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I. Executive Summary

This report describes the activities of a Collaborative Project Order (CPO) agreement between
the Air Force Research Laboratory Materials and Manufacturing Directorate (AFRL/RX) and the
Wright Brothers Institute (WBI), in which the Pennsylvania NanoMaterials Commercialization
Center has served as a major subcontractor, principal performer of all project work and principal
interface with AFRL/RX. CPO 9024 was initiated in October 2006 and has been serially
renewed or extended on an annual basis since its inception through April of 2013.

This final technical report summarizes the three major components and deliverables that have
been successfully achieved during the course of this program. These derive from the statement of
work described in the Attachment of the Subrecipient Agreement# WBSC 9024 PN between
Wright Brothers Institute (WBI) and the Pennsylvania NanoMaterials Commercialization Center
(PA NanoCenter), as modified under Mod 8 (August 10, 2011). The Prime Agreement is
FA8650-06-3-9024.

A. TECHNOLOGY AREA PLANNING

The Pennsylvania NanoMaterials Commercialization Center, working with AFRL, and its core
industry partners defined a Technology Roadmap. The Roadmap is a 5-page document that has
been periodically upgraded and fashioned to most effectively engage and communicate the
technology needs to the PA NanoCenter stakeholders. It defines the specific focus of
nanomaterials and its application to (A) Active Functional Materials; (B) Passive Functional
Materials and (C) New and Enhanced Structural Materials.

The PA NanoCenter funded a number of technology development projects that as a direct result
of the funding could advance the technology for both the commercial and/or non-commercial
stakeholders. This development is evident as project teams have reported on the success to
leverage the funding and secure next stage engineering dollars and joint development agreements
with the commercial or noncommercial stakeholder. For the contract period November 2006
through January 2013 the PA NanoCenter opened 10 rounds of proposals submissions. A total of
338 technology commercialization proposals were submitted and 46 were funded by the PA
NanoCenter.

In October 2009, with input from the AFRL representative on the PA NanoCenter's Technology
Advisory Committee, an additional technology thrust was added to the Technology Roadmap
which focused on nanomaterials for new energy applications. Energy is expanded to include (a)
Generation; (b) Conversion; (c) Utilization and (d) Storage.

Traditionally the PA NanoCenter has used print and web media to showcase the Technology
Roadmap. This is being expanded to include a more far reaching approach using social and
virtual media.

The PA NanoCenter has matured its model and able to extract best practices to advance the goals
of accelerating emerging technology commercialization. An example of this activity includes
hosting a webinar series to support the goal of using the Technology Roadmap to communicate
the nanomaterials industry and market needs of the stakeholders. The webinars provided a virtual
forum for the technology provider and researchers to hear a firsthand account of the commercial
and non-commercial partners in support of their contribution to the roadmap. The goal was to

1
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engage in Q&A to evaluate and bring to light emerging technologies that match the market need.
The PA NanoCenter managed the engagement and outcomes of potential partnerships.

B. PROJECT MARKETING AND SELECTION

The PA NanoCenter developed a visibility strategy to (a) market the technology
commercialization program to the primary stakeholders and (b) showcase the technology
developments of the portfolio organizations. The result was that the technology development
being proposed and subsequently selected for funding (a) was aligned with a clear market need;
(b) had a project team that includes the potential customer and (c) outlined a feasible path to
prototype development.

The PA NanoCenter used a selection of media tools to showcase the program and the successes
of the portfolio companies and their technology development projects. The marketing formats
included (i) an official web site; (ii) quarterly electronic newsletters; (ii) press releases and
announcements; and (iv) regular presentations at conferences and meetings. In addition, the
Center facilitated targeted university-industry workshops to match market (and AFRL needs)
with university technology capabilities. AFRL representatives attended the workshops.

The PA NanoCenter continued to expand the visibility of the program by launching a series of
marketing initiatives. These included the complete re-design of new brochures, publishing
business success stories on the website, e-newsletters and submitting these to print media
publications like TEQ- publication by the Pittsburgh Technology Council with national
distribution and specific academic communications. The new brochure highlights case studies,
economic impact data and is intended to showcase the impact of nanotechnology as it applies to
the advanced materials industry.

The PA NanoCenter also expanded its resources and engaged qualified consultants to broaden
the network and develop new opportunities for the commercialization of emerging
nanotechnologies. These activities focused on (i) funding and partner opportunities for the
portfolio companies and their technologies as well as the (ii) strategic development opportunities
for the PA NanoCenter.

The PA NanoCenter assembled a 21 person Technical Advisory Committee (TAC) that reviewed
and vetted all proposals submitted for funding. The TAC includes participation from the PA
NanoCenter's four university partners (Carnegie Mellon University, University of Pittsburgh,
Penn State University and Lehigh University), partner and portfolio companies, federal labs
(AFRL, INL, NETL), serial entrepreneurs and early stage investors. The individuals on the TAC
had expertise and extensive experience in a combination of technical, new business and product
development. After a 2-stage review process the TAC recommended prospective projects to the
PA NanoCenter Board of Directors for the approval of funding.

The TAC was charged with the following activities under the joint supervision of the TAC chair
and the PA NanoCenter's Executive Director:

* Form sub-committees of the TAC as needed and as requested by the PA NanoCenter's board
for the purposes of making changes to the TAC charter, addition of new members or other ways
to improve the review process for the PA NanoCenter. One such sub-committee was formed to

2
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develop the Energy component of the Technology Roadmap (as described in the Technology
Area Planning section above)

» The PA NanoCenter developed the proposal criteria and review process that has been
continually improved and used for each proposal round.

* An IP Policy (and subrecipient agreement) for both university and company participation was
implemented. The PA NanoCenter had increasing and innovative proposals submitted while
meeting the federal IP requirements.

C. PROJECT MANAGEMENT

The PA NanoCenter managed the project management of all funded technology developments
under this agreement. This project management was designed to increase the probability of
successful outcomes for the PA NanoCenter's projects. The project management support
included:

» Arequirement that prior to project start, each project plan follow the PA NanoCenter's
standardized Statement of Work (SOW).

» Defining measurable milestones and deliverables that match the scope and timeline for the
project.

» Outline congruent technical and commercialization development tasks for the SOW.
* A documented change order process.
* Regular (every two -three months) project reviews with formal progress reports.

» Other advice and support provided by the PA NanoCenter to its project partners on technical,
manufacturing or business issues as needed.

The PA Nano Center facilitated regular, annual Technology Showcase Days at the AFRL
facilities in Dayton, Ohio. The one-day meetings were designed to showcase the technology
developments of the portfolio companies to the AFRL program managers and contractors. This
typically took the form of a series of presentations and one-on-one engagements. The PA
NanoCenter was actively involved with follow-up communications to leverage any opportunity
for continued development of the technology towards commercialization.

The PA NanoCenter has been able to fund a total of 46 projects, 59 technologies and 19
commercial products have been developed. These are technologies that have been evaluated by
the customer and assessed for the potential market. The economic impact of the investments
show that 92 jobs have been created and 129 jobs have been retained. The funded technologies
have been able to leverage the invested funding to the amount of 54.2M. The leveraged funds
represent private, federal and engineering dollars that the portfolio organizations are able to
secure for next stage and joint developments.

3
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Appendix — Final PA NanoCenter Subcontractor Project Reports
Pa NanoCenter has final reports for the following projects. They are included in the Appendix.

Table 1. PA NanoCenter Subcontractors

Plextronics, Inc. 2180 William Pitt Way, 07-001 03/22/2007- 03/25/2008
Pittsburgh, PA 15238

NanoRDC, LLC 526 S. Main Street, Akron OH 07-002 03/16/ 2007- 08/31/ 2007
44311

Integran Technologies 2541 Appletree Drive, 07-005 09/26/2007- 09/15/2008
Pittsburgh, PA 15241

Plextronics, Inc. 2180 William Pitt Way, 07-009 05/28/2008- 05/26/2009
Pittsburgh, PA 15238

Strategic Polymer Sciences, 200 Innovation Blvd. State 09-012 11/18/2008- 11/16/2009

Inc. College PA 16803

Bayer MaterialScience 100 Bayer Road Pittsburgh, PA | 09-013 12/18/2008-12/18/2009
15205

Arkema 900 1% avenue 09-021 05/07/2009- 06/30/2010
King of Prussia, PA 19026

NanoGriptech 5520 Raleigh Street 09-020 05/06/2009- 06/05/2010
Pittsburgh, PA 15217

Kurt Lesker 1925 Route 51, Clairton PA 10-023 11/06/2009- 11/23/2010
15205

NanoLambda, Inc. 510 William Pitt Way, 10-022 10/29/2009- 10/28/2010
Pittsburgh PA 15238

Industrial Learning Systems 4244 Yarmouth Drive Allison 10-035 06/03/2010- 06/02/2011
Park PA 15101

Liquid- X 4400 Fifth Avenue 10-039 10/14/2010- 09/30/2011
Pittsburgh, PA 15213

SolarPA 8740 Lyon Valley Road, New 10-040 09/30/2010- 09/30/2011
Tripoli PA 18066

Lehigh University 111 Research Drive Bethlehem | 11-046 06/07/2011- 12/15/2011
PA 18015

NanoGrass Solar 860 Skyline Drive Erdenheim 11-047 06/02/2011-12/15/2011
PA 19038

NanoGripTech 5520 Raleigh Street 2011-0050 05/26/2011- 06/30/2012
Pittsburgh, PA 15217

EC Power 200 Innovation Blvd. State 2011-0057 01/26/2012-01/08/2013
College PA 16083

SenSevere 7070 Forward Avenue 2011-0058 12/20/2011- 10/31/2012
Pittsburgh PA 15217

4
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APPENDIX - FINAL PA NANOCENTER SUBCONTRACTOR PROJECT REPORTS
Appendix A — 07-001 (Plextronics, Inc)
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Appendix B - 07-002 (NanoRDC, LLC)
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Appendix C — 07-005 (Integran Technologies)
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Appendix D — 07-009 (Plextronics, Inc)
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Appendix E — 09-012 (Strategic Polymer Sciences, Inc)
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Nanostructured High Energy Density Film Capacitors for Compact Implantable Defibrillators May 15, 2010

1. Significant improvement in capacitor resin quality. Special resin compositions and
manufacturing process have been developed by Solvay Solexis. The new resins are
developed for high speed manufacturing of ultrathin capacitor film with high purity.

2. Capacitor film manufacturing has been improved. At the end of the project, it was
demonstrated that 2.0 pm thick capacitor film can be produced at pilot scale and
capacitor film rolls with length over 3,000 m has been produced. Prior to the project, the
capacitor film thickness of stable manufacturing was limited to 3.0 um.

3. The defect level in the capacitor film has been reduced from 30/100 ¢m? to less than
; 2
5/100 em’.

4. Nanodielectric blocking layer deposition has been developed to achieve high charge
discharge efficiency.

5. Protlotype capacitors with 2 pum thick film have been developed.
Discharged energy density over 6 J/ce has been achieved in large prototype capacitors.

7. Prototype capacitors have been delivered to various commercial and military customers
for evaluation.

8. A provisional patent was converted into a formal US patent application.
9. Technical results have been presented in two major conferences.

10. The capacitor film products have been marketed at two major tradeshows.
11. Sell of capacitor film has been started to niche markets.

12. Three additional employees have been hired to work on the capacitor development
programs.

3. Summary of Technical Milestones

In this very aggressive project, we performed capacitor resin development, ultrathin capacitor
film production, silicon nitride deposition, and capacitor winding and test. This final report
summarizes the main milestones in the order of technical logic.

3.1. Silicon Nitride Deposition

Milestone 3, March 2009

Optimization of PECVD of Si3N; nano dielectric blocking layer: targeting Si3N, dielectric
breakdown strength > 800 V/um, energy density > 10 Jec, efficiency = 80% at 37 °C, deposition
temperature below 150 °C.

The deposition of 8i3Ny is controlled by several parameters: plasma intensity, feeding gas
ratio, feeding gas flow rate, deposition temperature, distance between film and plasma source,
ete. It was reported that the quality of SisNy is dramatically influenced by the deposition
conditions. The breakdown strength, dielectric constant, dielectric loss, resistivity, and even

Strategic Polymer Sciences, Inc. Page 6 of 28
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The charge-discharge efficiency is an important parameter required by the customer. Original
uncoated SPS capacitor film has efficiency of ~60%.

The SizN4 coated capacitor film has charge-discharge efficiency of 96% at 100 V/pm. It
decreases to 92% at 400 V/um, and 86% at 650 V/um. The lower efficiency at higher electric
field is a result of the increased charge injection at high voltage. The role of the SizNj is to
reduce the charge injection.

The test results of uncoated SPS capacitor film are also included in Figure 2 for comparison.
the original film has energy density of 16.5 J/cc at 650 V/um, as compared with 10.1 J/cc for the
813Ny coated film sample. However, the efficiency of original SP§ capacitor film is only 67%,
well below that of the SizNy coated capacitor film.

