Through-skin gap detection after join-up

« The variation in the condition of supply requires Through-skin gap detection _
new sensing technologies to enable more robust Current focus is on millimetre-wave (MMW) sensor for detecting
assembly inspection interlayer gaps. Exploratory testing has yielded promising results.

We are setting up through-skin gap detection proof-of-principle

experiments. The priority is to characterise MMW sensing capability

and limitations.
Noise
absorber
mmWave
waveguide
mmWave
Extender
30GHz —
100GHz

Mating surface of two non-ideal components sample

Initial Experiment setup

Made Smarter Centre for
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Non-contact Gap Detection

Current Status

o Successful detection of | mm gaps between polymer > Successful detection of surface defect in aluminium (not >

and aluminium sheets through-skin)
_ Our results
Literature {

Reflective - Comparison between no airgap and 1mm airgap(Perspex and Aluminiumy)
5
7E410 7.5E+10 8E+10 85E+10 9E+10 ASE+10 16411

Signal Generator
and
Detector

Open-Ended

Scan Direction
Waveguide —

Mgnitude(dB)

Frequency(Hz) -8

-=-No Airgap ~=1mm Airgap

Characterisation tests using MDF,
acrylic, Perspex backed by aluminium
sheets - with and without 1 mm gap
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Non-contact Gap Detection
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Non-contact Gap Detection

Current Status

Lower frequency penetrates better
Tradeoff - gap resolution ability

«10% Comparing the high frequency to low frequency

Succes

sful tests of signal

penetration through CFRP
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Next steps

q.

Combining CFRP penetration with detection of surface
defect in aluminium

Target configuration:

OERW

3" Reflection
'y
2™ Reflection
1=t
1" Reflection
t=t"y
Induced wave
=

2 Reference
. I ‘ .................... b plane
Stand-off
distance '-. LS L
v A S . Alr

-"

e

S12 for CFRP simulation

-->

Key outputs:

Detection of join-up
imperfections

Guidance in gap closure

(ne-way Assembly

Applications:

Wing and fuselage assembly
(Airbus)

Flexible modular assembly of
mechanical/electrical/ pipework
(future link-up with Rolls-Royce
facilitated by AMRL)



Vision-based
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and Control:
Enhancing
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vade smarer movatin Researcn ——— \/{SjoN-based Monitoring and Control of Extrusion 3D I

Efonnected Factories Pr| ntl ng

Iterative Learning Enables Intelligent Mass Manufacturing

Iterative Learning

'
Memory !

: Inference Machine Target data :

Clns d-loop control target task
Foundation model annotate

+ Embodied vision-based artificial intelligence.
+ Acquires experience as it manufactures more and more of the same part.
+ Learns and accounts for the uncertainty in the manufacturing environment.

Reinforcement Learning Control of Extrusion via Flow Rate and Temperature Correction

* The agent analyzes video clips to adjust (“Agent utiizing video swin transformer Correction resits
. . e
the flow rate and temperature, aiming State S, :
. . . firmware values \

tO Optlmlze extI‘USIOI"I. and video clips. Reward Action A:
* The reward system penalizes deviations . fovowsd m—y

from ideal extrusion levels. ! adjustments
« Stable interactions facilitate ongoing |

training and timely corrections.
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wade smarer movation researen——— \/[SjON-based Monitoring and Optimisation of Traditiona

Cohhected Factories Manufacturing
CNC Machining

+ Vision sensors setup: 1 endoscope and 1 « Predict and correct machining process parameters
LWIR thermal camera. like spindle speed, cutting speed, cutting tools, and
materials.
[ semes 4
ctions
Camera, Microphones, and Process parameters: feed rate,
Additional Optional sensors - - T~ depth of cut, spindle/router head
speed
A
Real-Time Monitoring
Chatter detection
Surface finish prediction

o : Sensors signal ﬁ
Vacuum Forming

« Data collection: 3 webcams and 1 thermal camera. + ML models suggestions on heating power, heating
time, and vacuum time.
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Made Smarter Innovation Research

