PROCEEDINGS OF SPIE

Laser 3D Manufacturing

Henry Helvajian
Alberto Piqué
Martin Wegener
Bo Gu

Editors

5-6 February 2014
San Francisco, California, United States

Sponsored and Published by
SPIE

Volume 8970

Proceedings of SPIE 0277-786X, V. 8970

SPIE is an international society advancing an interdisciplinary approach to the science and application of light.

Laser 3D Manufacturing, edited by Henry Helvajian, Alberto Piqué, Martin Wegener, Bo Gu, Proc. of SPIE Vol. 8970,
897001 - © 2014 SPIE - CCC code: 0277-786X/14/$18 - doi: 10.1117/12.2064542

Proc. of SPIE Vol. 8970 897001-1



The papers included in this volume were part of the technical conference cited on the cover and
fitle page. Papers were selected and subject to review by the editors and conference program
committee. Some conference presentations may not be available for publication. The papers
published in these proceedings reflect the work and thoughts of the authors and are published
herein as submitted. The publisher is not responsible for the validity of the information or for any
outcomes resulting from reliance thereon.

Please use the following format to cite material from this book:

Author(s), "Title of Paper," in Laser 3D Manufacturing, edited by Henry Helvajian, Alberto Piqué,
Martin Wegener, Bo Gu, Proceedings of SPIE Vol. 8970 (SPIE, Belingham, WA, 2014) Article CID
Number.

ISSN: 0277-786X
ISBN: 9780819498830

Published by

SPIE

P.O. Box 10, Bellingham, Washington 98227-0010 USA
Telephone +1 360 676 3290 (Pacific Time) - Fax +1 360 647 1445
SPIE.org

Copyright © 2014, Society of Photo-Opfical Insfrumentation Engineers.

Copying of material in this book for internal or personal use, or for the internal or personal use of
specific clients, beyond the fair use provisions granted by the U.S. Copyright Law is authorized by
SPIE subject to payment of copying fees. The Transactional Reporting Service base fee for this
volume is $18.00 per article (or portion thereof), which should be paid directly to the Copyright
Clearance Center (CCC), 222 Rosewood Drive, Danvers, MA 01923. Payment may also be made
electronically through CCC Online at copyright.com. Other copying for republication, resale,
advertising or promotion, or any form of systematic or multiple reproduction of any material in this
book is prohibited except with permission in writing from the publisher. The CCC fee code is
0277-786X/14/$18.00.

Printed in the United States of America.

Publication of record for individual papers is online in the SPIE Digital Library.

SPIE &
Digital Liorary

SPIEDigitallibrary.org

Paper Numbering: Proceedings of SPIE follow an e-First publication model, with papers published
first online and then in print and on CD-ROM. Papers are published as they are submitted and
meet publication criteria. A unique, consistent, permanent citation identifier (CID) number is
assigned to each article at the time of the first publication. Ufilization of CIDs allows articles to be
fully citable as soon as they are published online, and connects the same identifier fo all online,
print, and electronic versions of the publication. SPIE uses a six-digit CID article numbering system
in which:
= The first four digits correspond to the SPIE volume number.
= The last two digits indicate publication order within the volume using a Base 36 numbering
system employing both numerals and letters. These two-number sets start with 00, 01, 02, 03, 04,
05, 06, 07, 08, 09, OA, OB ... 0Z, followed by 10-1Z, 20-2Z, etc.
The CID Number appears on each page of the manuscript. The complete citation is used on the
first page, and an abbreviated version on subsequent pages. Numbers in the index correspond to
the last two digits of the six-digit CID Number.