3.2. First Generation Ultrathin Capacitor Film Production

Milestone 2. February 2009

Make initial rolls of capacitor film at partner facility to the following specs:
e thickness of 2.5 um
e thickness variation < £5%
e  width > 650 mm
e length = 1,000 m.

Three rolls of capacitor film have been produced in a continuous 40-hour film production
trial:

Table 3. Roll Information of SPS High Energy Density Capacitor Film

No. Thickness (pm) Length (m) | Width (mm)
il h‘amo-[)l <3 35 64 All meet milestone of
PA Nano-02 2.5 3,043 690 February 15. 2009
PA Nano-03 2.5 1,509 690 - )

The thickness distribution of Roll No 02 is summarized in Figure 10.

Strategic Polymer Sciences, Inc. Page 11 of 28
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Table 6. Capacitance and Dimensions of the 80 uF Prototype Capacitors

SPS0Eb17- 100 Hz 1000 Hz 10000 Hz Diameter | Hei Gross Volume | Weight

170-80-10XX Cp(uF)| D |Cp(uF) cm cm GG
1001 69 780 20737 T 036 172 3038 1126 19.50
1002] 67.70 2.270 7209 3003 1153 19.81

1003 72.19 5.573) 2179 0.1 1126

1004 T4 68| 12950 180 3076 1148

53.78]0 2.691 2181 30.37 1134

7743 24 930] 27081 2185 30.58 11.46

76.38 i20] 8248 2188 29.93 1126

73.02] 0.25462 5.024] 58574 21.87 1048 11.44

77.06|0 09341 36 250| 21007 2191 2038 1145

7743)0.13327]  s0.010] 24839 2183 30.58 1149

76.40]0.21438 s.087] &.7159 21.89 30.30 1140

2 102745 74 91013176 17 B00| 3 14 2987 1145

1013 77sa7|on4zos 73.88] 216780 5.035) 24 3012 1145

1014]  77essfooesao 8474 1.247] 10.8700 10.23 1156

10154 78,004 |0 67 70§02 1.805] 105440 2012 1139

1016] 77 719|oossag 7444]0.13246]  20.150] 10,36 1148
1017]  77.280lo.04239 7243 3.281 30.26 11563 18.51
101§| 1 77.08] 0.09803 26.190) 3050 1156 1956
1019] 76 200 04048 53 550 20814 3 a66] 30.21 1148 19.72
1020]  78.275)0.03805 74 21| 017657 2450 a044 11563 1461
1021 752810 0 T4 16]0 13559 20.120| 3029 1148 19 99
1022| 76 259]0 04351 74 36]0.21513 6435 30 65 1163 19.99
1023  77.as0fonais: 7444f0.13792)  17.740 1046 1151 1693
1024 TT.124 74.92]0.13630 13.720 915 11.18 1993
1D§| 76.103 74 44]013792] 10320 29.22 11.30 20.01
1026 75287 738200050 29220 3042 1166 20.15
1027|765 78.97]0.13840]  23.030 30.33 1168 20.27
1028] 76 190 70.24]0.28571 4 .03 3040 11.68 20.38
1029| 75.475]0 72 14)0 13630 15 740 3065 1180 2039
1030] 53 sosfosrasg 63.57]0.12029 8314 30.43 172 20.08
1031]  rssoafonaiiz 73.18]0.13558] 12940 3041 1172 20.08
1032] T S61|0044 78 T0.24)0 2 3405 3036 1163 1978
1033 76915 76.82|0.00203] 23620 3045 1178 20.05
1034]  eserfo 7440f0.13782] 23070 30.55 11.78 20.40
10:3 78 ) 69 T8]029727 2705 2049 11.80 2038
1036]  76ooe 7a4afo 13711 14 690 30.43 1204 20.48
1037  ranafo 74 44l0.13792) 13090 3044 1127 19.41
1038] 73585 76.45]0.14382]  23.130 30.33 1122 19.43
1039 rrseifo 713.87]0.21438 5.092 2 30.33 1126 1912
M0| 73010 7743J0.13792]  23980] 55303 30.24 1147 19.04
Y 78.228 7a4al01s6e7] 11 s-10| 3 30.24 1127 19.12
2]  7resofo te.g2ooezn|  20220] 3 2117 1044 132 19.38
1043| raosifo 7388]0 21878 6 347 2176 30.31 1127 19,58
1044 50200 7a62)0.11717] 12530 2173 30.31 1126 19.59
10450 77215000 76.9110.09203)  27.040 2184 3042 1139 19.68
104|;| 77.242]0 02308 76820 29.230) 7183 3043 11.44 1975
1047  772m 77.15) 20.050] 2192 30.58 1154 19.84
1048]  roosrfo T6.9100.13176] 22080 2174 3007 1116 19.42
1049] 78966 55.81]0.45503 1.525] 21 83 30.22 11.31 16.66
1050  oaisfoo 76 34] E 2181 1045 11.37 19 84
51| 7as4zfo 76.31)013176 2187 3043 1143 20.03
)52  7a.226]0 76.91]0.13176 3206 3037 11.60 20.35
}¥53| T4 150009123 2192 3 1166 2026
1054 74.13 2212 11.75 20.14
1055] 5333 482 11.33 1968
1056] 76 e 9 2196 11.36 20,31
1057] 76 1zfo 0 2192 11.42 19.55
10ﬁ| 75 270]0 74.68]0.13181 21 89 11.45 16,81
102' T6.016 2181 0 67 1146 2031
1060] 3041 1172 20.15
1061 76 06 23970 3044 1164 2024
1062] 61.78) 1.279) 30.23 1143 20.32
1063 76.88/0.08001] 29150 21.99 10.52 1169 2026
1064 T6.94]0.12811 26 030 2200 3061 1163 19.90
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Table 7. Capacitance and Dimensions of the 120 uF Prototype Capacitors

100 Hz 1000 Hz 10000 Hz Diameter | Height Gross Volume | Weight
Cp(uF)| D |Cp(pF}| D |[Cp (pF) D cm cm cc g
1001 114.85|0.07342 112.0]0.67851 201.6] 14.4320 25.68) 30.79 15.94 28.19
1002 11s.e6lo.03867]  1128|0.47900]  368.4| 53852 ﬁ' 29.89 15.37 27.92
1003 114.92|0.05242 112.5)0.32823 364.5) 10.9830 25.65) 30.44 15.72 27.66
1004]| 11466l0.03476]  1121|0.15083]  37a7| 47671 25.70 3046 15.79 27.62
1005 114.33|0.38610 111.7)0.18777 358.7] 5.7328] 25.75) 30.32 15.78 27.82)
1008| 113s6l0.04008]  111.1]0.21736] 3753 6.8421 25.79 31.49 16.44 27.60
1007| 113.89l003284|  111.4[0.14605] 3603 41503 25.80 30.66 16.02 27.69
1008|  114.50/0.04025 11.8]0.20887]  3827] 6.5792 25.76 30.31 15.79 27.77
1009] 11436lo.03274]  111.9]0.14651]  370.1| 4.2974 26,02 3057 16.25 28.60
1010 113.s8lo.03460]  111.1[0.16208]  368.1| 4.7997 25.82 30.48 15.95 28.51
1011] 11452)0.03516]  1121|0.47975]  377.3] 4.9560 25.96 30.78 16.28 20.18
1012 11490l0.03307]  1126[0.15030]  376.1] 4.7052 25.93 30.92 16.32 22.96
1013] 11450lo.03583]  111.9l0.17394] 3722 s.0015 25.89 30.71 16.16 28.48
1014] 113.86lo.03840]  111.2]0.10987]  354.1] 5.1350 26.01 30.61 16.26 27.89
1015 113.78lo.0sson]  111.3]0.25s88]  339.2] 10.9110 26.00 30.56 16.22 28.21
1018 11261fo.a70s]  111.2]0.18919]  303.1| s.0806] 25.94 30.49 16.11 28,12
1017| 114.03/0.04368]  111.3]0.25256]  370.4] 7.7150 26,07 3063 16.24 28.31
1018]  113.08]|0.03486 111.5]0.16344 370.7|  4.9483 26,05 30.81 16.21 28.31
1019] 114.43l0.04579]  112.0[0.28623]  350.2] 10.5440 2564 31.07 16.03 27.70
1020]  114.08]0.03444 111.6)0.16142 363.4) 4.7278) 25.56) 30.69 15.74 27.94
1021] 114.26lo.03300]  111.8[0.15980]  371.6] 4.5875] 2555 31.14 15.96 28.15
1022]  114.10/0.03699 111.6]0.18424 353.8 5.2253' 25.54 30.72 16.73 27.89)
1023| 114.88l0.03288]  112.4[0.14780]  367.8] 4.2043] 25,62 3097 15.96 27.56
1024 114.54|0.04219 112.1)0.23663 354.7) 71508 25.64 30.63 15.81 27.53)
1025 11460/0.03449]  1122[0.16314]  3755] 4.9249 2563 30.94 15.95 27.44
1026] 114.19)o.03424]  111.7|0.15096]  375.8] 4.8123 25.77 30.84 16.08 27.57
1027| 115.13jo.03842]  1126[0.17216]  393.7| 5.4384 25.69 3062 15.86 27.67
1028| 116.92/0.09154]  1156|0.49174] 3595 18.7480 2564 30.73 15.86 27.67
1028] 11629lo.03003]  1128[0.18400]  3625) 5.1342 2565 30.44 15.72 27.97
1030 11361)o.04726]  1108|0.28757]  323.1| 7.9880 25.28 30.65 15.38 27.52
1031| 115.14|o.03743]  1123[0.18003] 3037 4.2067 25.28 30.95 15.65 27.56
1032| 11479lo.03s9s]  1123[0.17698]  381.0] 4.0088 25.36 3067 15.48 27.43
1033 11423f0.05034]  111.9[0.35131] 4078 7.6748 25.60 31.66 16.20 27.20
1034] 114.16lo.0349s]  111.6[0.16200]  380.3] 4.6302 25.58 30.44 15.64 27.30
1035 11271|o.04011]  111.1f0.20307]  320.4| s.0573 25.60 3062 15.75 27.45
1036 114.03/0.03442]  111.4[0.16198]  320.8] 4.1860 2555 3048 15.62 27.39
1037  114.25[0.03472 111.4]0.16250 347.2] 4.3517) 25.67) 30.45 16.75 27.58)
1038 115.09]0.03472]  1121|0.20188]  315.8] 4.8668] 2562 30.51 15.72 27.81
1039  114.21{0.03517 111.8|0.16888 386.1 5.31??' 25.74 30.73 15.98 28.09)
1040] 114.e8lo.03038]  1122[0.20070]  390.1| 6.4753] 25.74 30.60 15.92 28.38
1041 113.07)0.03613 110.7)0.17826 370.9) 54337 25.80) 30.62 16.00 28.43)
1042] 113.04[0.03431]  1106[0.15071]  317.6] 4.0881 25.80 30.74 16.06 28.34
1043|  112.94/0.03783 110.5|0.19479 350.0| 57070 25.87) 30.66 16.11 28.21
1044| 11270j0.05705]  110.0[0.34120]  353.4] 7.4921 25.93 30.46 16.08 28.11
1045 11264|0.03347]  1102[0.15122] 3549 4.3037 25.95 3052 16.13 28.06
1046| 113.s60.03e67]  111.0[0.20750]  356.5] 6.0640 25.98 30.46 16.14 28.18
1047| 11397/o.03786]  111.5[0.19176]  350.5] 5.6659 2592 3062 16.15 28.24
1048 10077|o.0s0s6]  101.9|0.16940] 2780 3.7A38] 25.93 3032 16.00 28,52
1048| 116.25/0.04187]  1138|0.23502]  424.3] s.4429 2559 30.79 15.83 28.15
1050 11672J0.03626]  114.1[0.16431]  3858] 4.0037 25.50 3058 15.61 28.07
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The prototype capacitors were tested at SPS following the test protocol defined at the
beginning of the project:

o Test done at 37 deg C
e Charge to 800 V at 10 mA constant current
¢ Discharge to 50 Q load resistor

e Calculate discharged electric energy

At SPS internal test, the prototype capacitors can deliver an energy of 40-44 J.

After preliminary evaluation at SPS, five prototype capacitors were delivered to SIM for
their evaluation.
Table 8. Prototype Capacitors Delivered to STM

Capacitors made from 2.5 um thick 1000 Hz Diameter | Height Volume Weight
film. 30 mm wide, 2.5 mm margin 1
mm offset ’ Cp (F) D e o o 8

SPS08B17-167-120-1002 110 0.042] 2.606 3.163 16.86
SPS08B17-167-120-1003 111 0.043] 2583 3.171 16.61
SPS08B17-157-120-1004 106 O.IM'IEI 2.608 3.166 16.80
SPS08B17-167-120-1007 110 0.045] 2.620 3.192 17.20
SPS08B17-167-120-1009 108 G.I'M-ltl 2.606 3.243 17.29

In general, SIM found most of the capacitors can pass their 850 V high-voltage test. They
found the energy density is ~2.1 Jee. In general, the capacitors can deliver the required 35 ]
energy for defibrillation, however, the energy density needs to be improved.