ESinected Factories Summary of Key Products/Outputs

Key Products/Outputs:
» Monitoring additive manufacturing processes. Industrial Engagement:

» Predict and correct machining process parameters like
spindle speed, cutting speed, cutting tools, and

materials. Currently discussing potential collabs with
+ ML-based optimization of vacuum forming parameters ‘ ' Id Chase Plastics
like heating power, heating time, and vacuum time. S ST
nmni
+ Iterative Learning Enables Intelligent Mass l l Samworth Brothers
Manufacturing. R i

+ Reinforcement Learning Control of Extrusion via
Flow Rate and Temperature Correction.
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Dynamic
Task
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Made Smarter Innovation Research

Cinected Factories Contextual dynamic task planning/control I)..

e At factory level, allow for process planning and decision making in a
dynamic environment - how can decisions be automated when volume 1T
changes, machines are down for maintenance, workers are off, etc jspect~ @ N vreerneenend

e Algorithm developed in a ‘off-the-shelf’ discrete event simulation software
- Anylogic

e Algorithm should be able to always provide the optimal solution in terms of
task planning - reinforcement learning employed

e Algorithm should be able to minimise delays and prioritise meeting
forecasts

e Time taken to arrive at a decision important but application dependent -
not everything needs to be ‘real-time’
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Eiinocted Factories Contextual dynamic task planning/control I)..

Base Comparison
(50 orders)

2 week optimisation
(+50 orders)

Lathe maintenance
(known event)

Mill breakdown
(unknown event)

Operator variability

Workplan ID Route

1 Lathe - Inspect - Inspect -- Pack
- Inspect  Pack

Lathe Inspect Lathe Inspect-Pack

Drill  Assemble Drill  Pack
-Inspect Lathe Inspect Dr: Inspect Pack
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Eiinocted Factories COntextual dynamic task planning/control I)..

Next steps...

® Running the models and optimisers in the cloud

e Create a demo of a platform that could be deployed to manufacturers and used by operations managers
to plan ahead

e Optimisation by Al

orderSource  inboundQueue  pog  moveToCell peyiop latheQueue  Lathe ToExit packageQueue packager queue sink

) arrival @ onTime

[ excelFile delayTotal

=] schedule O Y

[=]schedulel O completed
@ reward

inspectPool
£33

(7 inspect_SetupTime1
() inspect_SetupTime2

() inspect_SetupTime3
(7 inspect_SetupTime5
() InspectlsetupFor
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Made Smarter Innovation Research

EsHected Factories Assembly Monitoring, Control, and Certification I)..

Multi-Sensor Monitoring and Certification of Precision Assembly

Logistics Logistics Positioning and alignment Positioning and alignment
AGV movement from AGV movement
storage to general underneath the wing Final assembly
assembly area towards LG bay
Approx. 0.001 mm
Approx. 10 mm Approx. 1 mm accuracy
accuracy accuracy 8 mrad accuracy
64 mrad accuracy 32 mrad accuracy
Person-aware navigation High-Precision Rigging

Perception and action combining logistics and assembly

Force/torque sensors Mechanical contact sensors

Multi-camera fringe projection

Machine vision sensors
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Made Smarter Innovation Research

EsHected Factories Assembly Monitoring, Control, and Certification I)..

Key outputs:
In-process monitoring and guidance of assembly
e D = O N b S e ot N e ST FOCESSES
Multi-Sensor Monitoring and Certification of Precision Assembly P
Logistics Logistics Positioning and alignment Positioning and alignment

In-process quality assurance

AGV movement from
storage to general { Final assembly
assembly area
Approx. 0.001 mm
Approx. 10 mm Approx. ] accuracy
accuracy ' 8 mrad accuracy
64 mrad accuracy

Applications:

Wing and fuselage assembly (Airbus)

Machine vision sensors

Force/torque sensors Mechanical contact sensors

— e Flexible modular assembly of mechanical/electrical/ pipework (future link-
ulti-camera fringe projection

-M up with Rolls-Royce facilitated by AMRE)

Activity started February 2024
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