NNNNNNNNNNNNNN

SAE F»]c]~

RESEARCH REPORT

Unsettled Technology
Domains in Robotics for
Automation in Aerospace
Manufacturing

Dr. Jody E. Muelaner




SAE F»]c]~

RESEARCH REPORT

Unsettlied Technology
Domains in Robotics for
Automation in Aerospace
Manufacturing

Dr. Jody E. Muelaner

Muelaner Engineering Ltd.

EDGE DEVELOPMENT TEAM

Dave Burns, Kuka Systems Jim Heley,

Andy Francis, GKN Aerospace Advanced Aerospace Assembly Ltd
Russell DeVlieg, Electrolmpact Andy Silcox, AMRC, Broughton
Roger Holden, True Position Robotics Zheng Wang, University of Bath

S

INTERNATIONAL-

Warrendale, Pennsylvania, USA



INTERNATIONAL-

About the Publisher

SAE International® is a global association of more than
128,000 engineers and related technical experts in the
aerospace, automotive, and commercial-vehicle industries.
Our core competencies are lifelong learning and voluntary
consensus standards development. Visit sae.org

SAE EDGE™ Research Report Disclaimer

SAE EDGE™ Research Reports focus on topics that are
dynamic, in which knowledge is incomplete, and which have
yet to be standardized. They represent the collective wisdom
of a group of experts and serve as a practical guide to the
reader in understanding unsettled subject matter. They are
not meant to provide a recommended practice or protocol.
The experts engaged have contributed their own thoughts
and points of view, and these are not the positions of the
institutions or businesses with which they are affiliated. A
professional writer has collectivized their input; there is no
one contributor’s perspective being advanced, but rather that
of a community of practitioners. SAE EDGE™ Research
Reports are the property of SAE International, and SAE alone
is responsible for their content.

Copyright © 2020 SAE International. All rights reserved.

About This Publication

SAE EDGE™ Research Reports provide state-of-the-art and
state-of-the-industry examinations of the most significant
topics in mobility engineering. SAE EDGE™ contributors
are experts from research, academia, and industry who
have come together to explore and define the most critical
advancements, challenges, and future direction in areas such
as vehicle automation, unmanned aircraft, Internet of Things
and connectivity, cybersecurity, advanced propulsion, and
advanced manufacturing.

Related Resources

SAEMOBILUS® Advanced Manufacturing Knowledge Hub
https://saemobilus.sae.org/advanced-manufacturing/

SAE Team

Frank Menchaca, Chief Product Officer

Michael Thompson, Director, Standards, Information and
Research Publications

Monica Nogueira, Acquisitions Director

Jill Leonard, Product Manager

William Kucinski, Managing Technical Editor

No part of this publication may be reproduced, stored in a retrieval system, distributed, or transmitted in any form or by any means without the prior
written permission of SAE International. For permission and licensing requests, contact SAE Permissions, 400 Commonwealth Drive, Warrendale, PA
15096-0001 USA; e-mail: copyright@sae.org; phone: 724-772-4028; fax: 724-772-9765.

Printed in USA

Information contained in this work has been obtained by SAE International from sources believed to be reliable. However, neither SAE International nor
its authors guarantee the accuracy or completeness of any information published herein and neither SAE International nor its authors shall be responsible
for any errors, omissions, or damages arising out of use of this information. This work is published with the understanding that SAE International and its
authors are supplying information, but are not attempting to render engineering or other professional services. If such services are required, the assistance

of an appropriate professional should be sought.

ISSN 2640-3536
e-ISSN 2640-3544
ISBN 978-1-4686-0123-7

To purchase bulk quantities, please contact: SAE Customer Service

E-mail:  CustomerService @sae.org

Phone: 877-606-7323 (inside USA and Canada)
724-776-4970 (outside USA)

Fax: 724-776-0790

Visit the SAE International Bookstore at books.sae.org


http://sae.org
https://saemobilus.sae.org/advanced-manufacturing/
copyright@sae.org
CustomerService@sae.org
http://books.sae.org

About the Author

Dr. Jody E. Muelaner is a chartered mechanical engineer with a back-
ground in metrology, aerospace manufacturing, and machine design. He now
specializes in writing about technical topics in a way that the target audience can
easily understand.

His writing has included technical reports for Rolls-Royce and Airbus, peer-
reviewed journals, and UK government reports, as well as magazines and websites.
He has published several hundred articles and was awarded the Sage Best Paper
Award in 2010.