3.4. Second Generation Ultrathin Capacitor Film Production and High Energy Density
Capacitors

Milestone 6, April 30, 2010:

Develop second generation film capacitors based on improved capacitor film to achieve energy
density > 4 I/cc in the packaged capacitor

Thanks to the support of PA Nano, we produced P(VDF-HFP) capacitor film with thickness
of 2.1 um — 3 um in December 2008.
In June of 2009, we worked with Steinerfilm on the metallization of the 2.1 um capacitor

film. A roll of 2.1 um thick film with length of 1,300 m was used. However, the film was
damaged in the roll-to-roll metallization process.

Strategic Polymer Sciences, Inc. Page 19 of 28
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contributes to 22% of the capacitor volume. By using much smaller winding core or no core, the
size of the capacitor can be further reduced.

4. Summary of Commercial Milestones

The commercial milestones include customer test of SPS capacitor film and capacitors, cost
analysis, [P development, and capacitor film marketing.

Milestone 2. February 15, 2009 (Com pleted)

Commercial capacitor film manufacturing evaluation, including
C1. Evaluation of the feasibility of commercial capacitor film production process.

C2. Cost analysis of capacitor films and manufacturing facilitics

The production of the ICD capacitor base film with thickness down to 2.0 um in a
commercial scale has been demonstrated with the successful film run performed by SPS in
October 2009.

However, the film line costs over $10 million US dollars and is well beyond SPS budget.
Furthermore, the annual consumption of the ICD capacitor film is approximately 6,000 kg and it
can be produced even with the pilot line in two weeks.

The machine manufacturer and the pilot line owner have offered SPS for toll manufacturing.
Once the prototype capacitor performance developed in this program has been confirmed by the
ICD manufacturer, SPS can lease the pilot film line for 2-3 weeks and continuously produce the
polymer film for ICD capacitor application.

For the film run performed by SPS, the cost of the film is about $500/kg. However, this price
can be reduced to below $150/kg if the film line is running continuously 24 hours a week and 7
days a week for 3 week.

One ICD capacitor will use less than 10 g SPS capacitor film. Assuming the film sale price is
$1,000/kg, the film cost of one ICD capacitor is only $10, which is well below the current ICD
capacitor price of $150.

SPS is also developing high energy density film capacitors for other military and commercial
applications. If the market of the film is over 100,000 kg/vear, SPS may consider buy a special
film line to manufacture the high energy density capacitor film. With this model, the cost of the
capacitor film will be less than $50/kg.

Milestone 3. March 27, 2009 (Completed)

C3. 2.5 um film samples to customer for evaluation and customer send feedback

(4. Update on JDA agreement and potential licensing agreement.

Strategic Polymer Sciences, Inc. Page 24 of 28
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The 2.5 um capacitor film produced by SPS in December 2008 was sent to the customer for
evaluation. The customer measured the mechanical properties and concluded that the 2.5 um
capacitor film is strong and sufficiently for winding capacitors.

CONFIDENTIAL: SPS has signed an official agreement with one ICD customer. The customer
has paid SPS to obtain 18 months exclusivity period for capacitor evaluation. SPS will not
entertain, accept or discuss with anv other customers for the same application during the 18
months.

Milestone 4. July 15, 2009:

C5. Work with SIM to define the detailed specifications on the ICD capacitors and incorporate their
feedback into technical development steps of Milestone 5.

SIM has provided a detailed requirement on the capacitor performance for the ICD
application (see attached document). Table 11 summarizes their requirement.

. |~ ; Delivered Energy Energy i Leakage

Voltage | Capacitance Energy Density | Efficiency DR Current

Requirement 850 V N/A 35 4 Jce 75% 90% | 0.3 mA

Current 850V | 80-120uF | =357 2.1 Jee 54% | 84% | 0.5mA
Status :

While the current SPS film capacitors meet the voltage endurance and the delivered energy
requirements, there are still several issues that need to be addressed for technology insertion. The
most critical ones are the energy density and the energy efficiency.

High energy density is required to the implantable device. The energy efficiency is important
to save the battery energy and extend the battery life.

To meet the customer requirements, SPS is planning to try several technical approaches:

1. Producing capacitor film with thinner thickness. The thinner the film thickness, the
higher the capacitance density is. The capacitance density (and the energy density) is
proportional to the square of the thickness.

2. Improve the capacitor winding design. Current capacitors have winding volumetric
efficiency around 50%, and it should be improved to 75% to significantly improve the
energy density. This can be achieved by using smaller winding mandrel and narrower
free margin for metallization.

3. Improve resin and film quality. By reducing the defects in the resin and the film,
energy loss can be minimized and voltage endurance can be improved. This will be
done by cooperation with Solvay Solexis.

4. Utilizing the PECVD of Si;Nj4 to improve the energy efficiency and film quality.
Higher film quality is critical to higher voltage endurance and energy density.

It should be noted that the development of the film capacitor is a very expensive process

which is well beyond the resources of this project. Fortunately, SPS has obtained continuous

support from the Department of Defense, Depart of Energy, and NIH on the development of the
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advanced film capacitor technologies, and SPS is still working on these four approaches, as well
as new polymer dielectric compositions.

Milestone 5. October 15, 2009:;

C6. File formal US patents on ICD capacitor films.

SPS and Penn State filed a US patent on the nanostructured multilayer capacitor film
technology.

Title “Methods to Improve the Efficiency and Reduce the Energy Losses in High Energy
Density Capacitor Films and Articles Comprising the Same”

US Patent Application No.: 61/023,602, 2008

With our internal funding, SPS has also filed a new provisional patent on novel polymer
dielectric compositions and another provisional patent on capacitor design:

“Low Cost Hybrid Film Capacitor Systems with High Energy Density and High Charging-
Discharging Efficiency™, 2010, 61/315,117

“Capacitor having high-temperature stability, High dielectric constant, low dielectric loss,
and low leakage current”, 2010, 61/314,355

Milestone 6. April 30, 2010: Film Capacitor and Capacitor Film Marketing and Future Plan

C7. Product Marketing: ICD capacitors, External Defibrillators, and Navy Railgun
(8. New Product Development
C9. Future Plan

With the support of the PA Nano commercialization fund, we have further improved the
resin quality, film capability, and capacitor performance. We have recently produced prototype
capacitors with energy density above 6 J/ce, doubled the energy density that was achieved before
the PA Nano project.

e The improved capacitor film quality and capacitor performance encouraged us to launch
our marketing and sales efforts. We attended the CARTS (Capacitors and Resistors
Technology Symposium) USA 2010 at New Orleans, LA on March 15-18, 2010. We set
up a booth to show SPS capacitor film products and advanced capacitors. Inquiries from
several customers have been received and film sales have been started.

s  We attended PCIM Europe (Power Conversion Intelligent Motion) on May 4-6, 2010 at
Nuremberg, Germany to continue the marketing process.

s  We delivered prototype capacitors to our ICD customers.

o  We delivered prototype capacitors to the US Navy Railgun project for evaluation. We
have had several phone conference with them to define the test protocol. However, the
Navy is evaluating different technologies and they cannot make any decision now.
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C8: New Product Development

s With the support of this PA Nano project. SPS has been able to integrate the capacitor
resin development and production, pilot scale capacitor film manufacturing, film
metallization. capacitor winding, and capacitor test and SPS has become the only US
company with this broad expertise and capability.

s ‘The success to deliver prototype capacitors in such a short term has impressed our DoD
sponsors and SP8 has won three additional SBIR Phase I projects and four SBIR Phase I
projects to develop and commercialize our next generation film capacitors target at
renewable energy applications. The sponsors include US Navy, Air Force (Wright
Patterson), DOE, and NIH.

o With the government support, SPS is developing several novel film capacitor
technologies at the same time:

o High temperature film capacitors based on modified PTFE for power inverters in
electric vehicles, wind mill, solar cell, and smart grid.

o Wide temperature film capacitors that can operate from -55 °C to 300 °C.
o Nanodielectric for railgun and high power microwave system.
o Compact film capacitors for Radio Frequency accelerators.

s We were one of five companies in the nation that were invited by the DOE/DOD
Interagency Advanced Power Group (IAPG) Capacitor Panel to discuss our capabilities
in the development of advanced capacitors on Feb 4, 2010 in Washington, DC.

¢ We were invited for a second conference with Air Force, Navy, Army, and DOE to
present our capacitor technology on April 26, 2010.

C9: Future Plan

¢ The development and commercialization of the ICD capacitor are still our priority with
our new Air Force SBIR Phase II project and our NIH SBIR Phase II project.

s To reduce our risk, we have recently developed a new dielectric material which can meet
the ICD customer’s requirement on energy density and charge-discharge efficiency. A
provisional patent is being filed before discussing with the customer.

e Marketing and sale of SPS high K capacitor film and high energy density film capacitor
will continue. SPS is in the process of hiring a senior marketing manager to be in charge
of the efforts.

5. Conclusions and Future Plan

This has been a very ambitious and aggressive project for Strategic Polymer Sciences, Inc.
who has been trying to push the high energy density film capacitor technology to the commercial
medical market. The PA Nano support has been critical to the progress made in the last two
years. The pilot scale inexpensive capacitor film production has been significantly improved in
three trials and large rolls of ultrathin capacitor film have been produced. The capability to
produce high quality capacitor film using melt extrusion process distinguishes SPS from other
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small capacitor companies which are using expensive solvent process and exotic polymer
compositions at kilogram scale.

The progress made in this project has facilitated SPS secure more R&D funding to further
improve the resin composition, capacitor film quality, and capacitor design. The three new
patents have enabled SPS to expand the market from pulsed power system to power electronics
DC bus capacitors which include hybrid electric vehicles, wind energy, solar energy, and smart
grids. The novel film capacitors will facilitate the more efficient utilization of electricity, reduce
the dependence of US on foreign resources, and help the war on climate change. The unique
manufacturing capability and strong IP position will enhance the competitiveness of SPS in the
renewable energy market.

Due to the unexpected technical challenges in handling ultrathin capacitor film, the PECVD
of 813N, process has not been tested in the roll-to-roll process in this project. However, recent
progress at SPS has revived our confidence in this technology. With the support of US Navy and
Air Force, 8PS is planning a roll-to-roll PECVD trial on 6 wm thick capacitor film, which will be
performed at General Plasma at the end of June.

ICD capacitor still remains one of the highest priority and short term high profit margin
market for SPS. 8PS is continuing the development and two new customers have been asking for
samples to evaluate.
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Appendix J — 10-023 (Kurt Lesker)
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Target Impurities — ETTNANOCUSAMPLE. Lot # S008 / PRDOS3287
The target material was sent for full scan GDME and 1G4 The resulting purity including only

metallic impunities was 99 9982%, Catbon and oxrgen were detected at 23ppm and 36 pprm,
respectively.
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Figure 1. GDS results (ahove) [G &4 results (helow) for ETTHANOCUS AWPLE, niC target, Lot #5008 7
PRIDOS32ET

Sputtering Results — ETTNANGCUSAMPLE, nCu Target/ Wafers [1, 12, T3, 14

The target sputtered very well and no problems were encountered while it was nunning,
Howewver, when the target was removed from the magnetron, the appearance was not as
expected. The eroded nCu target displayed shallow porosity after sputtenng as shown below. In
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Figure 3. GDIWS results (abowve) [G4 results (helow) for Hikko Cu target, customer supplied sample

Sputtering Reslts — EJTCUSISAMPLE, Nikko Cu Target / Wafers N1, N2, N3, N4

The target sputtered very well and no problems were encountered while it was nunning. When
the target was removed from the magnetron, the appearance was typical and the erosion of the
target was mostly even,
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3. Secondary Electron Mode (SE)- Just like traditional scanning electron microscope images
(ZEM). Secondary electrons are collected from the surface of the sample providing
topographical and atomic numher contrast inform ation.

Scanming transtrission electron microscope (STEM) surface analysis of wafers 13 and N3
showed vanations in gran growth but uncovered no obwious defects. The secondary electron
images, acquired at amagnification of 2503, show that both samples are free of particles,
scratches, hazes, hllocks, pits, et

Seccndzary Eleciron Images: Wa'er 12
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During FIB sample preparation, a carhon coatingis applied to the samples Thisis followed hy
sputtered platinum and FIB-applied plainum which are not wisible inthe images. Some of the
images are rotated 90 degrees clockwise for layer thickness measurements Howewver the TEM
crozs section data show that the copper layer thicknesz is 1250m on 13 and ~120nm on N3, The
data are sutntmarized in Table [I1

Takle Il Flim Compesition and Thickness bassd upen TEM

| Filename Sample |0 Cig Cu
¥OASVSETNR Wale 12 ~Aren ~ 1250
YONSVSESSIE Wale K2 ~lien =130

Copper film thicknesses were measured to he 128 nm and 125 nm for [3 and N3 respectivel v,
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Appendix K — 10-035 (Industrial Learning Systems)

Final Report submitted to PA-Nano Materials Commercialization Center

Project Number:  10-035

Title: Continuous Production of Nano-Structured Solar Cells
Submitted By: Dr. B. Erik Ydstie, CEO ILS
Company: Industrial Learning Systems, Inc.