Proc. of SPIE Vol. 8970 897001-2



Contents

v Conference Committee
vii Introduction

Photonics21 and the perspectives from the European photonics industry
(Plenary Paper, Presentation Video) [8970-201]
M. Mertin, JENOPTIK AG (Germany)
View the presentation on the SPIE Digital Library: http://dx.doi.org/10.1117/12.2063589
Femtosecond laser 3D micromachining and its applications to biochip fabrication
(Plenary Paper, Presentation Video) [8970-202]
K. Sugioka, RIKEN (Japan)
View the presentation on the SPIE Digital Library: http://dx.doi.org/10.1117/12.2063586
OPPORTUNITIES AND CHALLENGES IN LASER 3D MANUFACTURING

8970 02 A synopsis of the Defense Advanced Research Projects Agency (DARPA) investment in
additive manufacture and what challenges remain (Invited Paper) [8970-1]
M. Maher, Defense Advanced Research Projects Agency (United States); A. Smith,
J. Margiotta, Strategic Analysis, Inc. (United States)

8970 03 Laser-based additive manufacturing: where it has been, where it needs to go (Invited
Paper) [8970-2]
K. P. Cooper, U.S. Naval Research Lab. (United States)

8970 04 Laser embedding electronics on 3D printed objects [8970-3]
M. A. Kirleis, D. Simonson, N. A. Charipar, H. Kim, K. M. Charipar, R. C. Y. Auyeung,
S. A. Mathews, A. Piqué, U.S. Naval Research Lab. (United States)

8970 05 Fabricating specialised orthopaedic implants using additive manufacturing (Invited Paper)
[8970-4]
P. Unwin, Stanmore Implants Worldwide Ltd. (United Kingdom)
MULTI-PHOTON POLYMERIZATION OF 3D MICRO- AND NANOSTRUCTURES I

8970 08 Three-dimensional two-photon lithography: an enabling technology for photonic wire
bonding and multi-chip integration (Invited Paper) [8970-5]
C. Koos, W. Freude, N. Lindenmann, S. Koeber, T. Hoose, M. R. Billah, Karlsruhe Institute of
Technology (Germany)

8970 0C Laser nanolithography and chemical metalization for the manufacturing of 3D metallic

interconnects [8970-9]
T. Jonavi&ius, S. Rekstyte, A. Zukauskas, M. Malinauskas, Vilnius Univ. (Lithuania)

Proc. of SPIE Vol. 8970 897001-3



MULTI-PHOTON POLYMERIZATION OF 3D MICRO- AND NANOSTRUCTURES I

8970 OH Three-dimensional ceramic molding process based on microstereolithography for the
production of piezoelectric energy harvesters [8970-14]
S. Maruo, K. Sugiyama, Yokohama National Univ. (Japan); Y. Daicho, C-MET Inc. (Japan);
K. Monri, Yokohama National Univ. (Japan)
MULTIFUNCTIONAL AND MULTIMATERIAL 3D FABRICATION

8970 OM Creation of multimaterial micro- and nanostructures through aqueous-based fabrication,
manipulation, and immobilization (Invited Paper) [8970-19]
J. T. Fourkas, F. Dawood, S. Qin, L. Li, S. Nah, C. Ropp, Z. Cummins, B. Shapiro, E. Waks, Univ.
of Maryland, College Park (United States)

8970 00 Gas-mediated charged particle beam processing of nanostructured materials (Invited
Paper) [8970-21]
C. J. Lobo, A. A. Martin, C. Elbadawi, J. Bishop, I. Aharonovich, M. Toth, Univ. of
Technology, Sydney (Australia)
LASER ADDITIVE MANUFACTURING OF METAL STRUCTURES: JOINT SESSION WITH
CONFERENCES 8963 AND 8970

8970 0Q Real-time laser cladding control with variable spot size [8970-23]
J. L. Arias, M. A. Montealegre, F. Vidal, J. Rodriguez, AIMEN Technology Ctr. (Spain);
S. Mann, P. Abels, Fraunhofer-Institut fUr Lasertechnik (Germany); F. Motmans, VITO NV
(Belgium)