Starting out in machine design, Dr. Muelaner initially worked on sawmills,
waste-processing machinery, domestic appliances, and medical devices. After
moving into metrology, his research focused on modeling and optimizing uncer-
tainty in manufacturing systems, enabling right-first-time assembly, and the design
of innovative laser instruments. He founded Muelaner Engineering Ltd in 2018 to
provide consultancy and technical writing within advanced manufacturing and
machine design.



About the Author

Unsettled Technology Domains in Robotics
for Automation in Aerospace Manufacturing......

Introduction . ......... ... ... ... i i 4

StateoftheIndustry . ..........ccvuuiiiueennn.

Drilling and Filling . . . .............0iuiuieenn. 5
Machining. .. ......... ... e 5

Wet Operations (Sealant Application). ...........

Inspection. .. ......... ...ttt 6

Friction Stir Welding . . .. .......... ... ou.... 7
LOGiStiCS . . v v et e 7

Defining ACCUraCy .. ..o i i ittt e eenns 8

Recommendations. . ..............ccuuiiuennn.

Calibration ........... .. i

Recommendations. . ..............ccuuiiuennn. 9

Datuming. .. ....... i e e 9
Recommendations. . ............c.ccouuuuiennn. 10

AdaptiveControl .. ......... ... ... ... ... ... 10
Recommendations. . ............c.ccouiuuuennn. 10

Feedforward Control........................ 1
Recommendations. . .............c.ccuuuuiunnn. 11

Global Measurement Feedback............... n

Recommendations. . .............cccuuuuiuunn. 12
Local Measurement Feedback............... 12
Recommendations. . .............cccuuuuiuunn. 12
Locally Clamped Machine Tools ............. 12
Recommendations. . .............cccuuuuiuunn. 13
Reducing Cutting Disturbances.............. 13
Recommendations. . .............cccuuuuiuunn. 13
Highly Dynamic End Effectors............... 14
Recommendations. . ............c.cccuuuuuiunn. 14
Hybrid High-Accuracy Control. .............. 14
Recommendations. . .............ccouuuuueunn. 14
Human-Robot Collaboration ................ 15
Recommendations. . .............cccuiiuuiunn. 15
Conclusions. . ...t e e 15
SAE EDGE™ Research Reports . ................ 16
Next Steps . ...ttt ettt 16
Recommendations. . .............c.couiuuiunnn. 16
Abbreviations/Definitions. . . .................. 17
Acknowledgments............... ..., 17
Bibliographic References ............coovvuuun. 17
Contact Information ......................... 19

© 2020 SAE International. All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any
means, electronic, mechanical, photocopying, recording, or otherwise, without the prior written permission of SAE.



Atosan/Shutterstock.com

Unsettled Technology Domains
in Robotics for Automation in
Aerospace Manufacturing

Abstract DR. JODY E Ml._JELANER
Muelaner Engineering Ltd.

Cost reduction and increasing production rates are driving automation of aerospace

manufacturing. Articulated serial robots may replace bespoke gantry automation or Edge Development Team

hum.a.n operations. |mproved accuracy |s.key to gnab}mg op.elfatlons such as machining, e BT, (e S

additive manufacturing (AM), composite fabrication, drilling, automated program Andy Francis, GKN Aerospace

development, and inspection. New accuracy standards are needed to enable process- Russell DeVlieg, Electrolmpact

relevant comparisons between robotic systems. Roger Holden, True Position Robotics

Accuracy can be improved through calibration of kinematic and joint stiffness Jim Heley,

parameters, joint output encoders, adaptive control that compensates for thermal Advanced Aerospace Assembly Ltd

expansion, and feedforward control that compensates for hysteresis and external loads. Andy Silcox, AMRC, Broughton

The impact of datuming could also be significantly reduced through modeling and Zheng Wang, University of Bath

optimization. Highly dynamic end effectors compensate high-frequency disturbances ISSN 2640-3536

using inertial sensors and reaction masses. Global measurement feedback is a high-
accuracy turnkey solution, but it is costly and has limited capability to compensate
dynamic errors. Local measurement feedback is a mature, affordable, and highly
accurate technology where the robot is required to position or align relative to some
local feature. Locally clamped machine tools are an alternative approach that can
utilize the flexibility of industrial robots while also enabling high-quality machined
surfaces. Hybrid high-accuracy control strategies will be required for many processes.

NOTE: SAE EDGE™ Research Reports are intended to identify and illuminate key
issues in emerging, but still unsettled, technologies of interest to the mobility industry.
The goal of SAE EDGE™ Research Reports is to stimulate discussion and work in
the hope of promoting and speeding resolution of identified issues. SAE EDGE™
Research Reports are not intended to resolve the issues they identify or close any
topic to further scrutiny.