Date Submitted: Aug 14, 2012

Executive Summary: The objective of the development and commercialization project
supported by the PA-Nano Materials Commercialization Center was to verify a new process for
making silicon waters to produce solar cells. Prototypes using machined graphite coated with
silicon nitride and similar inert materials were used to demonstrate a new (patent pending)
process for making thin, nano-structured films of silicon suitable for making solar cells. The new
process promises to reduce capital and operating costs by a factor of 3 or more relative to current
wafer production technology. This reduction paves the way for solar electricity to reach coal
parity at about $0.40 per kWp in the foreseeable future (about 4 years). The proposed process is
based on a concept that is easy to implement on an industrial scale in Western Pennsylvania. The
PA manufacturing base has expertise in high temperature processing and ideally suited for this
commercialization project and industrial development partners are easy to find. Industrial
Learning Systems (iLS) has been negotiating potential development and commercial partnerships
with the Alcoa Technical Center in New Kensington, Epiphany Tech in Vandergriff and Elkem
ASA with offices in Moon Township. Basic research and development completed during the
execution of the project show the feasibility of the process principles. We have shown that the
process is capable of producing mono-crystalline wafers. We developed a water model at scale
that shows feasibility of continuous production. We developed a new texturization process that
reduce the reflectance level down to less than 8% for wafers produced in our lab. The impurity
level is currently too high and difficult to control in the current experimental set-up. We will gain
access to a more advanced pilot plant system in the fall of 2012 that will allow us to continue
process development and control the process so that the required purity conditions are met. The
new system is designed to produce 5 inch wide wafers at a rate of about 20” per minute. A
number of companies and investors, including Mr. Andre Heinz and Applied Materials have
expressed interest in investing once the process concept has been demonstrated at industrial
scale.

Background: The Horizontal Ribbon Growth (HRG) process for continuous production of
silicon wafers is motivated by how ice freezes on water. A molten bath of silicon is cooled from
the top, below its freezing point. Solid silicon is less dense than liquid silicon (by about 4%) so
that the sheet floats like ice on water as shown in Figure 1. The solid sheet is continuously
removed, while liquid silicon is continuously replenished at the same rate. The continuous
process promises to reduce the cost of mono-crystalline silicon wafers by a factor of 3 or more
relative to the current technology. The main savings come from reducing waste by eliminating
sawing (kerf losses) and by continuous operation at high production rate.

The production rate of the HRG process is not limited by the rate of solidification since

Industrial Leamning Systems Phase I Final Report, July 2012 Page 1
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Appendix L — 10-039 (Liquid-X)
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Appendix M - 10-040 (SolarPA)
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Appendix N — 11-046 (Lehigh University)
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Market assessment Commercialization efforts focused initially on preliminary market assessment in
collaboration with PAower Optics LLC and an external firm, Foresight. Analysis led to conclusions about
entry points into the consumer electronics market and identification of competing products, patents,
and market barriers. In addition, a list of target companies was identified based upon the developed
technology.

Technology presentations Outside of the AFRL showcase, numerous technological presentations were
made during the course of this project, including:
* 2011 American Institute of Chemical Engineering Meeting in Minneapolis, MN
P. Kumnorkaew, L.F. Gilchrist, and M.A. Snyder, “Anode Assembly and Templating Strategies for
Improving Efficiency and Versatility of Dye-sensitized Solar Cells,” 2011 AIChE Meeting,
Minneapolis, MN. |
# |nvited talk at the Composites at Lake Louise meeting in Lake Louise, Canada
J.F. Gilchrist, X. Cheng, M.A. Snyder, N. Tansu, P. Kumnorkaew, A.L. Weldon, T. Muangnapoh,
“Convective Assembly of Nanostructured Optical and Biofunctional Coatings”, Composites at Lake
Louise, 2011, Lake Louise, Canada
* Society of Rheology (DSSC-microlens technology introduced as motivation)
* American Physical Society’s Division of Fluid Dynamics Meeting (DSSC-microlens technology
introduced as motivation)

Fostering industrial interactions toward commercialization Efforts aimed to foster relations with
potential customer/collaborator companies including with Boeing, with efforts focused on the
translation of microlens technologies and DSSC devices for light-weight on-board powering of electronic
devices, and Swatch Watch™, for flexible solar power for wrist watches and other portable electronics.
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Appendix P —11-050 (NanoGripTech)

7/6/2012 nanoGriptech, LLC

FINAL REPORT

Project Title: Roll-to-Roll Manufacturing of Bio-Inspired
Micro/Nano-Fiber Adhesives for Sports Apparel Applications

Project Leader: Metin Sitti
Name of Project Leader’s Organization: nanoGriptech, LLL.C
Date: July 6, 2012

Submitted to: Pennsylvania NanoMaterials Commercialization Center
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7/6/2012

nanoGriptech, LL.C

Project Goal Statement: The goal of the project was to develop gecko foot-hair inspired
polymer fibrillar adhesives as new sports closure and glove gripping material applications. The
desired sports apparel specifications given in Table 1 were determined after discussions with
Under Armour Inc. Our work plan included material selection, roll to roll manufacturing, and
testing of polymer fiber adhesives with various materials and geometry to achieve the desired

performance metrics in Table 1. In any milestone below, the desired specifications was achieved
by a fiber array and a flat closure surface or on a ball surface for a given sports application.

Previous Measured

loops, which is $0.36/inch. The
cost of coil zippers is
~%0.01/inch.)

Specification Specification Desired Specification T —
Number Name {mass-produced fibers)
{small-batch fibers)
3 N/em”at 0.8 N/em” load in 2.2 Nfem” at 0.8 Nfem”®
S Shear force contact with dry football and 1.5 load {dry football) and 1.2
: {football glove) N/ em’at 0.8 Nfem® load in N/ em® at 0.8 Nfem” load
contact with wet football {wet football)
$2 Shear force 10 N/em” in dry conditions and 6 11.4 Nfem” (dry)
- (closure) N/em” in wet conditions 6.4 Niem” (wet)
3 Peel force 0.5 N/fem amount in dry conditions | 0.7 Nfem {dry)
o (closure) and 0.3 N/cm in wet conditions (0.2 Nfcm {wet)
Number of cycles over the product
life:
s 1,000 cycles — 90% of
. i original strength 1,000 eyeles — 60-65% of
4 Durability e 2,000 cycles — 70% of original strength
original strength
* 5,000 cycles — 63% of
original strength
) . Open and close forces of <0.5 kgl
85 Usability per inch Not yet measured
56 Closure patch 1 inch x 25 feet l inchx 1 inch
size
S7 Water-resistance | 20 kPa (3 psi) for 2 minutes 40% water penetration at
3 psi for 2 minutes
S8 Washability Water cleaning (with a No performance loss at
temperature up to <93°C) temperatures of 40° C
S9 Flexibility Flexible fiber arrays conforming to | Conform to ~12 mm
body curvatures diameter curvatures
) Incorporate fabric backing into Incorporated fabric info
s10 Incorporate fabric mass-production process small batch process
Close to 30.1/inch when
st i s | prund 05
511 Cost & excluding the labor and

equipment costs

Table 1: Specifications for mass-produced fibers using the roll-to-roll process for the arger applications,

compared with the previous performance of our small-baich fiber adhesives. These specificarions were

determined in collaborasion with Under Armour.
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7162012 nanoGriptech, LLC

A. EXECUTIVE SUMMARY

Technical Development

T1: Computer simulation of the contact between the fiber and football surfaces
determined that using a thicking and softer backing will increase the contact surface area
of the fibers which will ultimately increase shear performance

T2: Tests using BMS’s Fusion curing systems using gallium and mercury bulbs
demonstrated proper cureing of Desmolux 2491 in the silicone mold without nitrogen
atmosphere or vacuum. Also, we demonstrated that nGt’s two stage vacuum curing is
compable to the Fusion system

T2: Formulation studies have shown that Desmolux 2491 stiffness and adhesive
properties decrease with time, however, testing of new formulation, F-75, show that this
aging can be mitigated using other comonomers

T3: Our second generation mass production system was designed and build with
improved features that allow better process control

T4: Initial samples produced from this system met or surpassed all Milestone 2
performance requirements

TS5, T9: A design criterion for adhesion to wet surfaces was developed in the computer
model

T6: An optimization study for photoinitator wt-% resulted in a 50% shear force
enhancement for F-75 formulations; Peel strength was found to ncrease with decreasing
photoinitiator, which was correlated to the formation of softer-tipped fibers (relative to
bulk modulus) due to inhibition at the mold surface

T7: The mass production system was modified to change roller location, quantify the
effect of belt speed and temperature on the quality of the manufactured tape, and
modified to use clear molds

T8: 2" generation fibers made using the mass-production system produced samples that
exceeded final target shear strengths on closure surfaces, and exceeded peel values
milestones in both wet and dry conditions

T10: Studies were conducted to characterize the effect of mold transparency, lamp
distance, lamp distance, curing temperature, and hardener concentration on fiber
performance

T11: Modifications to the roll-to-roll system eliminated the need for a post-mold vacuum
curing step while improving material performance. Additionally, the system could now
produce samples cured directly on non-transparent substrates like UA textiles

T12: All project performance specifications were met at this time with the exception of
dry shear strength on a football
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T13: Studies conducted at BMS resulted in high-performance samples produced using
the Fusion microwave lamp system at speeds of up to 100 ft/minute, demonstrating the
ability to scale up production rates

T14: A simplified single roller system was built and successfully operated, and properly
cured samples were produced from LED UV systems on loan from Phoseon. A 25°
sample was produced using our mass-production system

T15: All project performance specifications were met with the exception of dry shear on
football substrates

Commercial development

C1: A renewed Joint Development Agreement between nanoGriptech and Under Armour
was signed in September 2011

C2: Preliminary mass-produced fiber arrays were provided to UA for evaluation;
Additionally, nGt prepared football glove sized fiber array that was laser cut and fitted
onto a glove while on-site at UA in a joint prototyping effort

(C3: New fiber templates were fabricated in the CMU cleanroom, and studies identified
the optimum backing thickness for football friction enhancement; This information was
used to produce new samples for delivery to UA for evaluation

C4: A preliminary system quote of $174,900 was received from PolyWorks Inc (North
Smithfield, RI), for a customized roll-to-roll UV -curing production system. Additional
quotes from alternative vendors (4 total) were procured in later Milestones

C5, C6: Frequent communication and regular collaboration between nGt and UA has
resulted several improved generations of micropatterned football glove and closure
prototypes produced and evaluated in user studies and field trials

C7: Possible IP generated during this project include the ultimate formulations used in
this study, and the ability to directly cure micropatterned materials on opaque substrates
using transparent molds

Directions for future development

Under Armour and nanoGriptech are in the process of preparing and negotiating a term
sheet for a joint development project which would involve UA partially funding a pilot
production line in exchange for continued development of closure and football glove
prototypes with milestones to meet for development, and delivery sales price and volume

Additional technical hurdles include producing samples that satisfy the real-world
environmental handling of UA’s product line. This will be accomplished through

repeated protyping and field trials in collaboration with the UA team

Procurement, installation, and optimization of the pilot-scale production system
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Material dispensing subsystem

nanoGriptech mixes and stores the UV cured material prior to use. The material is safe to use
once mixed for some time, as long as it is not exposed to UV light. The material is manually
loaded into a syringe and dispensed onto the custom micropatterned belt mold via a Multi-
Phaser™ Model NE-500 syringe pump from New Era Pump Systems Inc. (illustrated in Figure
12F) to accurately dispense the BMS material onto the belt. The pump is mounted and the
dispensing flow rate is controlled via custom built software for the pump hardware. The material
is dispensed onto the front end of the belt mold that has the negative features of the fibrillar
adhesive designed for this application.

Custom micropatterned belt mold

A custom belt mold that has the negative of the desired fiber geomeiry and spacing was
manufactured for this prototyping effort and is illustrated in the CAD model in Figure 12G. The
belt is made from silicone rubber (HS-II, Dow Corning) and is a conglomeration of multiple
mdividual belt pieces that have been spliced together to create an approximately 247 long
continuous loop. A similar belt was fabricated for previous efforts and the splicing methodology
was described in previous reports issued to the PA NanoMaterials Commercialization Center.

For research conducted during this project term, a 40 pm diameter fiber geometry with mushroom
tip shape was selected because it has shown good performance in previous lab scale testing.

Once the UV-curable material is dispensed onto the belt, it passes through a roller set that creates
a pinch point. The pinch point levels out the dispensed material, provides the pressure needed to
fill the mold, and introduces the backing material onto the uncured product.