8970 OR Post-processing of 3D-printed parts using femtosecond and picosecond laser radiation
[8970-24]
[. Mingareeyv, N. Gehlich, T. Bonhoff, CREOL, The College of Optics and Photonics, Univ. of
Central Florida (United States) and Fraunhofer-Institut fur Lasertechnik (Germany);
W. Meiners, |. Kelbassa, Fraunhofer-Institut fUr Lasertechnik (Germany); T. Biermann,
Fraunhofer-Institut fUr Lasertechnik (Germany) and Joining Technologies, Inc. (United
States); M. C. Richardson, CREOL, The College of Optics and Photonics, Univ. of Central
Florida (United States)
LASER PROCESSING OF NOVEL STRUCTURES AND COMPLEX SHAPES

8970 0T Rapid manufacture of freeform micro-optics for high power applications [8970-26]
M. Currie, R. McBride, PowerPhotonic Ltd. (United Kingdom)

8970 0U Flexible and robust beam shaping concepts with aspheres [8970-27]

U. Fuchs, asphericon GmbH (Germany)

Author Index

Proc. of SPIE Vol. 8970 897001-4



Conference Committee

Symposium Chairs

Bo Gu, Bos Photonics (United States)

Andreas Tunnermann, Fraunhofer-Institut fir Angewandte Optik und
Feinmechanik (Germany) and Friedrich-Schiller-Universitat Jena
(Germany)

Symposium Co-chairs

Guido Hennig, Daetwyler Graphics AG (Switzerland)
Yongfeng Lu, University of Nebraska-Lincoln (United States)

Program Track Chairs

Henry Helvajian, The Aerospace Corporation (United States)
Alberto Piqué, U.S. Naval Research Laboratory (United States)

Conference Chairs

Henry Helvajian, The Aerospace Corporation (United States)
Alberto Piqué, U.S. Naval Research Laboratory (United States)
Martin Wegener, Karlsruhe Institute of Technology (Germany)
Bo Gu, Bos Photonics (United States)

Session Chairs
1 Opportunities and Challenges in Laser 3D Manufacturing
Henry Helvajian, The Aerospace Corporation (United States)

2  Multi-photon Polymerization of 3D Micro- and Nanostructures |
Martin Wegener, Karlsruher Institut fur Technologie (Germany)

3 Multi-photon Polymerization of 3D Micro- and Nanostructures I
Henry Helvajian, The Aerospace Corporation (United States)

4  Applications and Diagnostics of Laser Transfer Techniques:
Joint Session with Conferences 8967 and 8970
Daisuke Nakamura, Kyushu University (Japan)

5 Multifunctional and Multimaterial 3D Fabrication
Alberto Piqué, U.S. Naval Research Laboratory (United States)

Proc. of SPIE Vol. 8970 897001-5



vi

6

7

Laser Additive Manufacturing of Metal Structures: Joint Session
with Conferences 8963 and 8970
Stan Ream, Edison Welding Institute (United States)

Laser Processing of Novel Structures and Complex Shapes
Bo Gu, Bos Photonics (United States)

Proc. of SPIE Vol. 8970 897001-6



Infroduction

The Laser 3D Manufacturing conference was newly established at SPIE Photonics
West 2014 with the intent to provide a forum for professionals in materials science,
laser processing physics/chemistry, mechanical engineering, design tools, software
modeling, characterization, and meftrology to share and discuss the latest
advances in the field of laser-based manufacturing. The gathering offered a
unique opportunity to discuss the development and implementation of the next
generation of laser-based 3D manufacturing processes that will accelerate the
mass-customization of products. The Laser 3D Manufacturing conference goals
were to merge ideas and approaches used in free-form fabrication that not only
involves both additive and subtractive techniques, but also to explore light-matter
interaction phenomena that achieve transformative effects.

The conference hopes to spurn the development of materials that have protean
(mutable, changeable) properties that could be induced via light-matter
inferaction “upon command.” The conference also hopes to generate interest
within the process conftrol disciplines that will enable the reliable 3D manufacturing
of structures that have localized functionality.

The full two-day event was marked with overflow sessions. The program schedule
and submitted papers of the inaugural meeting follows.

Henry Helvajian
Alberto Piqué
Martin Wegener
Bo Gu
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