Belt drive subsystem

The BMS material is dispensed onto the micropatterned belt mold which is driven by a
controllable stepper motor (Figure 12A, S9117C-S18GMO18, SDP-ST). This motor controls the
linear belt speed and can be adjusted using the motor software. Because of the scale of the mass
production system, a belt speed ranging from 3-5 inches/minute is used. While relatively slow
belt speed allows the BMS material to exposed to a sufficient amount UV light needed for curing.

UV curing subsystem

Following the roller pinch point, the micropatterned belt is exposed to UV light(Figure 121,
CureTek UVA 400, H&S Autoshot). This lamp provides the ultraviolet energy needed to initiate
the photocuring reaction of the BMS material. An opague barrier prevents the UV light from
prematurely curing the BMS material before the backing layer is applied and mold properly filled.

Backing layer storage subsystem

The backing layer is stored on a separate subsystem (Figure 12I) and is continuously spooled to
the molding pinch point where it is applied to the UV-curable BMS material. For this project term,
a{.002” thick Mylar(PET) film was used as the backing material, however, alternative backing
materials such as UA textiles may be used in the same manner.

Release layer application/final product storage subsystem

A separate assembly illustrated in Figure 12E spools the finished micropatterned adhesive tape in
contact with a protective release film. An identical controllable stepper motor (Figure 12A) drives
this spooling process and will be synchronized with the belt drive speed. This module was not
included during this project term due to the need for only small length samples in order to
optimize other subsystems.
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Peel force, usability, and durability results

The results of peel force testing of developed mass-produced fibrillar samples on a closure
substrate and our goals for this milestone are compared in Table 3. From these results, we can see
that also we met or exceeded our Milestone #2 goals for both dry and wet peel strength
measurements on closure substrates. Methods to additionally improve the shear and peel strengths
of our tested interfaces will be attempted in future project terms. These methods will consist of
including a softer backing layer for the football application, improving the mass-production
manufacturing methods to produce fibers with larger tips, and improving the material properties
of the bulk material used to form the fibrillar materials.

Test Generation 1 Milest
; 5 Specification | Condition Mass-Produced Sample 1 ee. e
Substrate D #2 Goal
ata
Dry 0.4 +0.06 0.2
Closure Peel Strength
(83) (N/cm)
Wet 0.3+002 0.08

Table 3: Comparison of peel strength data of developed mass-produced fibrillar samples in contact with a
closure substrate and Milestone #2 goals.

Peel strength data was collected over 1,000 test cycles in dry conditions to determine to what
extent the performance of the mass-produced samples decreases with repeated testing. Data for
this testing is illustrated in Figure 17. From these results, we can see that the mass produced
[ibers retain approximately 65% of their initial peel force after 1000 cycles of peel lesting over a
20 hour period, exceeding our goal for Milestone #2 of this project.

Under Armour defined a usability specification (S5) which states that our developed materials
must not exceed a peel force of 0.5 kgf / inch (approximately 1.9 N/cm). We can see from the
data in Table 3 that our peel strengths of 0.4 N/cm (dry) and 0.3 N/cm (wet) are not exceeding
this value.
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Figure 17: Peel data for a mass-produced microfiber array in contact with a closure substrate in dry
conditions.
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B.2. MILESTONE 3: TECHNICAL DEVELOPMENT

Develop the second-generation mass-manufactured fiber adhesives. The adhesives would have
properties roughly 40% of the desired 51, 82, 83, 84 and S5 specifications given in Table 1 for
wet conditions at room temperature.

B.2.1. T5 Fiber Adhesive Models
Compare the fiber characterization from Milestone 2 with the adhesive models and tune and
improve the design models; develop a fiber adhesive design model for wet surfaces.

B.2.1.1 Using Milestone 2 model to guide fiber design

Developed Milestone 2 model examined the effect of fiber backing thickness and modulus on the
shear performance of fibers in contact with the football surface. It was determined that softer,
thicker backing would benefit shear performance the most by allowing more fibers to contact the
football surface for an applied compressive load. Experimental effort was designed to estimate
the effect of backing thickness and modulus, and determine how this idealized model applies to
the experimental results. Two materials with ditferent moduli were fabricated in various
thicknesses as backing layer for the fiber adhesive and were tested for shear performance on a
football surface. Fabrication techniques, experimental methods and results are discussed in
Sections 2.3.3.

B.2.1.2 Wet surlace adhesion based on previous modeling

As described in the Milestone #2 research, adhesive models developed at nanoGriptech are based
on 1) The distribution of stress at the interface due to loading on the fiber, and 2) the adhesive
properties of the interface between the fiber tip and the adhering surface. The design aims first to
develop geometries which distribute the stress evenly at the fiber-adhering surface interface while
secondly choosing material combinations with the highest possible intrinsic adhesive strengths
and work of adhesions. Wet conditions mainly effect the interface, reducing both the intrinsic
adhesive strength and work of adhesion. This reduction can be mitigated by the selection of the
fiber material so that water is pushed away from the interface between the fiber tip and the
adhering surface.

Another design option is suction. The ‘mushroom tipped fibers’ used for adhesive design are
similar to suction cups. They do not utilize the suction cup effect in dry conditions because the
intrinsic adhesive strength is usually much greater than atmospheric pressure. However, in wet
conditions, the reduction in intrinsic adhesive strength leads to a more dominant suction effect.
This effect is particularly visible when either one or both surfaces are hydrophobic.

Finally, both designs require selection of materials that are hydrophobic. Therefore, fiber design

will continue to optimize the stress distribution at the tip while choosing hydrophobic materials
for fiber fabrication to enhance wet performance.
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B.2.2. T6: Material Compositions for Mass-Production
Select and develop the polymer fiber material compositions for second generation materials
with Bayer MaterialScience (BMS) for wet surface closure applications.

In milestone 2, we showed that fibrillar adhesives comprised of UV -curable Desmolux XP 2491
(2491, Bayer MaterialScience) display a substantial decrease in shear strength and fiber stiffness
over time. Formulation studies identified an alternative material which replaces the isobornyl
methacrylate monomer of 2491 with a urethane bearing monomer, Genomer 1122. At the
completion of Milestone 2, BMS supplied us with a gallon sample of this new material, which
they called F-75. This section will detail our findings from our evaluation of F-75 and other
results gathered while using batch processed UV cured polyurethanes.

B.2.2.1 Principles of UV curing on BMS polyurethane (PU) formulations

To understand the curing differences between F-75 and 2491, we must consider all variables of
the system including the mold material, the UV curable resin, and the light source. Such a system,
and the corresponding variables, is depicted in Figure 18. The UV light source may be of variable
intensity, spectrum, and distance from the material to be cured. We can modify the UV -curable
resin through changes in its formulation, for example by changing the photoinitiator
concentration or monomer composition. The use of silicone rubber as the molding material is
desired due to its ability to mold undercut, micron-sized features because of its demolding
compliance. Therefore, the adjustable variables in the system are transparency and hardness of
the silicone rubber mold. Silicone rubber is naturally soft due to the high flexibility of its polymer
chains. In turn, this flexibility creales gaseous, Iree - volume in the material [1]. At room
temperature and above, these molecules are dynamic, continucusly permeating gas molecules.

Free radical polymerization, the mechanism of UV-curing of PU, is inhibited by oxygen. This
means that polymer-forming free radicals can react with present oxygen molecules which “inhibit”
further polymerization. Combined with the high oxygen permeability of silicone rubber, UV
curing on silicone rubber surfaces can be quite complicated, and controlling this will be one
challenge of scaling up nGt’s roll-to-roll manufacturing process.

There are two regions in the fiber volume of polymerization to consider which will atfect the
adhesive performance of microfibers; the polymerization of the bulk material and the
polymerization at the mold/material interface. The bulk material polymerization rate and
properties are controlled by the number of polymerizing sites and the initiator efficiency and
concentration. However, at the mold/UV material interface, during the curing process, the
polymerization rate and final amount will be additionally affected by the quantity of oxygen at
the interface and the rate of transfer of oxygen to the UV material surface from the mold rubber.
Generally, the polymerization rate at the surface will be slower due to oxygen inhibition and
polymerizing polymer chains will be terminated. This creates less crosslinking and fibers
ultimately have softer or sticky tips.

The rate of monomer polymerization compared to the rate of oxygen permeation from the silicone
mold will determine the surface material properties. For example, if the rate of polymerization is
slower than the rate of oxygen permeation, less crosslinking will occur and this results in major
inhibition at the fiber tips. This is the case for the curing of 2491 using our in-house Autoshot
curing system, where full curing never occurs in the mold and residue is left on adhering surfaces.
This can be compensated by increasing the polymerization rate via increased light intensity. This
could be accomplished, for example, by using BMS's Fusion system. At nGt, the method to stop
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The effect of the thin soft tip coating and fiber modulus can be explained by referring to the fiber
shear model described in the previous milestone’s research efforts. The stress at the fiber tip due
to shear loading has two main components, stress due to the applied moment and stress due to
uniaxial tension. The moment stress is the first and the uniaxial tension effect is the second term
on the right of the equation below.

M P
Ozz(m) = B‘lTa+ Bzf:

It is assumed that when the total stress (the left side of the equation above) reaches the intrinsic
adhesive strength, fiber detaches from the adhering surface. The soft layer at the fiber tip is very
thin and therefore we can assume that it changes the interfacial properties rather than the bulk
properties. This thin layer at the tip acts as a tacky adhesive layer which increases the effective
adhesive strength, causing the fiber to withstand greater stress and shear load before detachment.
The effect of modulus is less intuitive and needs some explanation. When shear load is applied to
the fiber, it bends sideways. In addition, due to the fixed-fixed boundary conditions on the fiber, it
has to stretch as it bends. It is the stretching that causes uniaxial tension. Therefore, if the fiber is
stiffer, it will bend less, and the stress due to stretching (the second term in the equation) will be
negligible. Therefore, stiffer fibers also enhance shear performance.

We wanted to produce a fibrillar structure using F-75 with similar properties as our 2491 fibers,
with similarly high adhesive and shear strengths. Additionally, we want to identify the curing
conditions and formulation that would result in the small degree of inhibition in the F-75 fibers to
yield fibers with softer tips. During this project term, we mixed different F-75 formulations where
the photoinitiator concentration varied between (1.5-3 wt-%. We evaluated the formulations for
the degree of observable inhibition (evaluated by whether residue was left on a glass substrate
after pushing a cured material in contact with it), and for the shear strength, effective stiffness and
peel strengths of fibrillar samples measured on glass substrates. All materials were evaluated
using the same experimental setups described in our Milestone #2 research above.

Inhibition and shear strength of F-75 formulations

At inhibition-favorable conditions, e.g. full curing in the silicone mold and no vacuum, we still
could not force inhibition with 3 wi-% photoinitiator. Therefore, we decided to decrease the
amount of photoinitiator in the F-75 formulation. Even with photoinitiator concentrations as low
as (1.5 wt-%, we observed no inhibition when cured in-mold for eight minutes in atmosphere.

Figure 19 displays the shear strength of F-75 fibers on a glass surface cured with initiator
concentrations ranging from 0.5-3 wt-%. The shear performance increases from 3.5 to 5.2 N/em’
when decreasing photoinitiator from 2 to 2.5 wit-%. Further decrease in the amount of
photoinitiator produces a corresponding decrease in shear strength to 3.4 Nfem’” at 0.5 wt-%.
Interestingly, the 3 and 0.5 wi-% photoinitiator samples have identical shear performance. These
shear tests were viewed under the microscope and images of these samples prior to failure are
shown in Figure 20. We can see that the (.5 wt-% initiator sample shows roughly 2.5-3 times
more elongation at similar failure shear forces. This suggests that a drop in initiator concentration
also lowers the bulk modulus of the material.
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continuously making small modifications to the system which are deviations to the original
system design, in order to test the effect of system and parameter changes on the quality of the
tape product being produced. The objective is to capture all of the learnings with this current
system and use them to improve the design and function of future iterations of the system and to
dictate an optimal design for an eventual pilot or commercial scale production facility.

The first change made to the roll to roll system to improve the speed was to modify the drive
rollers. In the current configuration, a silicone belt mold is manufactured with a continuous
pattern of the fibrillar microfeatures. The silicone material is backed with a fabric backing to
provide strength in tension. Once made, the belt mold is mounted on hard plastic rollers. The
rollers can be spaced at varying distances from each other, providing the ability to increase the
tension on the belt mold. Belt tension is desirable, to an extent, because it assists in providing
friction to the mold to keep it moving and also helps maintain the feature geometry in the mold. 1f
the belt tension is increased too high, it causes distortions in the feature shape being molded (the
microfibrillar features begin to exhibit an elliptical shape, rather than the target round shape. In
some cases, the belt tension must be kept lower in order to maintain the molded fibrillar shape.
When the belt tension is too small in magnitude, the belt drive roller began to slip on the mold
due to a lack of friction between the roller and the belt. This challenge was easily solved by
covering the drive roller with sandpaper. This created enough friction between the roller and the
mold to allow the belt tension to be reduced.

This seemingly inconsequential detail provides an important insight for the design of the next
system. Any drive system on a scaled up roll to roll continuous line must have a robust
connection between the drive motor, drive shafts, rollers, and belt mold. The nanoGriptech team
has noted the desire to have the mold mechanically lock into the rollers to eliminate the need to
rely on friction to make the system turn. When there is slippage between the belt and the drive
rollers, UV curable material that is already in the mold and in contact with the mylar backing
material also experiences a slippage at the interface, which ruins the connection between the
fibrillar material and the backing material and results in an unusable product.

The second change to the roll to roll system was to replace the UV bulb for the material curing
system. The UV exposure region on the manufacturing line plays a large part in determining the
speed of the manufacturing line, and the age of the bulb has an impact on the intensity of the light
provided by the lamp. We are learning that the exposure time and amount of UV energy received
in the UV cured materials while in the roll to roll system plays a critical aspect in final
performance of the sample materials. The exposure time in the roll to roll system 1s determined
by a combination of the exposure length on the manufacturing line and the line speed. These
collectively determine how much UV exposure the Bayer Desmolux XP 2491 material receives
prior to being removed from the belt mold. In our previous quarter research we outlined
comparisons of the evaluated shear strength of the Bayer Desmolux XP 2491 fibrillar arrays using
several different UV curing sources. That section discussed the importance of proper curing and
how different curing systems produce variations in product performance. The previous bulb had
approximately 450 use hours. The light intensity/output, processing line speed, mold material,
fibrillar raw material and initiator compositions and ratios are all intricately related.

Modifications to the roll to roll system to increase the yield of the product
For the roll to roll manufacturing process, yield is defined as the ratio of useful and good product
produced verses the total length of tape coming from the manufacturing line. Events such as

incomplete mold filling, incorrect or excessive curing, or smearing (where the mylar backing
becomes detached from the UV cure materials on the mold) decrease the yield.
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Peel force, usability, and durability results

The results of peel force testing of developed mass-produced fibrillar samples on a closure
substrate and our goals for this milestone are compared in Table 5. From these results, we can see
that also we met or exceeded our Milestone #3 goals for both dry and wet peel strength
measurements on closure substrates. Note that for both dry and wet samples, the 2491 fibers
delaminated from the mylar backing, and that the reported value of 0.7 N/em is the minimum peel
value for these materials.

Generation 2

Test Milestone
Substrate Specification | Condition Mass-Produced Sample #3 Goal
Data
Dry 0.7+0.1 0.3

Closure Peel Strength
(S3) (N/em)

Wet 0.7 0.12

Table 5: Comparison of peel strength data of developed mass-produced fibrillar samples in contact with a
closure substrate and Milestone #2 goals.

Under Armour defined a usability specification (S5) which states that our developed materials
must not exceed a peel force of (.5 kef / inch (approximately 1.9 N/fem). We can see from the
data in Table 3 that our peel strengths of 0.7 Nfem (dry and wet) are not exceeding this value.

B.3. MILESTONE 4: TECHNICAL DEVELOPMENT

Produce the third-generation mass-produced fiber adhesives, using the improved UV curable
polyurethane products, for dry and wet conditions at room temperature. The adhesives would
achieve roughly 80% of the desired S1, 52, S3, and 5S4 specifications given in Table 1 in dry
conditions and roughly 70% of the desired specifications in wet conditions.

B.3.1. T9 Fiber Adhesive Models
Tune, improve and complete the wet fiber array design models using the performance
characterization results from Milestone #3.

Fiber adhesive and friction models were completed in the first two quarters of this project. No
additional modeling was needed based on the characterization results from Milestone #3.

B.3.2. T10: Material Processing and Compositions for Mass-Production

Develop the third generation, polymeric fiber material compositions with BMS to achieve 80%
of the full performance for 81, 82, 83, S4 and 85 in dry conditions and 70% of the full
performance of S1, 52, $3, S4 and S5 in wet conditions as listed in Table 1.

B.3.2.1 Material processing optimization for mass production

In Quarter 2, the theoretical groundwork of the relationship between curing conditions and
fibrillar adhesive properties was laid. This focused on the idea that at the mold/material interface,
oxygen from the silicone would diffuse into the UV curing material causing less reaction or
“inhibition” on the surface of the formed microfibers. By changing the curing conditions of the
same material formulation, e.g. light spectrum, intensity, or exposure time, this surface can be
altered from a hardness ranging from that of the bulk material to a pressure sensitive, residue
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roll system for manufacturing product. Part of the understanding gained on the bench top scale
manufacturing system and also via supplier conference calls is that any roll-to-roll manufacturing
process can be broken down into various process components, and that each component is related
to and affects the others. In the case of the post molding take up system, a critical parameter to be
studied is the effect of the backing material tension on the curing and final product formed in the
process. The manufacturing line speed and the take up roller speed can be decoupled, and this
effect needs to be further studied as the team moves towards scale up.

Development of Improved Belt Molds

The previous belt molds consisted of a 1 wide fibrillar strip to create the fiber geometry. New
silicon master templates were made and are discussed in Section C.2.3. In this quarter, dipping of
the fibers produced from this mold to form the mushroom tip shape and replicating this geometry
through previously-developed molding processes was performed. This new mold and fiber array
geometry was used to create a new belt mold for the roll-to-roll system. The new meold has
hexagonally spaced fibers on a 2.25" wide belt, which provides an improved surface area
coverage. This pattern also creates fibers that have identical spacing from every other fiber, which
makes fiber collapse isotropic regardless of shear direction. This allows tighter control for tip size
during fabrication and improves the consistency of the fiber performance during use. This step
from a 1" wide mold to a 2.25” wide mold is part of the natural progression towards scale up.
Eventually, the team will utilize belts that are 3 feet or wider for production, and will likely use
the same belt mold making techniques as are used now, just at a larger scale.

Curing through the bottom of the mold

In the Milestone 2 research for this PA Nanomaterials effort, the belt mold that was used on the
roll-to-roll system was an opaque white silicone material. This had been the standard roll-to-roll
belt material for manufacturing in the company. Experiments were performed using a translucent
silicone mold material in place of the white silicone mold material, as discussed above, and
several improvements were realized using it. The translucent mold allows UV energy to be
exposed to all of the UV cured material while in the mold. It also provides an opportunity to cure
through the bottom of the mold, thus enabling the use of opaque backing materials such as fabric.
In order to test this theory, the team used small mirrors to reflect the UV light from the lamp
above the mold back up to the bottom side of the translucent mold material. This configuration
was used to create micropatterned adhesives cured directly on textiles provided by UA using our
roller system.

New material substrates

In this quarter of work, the nanoGriptech team increased the number of material backing
substrates that were used on the roll to roll system. The standard backing material for all previous
research was a .004” mylar sheet. This material is strong in both the X and Y directions, has a
surface energy sufficient to enable adequate adhesion of the UV cured material, and is clear to
allow UV energy to pass through to cure the UV material. For many product applications,
however, it is not an ideal material for use. Also, as reported above, our fiber geometry and final
cured conditions are such that their adhesion to a closure substrate exceeded that of the fibrillar
adhesion to the mylar itself. This limited the performance of the fibrillar adhesion, and is not ideal
for product applications. Based on these findings, and the collaboration with Under Armour,
several other backing material candidates were desired for use. The first was a thin flexible TPU
material that is commonly used in the apparel industry. These TPUs are desirable for apparel
because they are flexible and can easily be heat welded to fabric substrates in the garment
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manufacturing process. Also, putting fibers directly on fabric is desirable for apparel closure and
glove applications. Putting UV material fibrillar features directly on fabric requires the use of a
thin tie layer of the UV material that is placed on the fabric. For our studies, the tie layer was a
200 um layer of UV cured material. The nanoGriptech team tried various UV formulations as
backing material. The viscosity of the tie layer material is important because it determines how
well the material wicks into the fabric material. The amount of wicking is ultimately important
because it determines how rigid the backing material becomes.

The use of TPU materials as a backing material creates UV adhesion issues similar to the mylar
material. When the UV material was cured on TPU backing, low adhesion to the material
occuwrred. In some cases the UV material would stick to the mold surface instead of the TPU
backing material. The nanoGriptech team consulted with TPU and PU experts from our
collaborative partner Bayer Material Science for insights on how to improve adhesion of the
materials. Our collaborative partner from Under Armour also had some insights on how to
improve the adhesion. The several options for increasing the adhesion of the UV cured material to
a TPU substrate include: (1) Applying the UV material to TPU backing material while the TPU is
heated, (2) surface treating the TPU via heat or plasmaher, or (3) specialized coatings that tie
together the TPU and UV material.

The nanoGriptech team successfully investigated heating the TPU material, and was able to
increase the adhesion of the TPU backing material to a useful level. Another backing material that
was discovered, somewhat accidentally during prototyping for Under Armour, was 0.01” and
0.02" thickness sheets of polycarbonate (PC). This PC material is somewhat rigid and could be
useful for other market areas, including wall hanging.

B.3.4. T8: Sample Characterization

Test the performance of the third generation fibers in dry and wet conditions. Achieve 80% of
the full performance for SI1, $2, 83, S4 and 85 in dry conditions and 70% of the full
performance of S1, 82, 83, 84 and 85 in wet conditions.

One significant difference between the samples tested in this quarter and the samples evaluated
previously in this project is that with the new curing configuration and parameters described in
Sections 1.2 and 1.3, no vacuum post-cure was required to produce samples with no residue-
leaving inhibition. As such, the samples tested in this milestone were all cured in one step in
atmospheric conditions. This represents a major step towards affordable scaled-up manufacturing.

Shear force results

The results of all shear force testing of developed mass-produced fibrillar samples are given in
Table 6 along with the performance goals for this milestone. These results show that we exceeded
our Milestone #4 goals for all shear closure substrates in both wet and dry conditions as well as
for wet shear strength in contact with a football. In fact, we have achieved our final target
performance for these measures for the entire project. For glove friction in dry conditions, we did
not achieve our ambitious goal for this quarter. However, the sample tested this quarter has our
highest measured coefficient of friction (C.O.F.) ever in contact with a football substrate. It is
higher than our previously measured shear strength for the UA Blur glove in both dry conditions
(UA Blur shear strength = 1.7 Nfcm2) and wet conditions (1.2 N!cnlz)_
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Test Generation 3 Milestone
Sihatrate Specification | Condition Mass-Produced Sample #4 Goal
Data
Dry 21+ 02(C.OF. =21) 24
Football | Shear Strength
(S1) (N/em?)
Wet 1.8+ 0.1(C.OF.=1.6) 1.1
Dry 140+£25 §.0
Closure | Shear Strength
(82) (N/em?)
Wet 59+£23 4.2
Table 6: Comparison of shear strength dara of developed mass-produced fibrillar samples in contact with

Sfootball and closure substrates and Milestone #4 goals for these applications.
Peel force, usability, and durability results

The results of peel force testing of developed mass-produced fibrillar samples on a closure
substrate and our goals for this milestone are compared in Table 7. From these results, we can see
that also we met or exceeded our Milestone #4 goals for both dry and wet peel strength
measurements on closure substrates.

Generation 3

Test . . . . 5 . Milestone
Substrate Specification | Condition Mass-Produced Sample #4 Goal
Data
Dry 1.2 +0.1 0.4

Closure | Peel Strength
(S3) (N/em)

Wet 0.6+0.1 0.21

Table 7: Comparison of peel strengrh data of developed mass-produced fibrillar samples in conract with a
closure substrare and Milesione #4 goals.

Under Armour defined a usability specification (S5) which states that our developed materials
must not exceed a peel force of 0.5 kgf / inch (approximately 1.9 N/em). We can see from the
data in Table 7 that our peel strengths of 1.2 N/fem and 0.6 N/em (dry and wet) are not exceeding
this value.

Peel repeatability of a textile-backed microfiber array in dry conditions in contact with a
Desmolux 2491 substrate was measured using the same system described previously over 1000
test cycles. The results of this testing are illustrated in Figure 37, and show that the sample
maintained approximately 82% of its peel strength after 1000 cycles, exceeding the 72% target
for this project Milestone.
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Figure 37: Data demonstrating the vepeatability of these materials over 1000 testing cyeles

B.4 MILESTONE 5: TECHNICAL DEVELOPMENT

Produce the optimized mass-manufactured fiber adhesive using the tailored polyurethane
materials and fiber geometry to perform at a variety of temperatures in dry and wet conditions.
At room temperature conditions, the performance would have properties greater than 100% of
the desired 81, 82, and 83 specifications given in table 1 in dry conditions

B4.1. T13 Material Compositions
Optimize the polymeric fiber material compositions with BMS to achieve 100% of
specifications 81, 52, 83, S4 and S5 in Table 1.

In Milestone 4, the effect of curing conditions on the shear properties of fibrillar adhesives was
investigated. It was found that there are optimum curing conditions that lead to the best adhesive
performance. This is in contrast with most UV-cured resins, where they are either fully cured or
under-cured. In addition to the possibility of being under-cured, it was determined that our
fibrillar adhesives can also be over-cured. Deviation from optimum curing yields poorer
performance. Under-cured microfibers typically display residue leaving inhibition when peeled
from the adhering surface, while over-cured samples have harder, less compliant tip surfaces.
Optimum curing results in a fully cured fiber that has a soft, non-residue leaving surface which
leads to the best performance properties.

These phenomena were proven in Milestone 4 on nanoGriptech’s in-house curing lamp. Because
of its low intensity and longer curing times, it was essential to put this idea into perspective of our
future pilot production system which will include higher light intensities and faster curimg times.
To do this, several formulations were cured using BMS’s Fusion curing system. In their system,
the sample travels on a belt which passes under a fixed light. Unlike nGt’s in-house process
where light height can be adjusted to change the light intensity, the height of the Fusion system is
fixed at the distance in which the light is focused (2.57).

A gallium-doped (Type V) bulb was used and its intensity was fixed at 100% output. Exposure

time, the variable of the experiments, was changed by adjusting the conveyor belt speed. Figure
38 shows the relationship between the total energy of exposure and the belt speed of the system.
At faster belt speeds the exposure time of the sample is decreased which corresponds to a
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Based on the results of the football glove field trials (described below in Section C.4.1) we have
several ideas for continued development of microstructures for football receiver glove
applications which should result in improved shear strength and user satisfaction.

C. COMMERCIAL DEVELOPMENT

C.1 MILESTONE 2: COMMERCIAL DEVELOPMENT

C.1.1. C1: Renew the JDA between nanoGriptech and Under Armour
A renewed Joint Development Agreement between nanoGriptech and Under Armour was signed
in September 2011.

C.1.2. C2: Prototype delivery
Provide 4x10-inch long first generation mass-produced adhesive samples to Under Armour,
UA, for testing S1, 82, 83, 84 and 85 in dry and wet conditions at room temperature.

Prepared samples were brought to the Milestone #2 meeting and transferred to Under Armour at
that time.

(.1.2.1 Additional Prototyping: Prototyping of Under Armour products using
nanoGriptech microfibrillar arrays

As a part of the collaboration between Under Armour and nanoGriptech, the teams collaborated
on a joint prototyping effort during this project period. We were invited by Jason Berns and
Under Armour to visit their new R&D facilities at their company headquarters in Baltimore, MD.
Even though we are still operating at small batch fabrication scales, we took the necessary steps
to prepare a working football receiver glove prototype during this visit to test whether our
developed materials would be compatible with Under Armour’s prototyping facilities and
fabrication processes.

Preparation for Under Armour Visit
Several research tasks were performed to prepare for our visit. These tasks included:

1. Procuring the pattern template for the football contacting surfaces on an Under
Armour glove

An Adobe IMustrator .ai template for the UA Blur II, a football receiver glove currently
sold by Under Armour was provided to us by Joseph Trachta in Under Armour’s
Innovation Department.

2. Fabrication of a micropatterned mold large enough to produce the glove pattern in
a single fiber array

Using techniques developed in our first year of PA NanoMaterials Commercialization
Center funding, a negative micropatterned mold large enough to produce a single
micropatterned array which could be shaped into the football-contacting areas of the UA
Blur IT glove pattern was produced using silicone rubber (HS-II, Dow Corning). A
picture of the produced mold is shown in Figure 45.
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which additionally affected the gripping ability. The next prototypes should be fabricated
without the foam layer and attached to a more established hand-contacting glove
material, such as suede.

[

Accelerating prototyping speed. We may need to determine ways to accelerate the
glove prototyping process as it took a highly skilled seamstress several hours to sew a
single glove prototype. One possibility is to focus on a different pattern that may be
simpler for the UA team to put together, or even to switch focus to a soccer goalie glove
which is larger and less intricate.

C.2. MILESTONE 3: COMMERCIAL DEVELOPMENT

C.2.1. C3: Provide Under Armour with the second-generation mass-produced fiber
adhesive samples

Prepared samples were brought to the Milestone #3 meeting and transferred to Under Armour at
that time.

C.2.2. C4: Contact with different roll-to-roll manufacturing machine equipment
manufacturers to get pricing for the required custom machines for mass-production of the
fiber adhesives.

We have been in contact with PolyWorks Inc (North Smithfield, RI) as a potential roll-to-roll
equipment manufacturer and have solicited a preliminary quote for a pilot-scale production
system for our custormized process. After several conference calls with PolyWorks engineers,
they generated a quote of $174,900 for a production line which includes a customized UV curing
system, off the shelf dispensing and control mounted to a steel frame. A combination of
pneumatic actuators and motors will apply the appropriate tension to the belts and backing layers
and torques to the production line. This system will include an enclosed curing chamber that can
be nitrogenated if we ultimately determine that curing in an oxygen-free environment is necessary
to control inhibition. This $174,900 price tag includes: $89,200 in Direct Labor, $34,980 in
Mechanical and Electrical Design & Engineering, $29,733 for Machining & Assembly, $24.486
for Electrical Assembly & Wiring, and $85,701 for Purchase of Capital Equipment.

C.2.3 Additional task: Update on prototyping efforts

As a part of the ongoing product development effort between Under Armour and nanoGriptech,
the teamns continued making progress on glove prototyping during this project period. This
progress, including material selection, clean room work, material dimension optimization, and the
development of new prototyping methods is described in the remainder of this section.

New textile and pattern procurement in collaboration with UA

As aresult of our prototyping efforts in the first quarter of this project which were described in
our previous Milestone #2 research, we learned the value of using appropriate textiles which will
be suitable for the intended football receiver glove application. Under Armour provided us with
samples of the same faux suede material that they use in many of their commercially-available
gloves. This material has been identified by Under Armour as one that is comfortable when used
in tightly-fitted gloves while allowing for good dexterity and tactility of the user while
manipulating a football. Additionally, it is familiar to those who sew and assemble gloves both at
UA’s existing Chinese production facilities and at their Baltimore prototyping laboratory.
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Glove prototype improvements

Over this project term, we have taken several steps to improve upon the first glove prototypes that
we reported on in our Milestone #2 research. There, we described a method of integrating our
fibers with UA textiles using thermoplastic urethane films and a hot press. To accelerate our
prototyping efforts and simplify the process, in this quarter, we developed a new
microfiber/textile integration method compatible with the faux suede textile which does not
require a thermoplastic binding layer. Additionally, eliminating the hot press of a fibrillar
structure will prevent the fibers from getting damaged during the application of heat and
compression, which was a problem with our first round of glove prototyping. This new process
also allows for the integration of a backing material of the appropriate thickness and hardness, as
determined from our modeling in our Milestone #2 research and experiments presented above.

First liquid polyurethane (F-25, BJB Enterprises) which will form the soft backing layer was
mixed, degassed, and spread over a faux suede textile swatch. Time was allowed to elapse for the
viscosity of the polyurethane to increase as it begins to cure. Doing so prevented the polyurethane
from penetrating so far into the faux suede textile weave that it would affect both the surface
finish of the glove lining and the stiffness of the resulting composite material. After this time had
elapsed, 0.5 mm shims, found to be an optimal backing layer thickness in the above study were
placed on the suede and a smooth, rigid, release layer compressed the curing liquid polyurethane
down to the desired thickness. The polyurethane was allowed to finish curing.

The photographs in Figure 52 illustrate the polyurethane side (top) and faux suede side (bottom)
of fabricated swatches produced using this method. The samples on the left were allowed to sit

for 27 minutes before pressure was applied to flatten the polyurethane to its desired thickness,
while the sample on the right was put under pressure after 4 minutes. While both polyurethane
surfaces are equally smooth and thick with excellent bonding between the textile and the
elastomer, it is apparent that the polyurethane has seeped through the faux suede on the 4 minute
sample from the darkened material region. This results in a stiffer composite which is undesirable
for a form-fitting athletic glove where a high degree of manual dexterity and tactility are essential.
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allowed to cure overnight. After cured, the top transparency sheet was peeled, exposing the layer
of F-25. Polyurethane microfibers were then put onto the coated fabric using techniques detailed
in the Milestone #3 research. After this, the microfiber and F-25 layer was cut following the mask.
Then the mask was peeled leaving the flexible backed microfiber array in the original glove
pattern.

Three different transparency masks and design concepts were produced during this project quarter,
and are illustrated in Figure 55. These range from a simple entirely micropatterned glove palm to
increasingly complex pattern shapes. In addition to an aesthetic or marketing interest in different
glove patterns, making the fingers patterned area discrete rather than continuous may help
improve finger flexibility and dexterity, improving the grip of the glove on a football. Field trials
and user studies should be conducted with these or similar glove concepts to evaluate customer
interest in such designs. Additional designs could allow for incorporation of the Under Armour
“UA™ trademark as well as different team logos for different customers.
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Figure 55: Three different glove palm design concepts developed and prototyped during this quarter

Preliminary gloves prototyped this quarter by UA using the technique described above were sent
back to nGt to evaluate whether the glove assembly process caused any friction performance
degradation. Glove assembly involves manual manipulation of the textile by a seamstress, and the
microfibrillar surface may come into contact with the airborne textile particles generated by the
stiching process.

Glove performance was measured of a virgin glove palm prototype before shipment to UA. After
assembly into a glove prototype, the glove was shipped back to nGt. A small square region of this
glove palm was then tested in our shear testing apparatus to measure the performance
deterioration, if any, induced by the assembly process. The sample was then cleaned through
blotting with a commercially available pressure-sensitive adhesive (Scotch Tape, 3M) and the
friction coefficient was measured again. Finally, the sample was lightly cleaned with hand soap
and tap water, rinsed with DI water, and dried before a final measurement was taken. The results
of these measurements are illustrated in Figure 56. We can see that about 20% of the performance
was lost due to the assembly process, but this loss was recovered during the post assembly
cleaning steps. As such, during eventual glove manufacturing, either glove palms should be
assembled with a protective film to eliminate the risk of particle contamination or a post-
assembly cleaning process should be incorporated into the manufacturing process.

69

413
Approved for public release; distribution is unlimited.




414
Approved for public release; distribution is unlimited.




7/6/2012 nanoGriptech, LL.C

Company Name Foresight Technologies Web Industries
Become familiar with process by
observing proof-of-<concept machine.
Turn key horizontal & vertical I_)clcrt!une pllol—llnc_dcllvcrtfplcs, ;
s " financial agreements and design/build
configuration
resources.
Fully Inlr;gralc_d Sachiisld Design/build less than 12" wide
Automation winders s . .
continuous pilot-line process and locate
at W ies F I :
PC/PLC control at Web Industries Fort Wayne plant
Quote -
Highlights Fully enclosed & exhausted | DO t0 Optimize process parameters and
A reliability.
environment
Equipment and Process J_)evcllop products with different
materials or substrates.
Startup
Determine commercial project details
1 Year parts and labor o . .
and secondary converting, die-cutting,
warranty pminiy P
slitting or sheeting.
Design/build commercial process and
optimize.
q‘a( i * L
Estimated E{;;,tmn Pptof wide $275,000
Byt Cost $776,000 (up to Llm wide web)
(.ontrs’_wt . Contract manufacturing not ~ $200/hr of operation + raw material
Manufacturing . 2 .
Fee available costs + system depreciation costs

Table 11: Comparison of guotes for two different pilot manufacruring business models

Contact different UV lamp manufacturers to obtain lighting quotes for pilot manufacturing
system

As shown above, microfiber performance properties are very sensitive to the curing conditions.
Overcuring increases tip hardness and decreases adhesion while undercuring will cause inhibition
and residue. Therefore, a uniform exposure area is critical. This includes uniformity within the
one lamp and between two lamps in parallel. Additionally, the ability to adjust the intensity of the
systemm is also needed to be able to account for formulation and temperature variation.

The ultimate line speed of the system will determine the intensity of the light needed and the
distance the of belt exposure. Since most commercial UV lamps have a relatively fixed exposure
distance ranging from 0.5 — 1 inch, light intensity will be our major source of curing control. For
these quotes it was assumed that we will need the most intense light offered for each product.

In this quarter, nGt contacted UV lamp manufacturers Fusion and Xenon in order to obtain
lighting quotes for a 3-foot belt pilot R2R system that address the concerns above. Table 12
includes a summary of the lamp properties and costs.
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As discussed at the Quarter 2 meeting, there are two types of UV lights, arc and microwave.
Fusion supplies microwave UV lights which have some very attractive properties. For instance,
the bulbs on fusion lamps last 8000 hours and the light intensity and spectrum do no fade over
this duration. In comparison, the Xenon pulsed arc system does fade over time and only has a
1,000 hour lifetime at average intensities. Despite this, there are some advantages to the Xenon
system. By pulsing the light, the temperature of the system can be better controlled and with the
ability to change the pulse width and intensity, sample exposure can be precisely controlled.
Xenon lamps are 20 inches wide and Fusion lamps are 10 inches wide and we would need 3 and 4
of them respectively for a 3-foot belt. This gives an extra knit line with the Fusion system.
Depending on the sensitivity of the UV conditions this may or may not be a problem.

Due to the high uniform intensity of the Fusion microwave system, it is double the cost of the
pulsed arc lamps of Xenon. It is the line speed will determine what type of system we choose. If
the line speed is fast, higher light intensities will be needed. The shortcomings of the arc-type
lamps (Xenon) such as drop in intensity over time and short bulb lifetime, will be magnified
when maxing out the lamp power, and therefore a Fusion system would be the better option.
However, at slower to moderate belt speeds, a less intense light is needed and a cost savings using
the arc lamps.

Table 12: Property and cost comparison of Fusion (microwave) and Xenon (arc) lighting systems for a
pilot systems featuring a 3 feet wide belt.

Company Fusion Xenon
Type Microwave Pulsed arc
Bulb lifetime 8000 hrs 1000 hrs
Bulb durability No fading with time | Fades with time
.
Maximum bulb output 300 or 600 W/in 112 Ve
pulse
& 9% in 5% ik
Variable control 35. 0% in 2% 22000
increments watts/pulse
Maximum light length 10 inches 20 or 30 inches
Amount needed pilot
4 2
system
Costflight 515,000 $19.000
Taotal light cost (including $60.000 $29.600
controller)
Housing cost 59,000 54,500
Total system cost $69,000 $34,100
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C.4 MILESTONE 5: COMMERCIAL DEVELOPMENT
C.4.1 Prototype field testing

During this project quarter, we interfaced closely with Jason Berns and the Under Armour
innovation and product development teams to provide them with multiple sets of fiber adhesive
samples, both closures and football glove palms, for prototyping and field testing.

Closure field-testing

Several rounds of closure samples were sent to Under Armour for inclusion in new high
performance outerwear and also for some user studies that were performed. The samples continue
to initially perform well, however Under Armour has noted that some of the samples are not
performing as consistently as desired or maintaining their performance after several months of
aging. Also, the big challenge at this point for the closures is how they react to contaminants,
specifically machine and skin oil, throughout the manufacturing and use life cycle.

From the user studies, Kerrie Timmons, Sr. Development Manager, Innovation at Under Armour,
sent the nanoGriptech team the following update:

“We received positive feedback from the user studies. Most people think it's a nice idea and like
the idea of having a velcro alternative. They are concerned about strength and durability, "will it
really be strong enough to replace my velcro?” was a common question. The users were very
engaged with the samples and were interested in seeing it in product.”

Football glove field testing

Now that we had developed a good glove manufacturing technique and assembly process in
carlier quarters in collaboration with UA, we sent three sets of glove palms to Under Armour for
prototyping and field trials with elite student-athletes at the football programs at the Universities
of Maryland and South Carolina, with whom UA works very closely.

At the University of South Carolina, four players gave qualitative evaluations of the glove when

throwing and catching a football in dry and wet conditions. The wet conditions were obtained by
submersing the wearer's hands in a bucket of water until the gloves were saturated. According to
Jarred Law, Product Line Manager/Developer for Under Armour:

“[the gloves| didn't pet a good reception when dry and was even worse when wet. Need to do
more testing on this but I think initial tack or a tacky feel when wet is essential for consumer buy
in.”

The second day of testing at the University of Maryland produced better results. The results of
this testing were transmitted to us by telephone by Alex Stone, Football Glove Product Manager
for Under Armour.

The positives to take away from this testing include:
*  The gloves performed better on this second test day than on the first test day
® The glove clearly was rated better than UA's commercially-available glove in wet

conditions
* The glove got great feedback for very hard passes
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The negatives which we will need to improve include:

¢ Because the glove is not tacky like their other products, there is a perception of
slickness when players hold the ball
* The gloves were not rated as high for very soft passes

From these results, it appears as though our “dry adhesive” non-tacky materials may deviate too
far from what habitual users of these gloves are used to. Even if our gloves perform better in wet
conditions or for hard passes, this lack of tack may give users the perception of poor performance
and prevent sales. As such, as a follow-up to these tests, we are in the process of preparing a
slightly tackier formulation and modified fiber geometry that is compatible with this formulation
for an additional round of testing and prototyping.

C.4.2. Intellectual property filing opportunities

C7: Assess the patent filing opportunities with the partners on the mass-produced fiber
material design and manufacturing, fiber material composition, or fiber material integration to
sporting fabrics.

During this project term, innovative work was done on both the material formulations and the
processes necessary to optimize the development and integration of bio-inspired micro-fibrillar
adhesives for sports apparel applications. There are several innovations that could eventually be
filed for patents that were developed during this project term. The first is the concept of using
transparent micro-patterned molds to cure through the mold to allow for direct integration of our
adhesives into a customer’s optically opaque product backing. This technique allowed us to mass-
produce our materials directly integrated to textiles provided by Under Armour, which they could
then easily assemble into their products. This direct integration during manufacturing eliminates
the need for additional processing steps by our client, which could make it more desirable. We
anticipate that this process will be useful for future clients who have product requirements which
involye non-transparent fiber backing materials as this would mean that curing through the mold
would be essential to our process. Additionally, using transparent molds reduces the exposure
time to UV light necessary to properly cure the fibers, and it also results in a more uniform
microfiber curing surface due to the increased exposure to light.

A second innovation which could eventually be filed as a patent is the ultimate material
formulation used these for sports apparel applications. Research is ongoing to finalize this
formulation and the processing parameters to produce optimized results, but once we have
finalized these parameters, we may consider protecting them with a patent application. However,
internal discussions will be held to evaluate whether this should instead be kept as a trade secret
to eliminate the risk of overseas patent infringement.

C.4.3 nanoGriptech/Under Armour commercialization strategy

As the next step with UA, we are preparing a term sheet towards a commercialization agreement
between our two companies. As the first component of this agreement, we will jointly continue to
improve the sports closure and glove product prototypes until field study users and UA are fully
satisfied with their performance, robustness, and durability. Moreover, during this development
phase, more details related to the delivery of exact closure and glove prototypes with integrated
gecko adhesives will be jointly determined. Next, the timeline, volume, and purchase price of our
adhesive materials will be finalized. While this development phase is continuing, a pilot
production system will be purchased and installed at nanoGriptech for production of these
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adhesive materials for UA to allow us to meet the technical and production specs (microstructure
geometry, material formulation, backing, volume, sales price) decided upon in this joint
agreement. UA is interested in partially funding the pilot production facility production costs
depending on the terms of this agreement.

Qur joint development agreement with BMS runs through the end of this summer. At that time,
nanoGriptech and BMS will jointly evaluate whether a continued joint development relationship
makes sense for both parties as we move toward commercialization.

D. FUTURE DIRECTIONS

Under Armour and nanoGriptech are in the process of preparing and negotiating a term sheet for
a joint development project which would involve UA partially funding a pilot production line in
exchange for continued development of closure and football glove prototypes with milestones to
meet for development, and delivery sales price and volume. Additional technical hurdles include
producing samples that satisfy the real-world environmental handling of UA’s product line. This
will be accomplished through repeated protyping and field trials in collaboration with the UA
team. Once these technical and financing hurdles have been overcome, the nanoGriptech
engineering team will focus on the procurement, installation, and optimization of the pilot-scale
production system to delivery product to Under Armour for incorporation in their product line.
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Introduction

With the generous support from Pennsylvania NanoMaterials Commercialization Center, EC
Power excitedly carried out the development of novel nanocomposite electrode materials for and
the fabrication of high capacity cylindrical 18650 Li-ion batteries over the past year. There is
great need for high capacity, high energy storage systems than can meet military requirements in
addition to plug-in hybrid vehicles (PHEV), electrical vehicles (EV) requirements. In
collaboration with our partner in Penn State, EC Power targeted to fabricate 3 Ah high capacity
18650 cells with high capacity Si-carbon as anode materials and lithium-rich as cathode materials.
Although there were quite a few technical challenges encountered during the material synthesis
and battery fabrication process. the researchers and engineers at EC Power and Penn State have
worked hard to solve the problems, meet the milestones on time, and strive for high capacity
186350 cells.

Milestone 1: Contract Signing and Project KickofT
The project started in January, 2012.

Milestone 2

CI: Reach agreement with initial customer(s).

C1.1. Provide a list of customer(s) that will evaluate the prototype cells and provide feedback.
These customers will likely have products with military applications, or be the military itself.
This fits into our near-term market strategy for the final product, which targets primarily
military applications that require power sources with an extremely high energy density, above
all other attributes.

EC Power teamed with C&D Technologies, of Blue Bell, PA for evaluation of the developed
prototype high energy density 18650 cells. C&D Technologies has designed and developed
batteries for more than 100 years. C&D is a market leader in the North American
Telecommunications, Uninterrupted Power Supply (UPS), and Utility markets for energy storage
solutions and has a proven track record of supplying government, military, and commercial
customers with high quality products. C&D has developed lithium ion energy storage solutions
for both commercial and military products. Currently, C&D is in the midst of a four-year ($18M)
U.S. Army program to develop a domestic source of affordable, large format lithium-ion cells,
Battery Management Systems, and battery packs for both military and commercial applications.

We are proud to have C&D Technologies as our business partner and we believe that there is a
great opportunity to continue work with C&DD Technologies to further commercialize the high
energy density 18650 lithium-ion batteries once our prototype battery meets the design criteria.
With their long history of battery engineering, already-existing customer base, and strong
reputation in serving commercial and military customers, we believe C&D is one of the most
competitive companies in the market to further manufacture EC Power’s products and provide the
U.S. military with high energy density lithium-ion batteries.

C1.2. The agreement(s) will outline the terms of the prototype evaluation, including product
specifications and the protocol/guidelines for the characterization tests to be performed. Figure
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Fizure 25 Evahation of EC Power's second prototype 18550 cell.
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS

Acronym Description

CPO Collaborative Project Order

AFRL/RX Air Force Research Laboratory, Materials and Manufacturing Directorate
WBI Wright Brothers Institute

PA NanoCenter Pennsylvania NanoMateials Commercialization Center

TAC Technical Advisory Committee
SOW Statement of Work

OoPV Optionally Piloted Vehicle

PL Photoluminescence

FTIR Fourier Transform Infrared
NREL National Renewable Energy Laboratory
CNT Carbon Nanotube

CF Carbon Fiber

CB Carbon Black

t-CNT Treated Carbon Nanotube

TGA Thermal Gravimetric Analysis
NanoRDC NanoResearch, Development and Consulting LLC
MPIs Materials Performance Indices
MIL Military

ANSI American National Standard
NHA Nickel Coated Copper Alloy
NCU Ultra-high Strength Copper Alloy
MTS Modular Wire Takeup System
OoPV Organic Photovoltaic

PET Polyethylene Terephthalate

HTL Hole Transport Layer

ITO Indium Tin Oxide

PEN Polyethylene Naphthalate

Pl Polyimide

PC Polycarbonate

IPA Isopropyl Alcohol

ROIC Return on Invested Capitol

SPS Strategic Polymer Sciences, Inc.
SIM St. Jude Medical

PSU Pennsylvania State University
ICD Implantable Cardioverter Defibrilator
VDF Vinylidene Fluoride
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS (cont’d)

Acronym Description

TrFE Trifluoroethylene

CFE Chlorofluoroethylene

CTFE Chlorotrifluoroethylene

PP Polypropylene

CARTS Capacitors and Resistors Technology Symposium
ERC Engineering Research Center

HIS Human Interface Software

TPU Thermoplastic Urethane

DOPA Dihydroxyphenylalanine

VER Vinyl Ester Resin

UPR Unsaturated Polyester Resin

PCB Printed Circuit Board

JDA Joint Development Agreement

SFIL Step and Flash Imprint Lithography

CIS CMOS Image Sensor

CMOS Complementary Metal Oxide Semiconductor
SAAD Sective Aluminum Area Deposition

AES Auger Electron Spectrometry

TE Transmitted Electron

HAADF High-Angle Annular Dark Field

SE Secondary Electron

SEM Scanning Electron Microscope

STEM Scanning Transmission Electron Microscope
iLS Industrial Learning Systems

HRG Horizontal Ribbon Growth

XRD X-ray Diffraction

LXPM Liquid X Printed Metals

c Conductivity

OFET Organic-based Field Effect Transistor

PET Polyethylene Terephthalate

PV Photovoltaic

ARC Anti-reflective Coating

PECVD Plasma-Enhanced Chemical VVapor Deposition
DSSCs Dye Sensitized Solar Cells

v Current Voltage

TCO Transparent Conductive Oxide
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS (cont’d)

Acronym Description

GaAS Gallium Arsenide

NWA Nanowire Array

FE Finite Elements

BMS Bayer MaterialScience
PU Polyurethane

TPU Thermoplastic Urethane
PHEV Plug-in Hybrid Vehicle
EV Electrical Vehicle

UPS Uninterrupted Power Supply
DoD Department of Defense
UAV Unmanned Aerial Vehicle
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