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merican physicist William

Pollard once stated, “Without

change there is no innova-

tion, creativity, or incentive for
improvement. Those who initiate change
will have a better opportunity to manage
the change that is inevitable.” This is per-
haps one of the most exciting times of
innovation and change in human history,
and the Department of Defense (DoD)
remains on the leading edge of this
research. The rapid advance of technol-
ogy provides the DoD various opportuni-
ties to enhance and ultimately transform
its equipment and capabilities.

Over the last quarter, HDIAC contin-
ued to proactively support DoD’s R&D
and S&T initiatives, as well as current
and future requirements across all eight
HDIAC focus areas. Through focused
research and analysis, HDIAC’s jour-
nal captures a handful of these devel-
opments and illustrates their potential
application in future DoD innovation to
the DoD, Communities of Interest, and
Centers of Excellence.

Message from the Director

The DoD remains one of the world’s larg-
est energy and fuel consumers; therefore,
the development of new technologies and
alternative fuels remains critical. From
June through August 2016, the U.S.
Navy incorporated 77.6 million gallons of
alternative fuel blend (from waste beef) to
support the Rim of the Pacific naval ex-
ercise [1]. GSR Solutions President Anju
Krivov provides insightful analysis into
biofuel R&D and the implementation of an
efficient stream of algal biofuel to power
military operations. While challenges per-
sist on the scalability of this technology,
the benefits and usage of biofuels remain
far-reaching.

In the wake of one of the most devastat-
ing U.S. hurricane seasons and the as-
sociated impacts on critical infrastructure
and fuel supplies, HDIAC Subject Matter
Expert Joel Hewett assesses energy re-
silience. Of the 16 critical infrastructure
sectors, the energy sector sustained
significant damage resulting in lasting
impacts, and the DoD continues to help
bring it back online. A presidential poli-
cy directive defines resilience in terms
of “the ability to prepare for and adapt
to changing conditions and withstand
and recover rapidly from disruptions
[2].” In preparation for future events and
to mitigate a lengthy recovery, Hewett’'s
research highlights developments for
storage, facility hardening, and artificial
intelligence-assisted modeling.

Next, researchers from the Georgia Insti-
tute of Technology explore the transition
and applicability of 4-D printing. In es-
sence, this approach to structurally com-
plex 3-D manufactured materials is now
entering a new, potentially game-chang-
ing phase that incorporates smart ma-
terials the producer can pre-program to
respond to change or stimulus. The DoD
could directly benefit from this technol-
ogy, applications of which could include

v

manufacturing sensors, self-assembling
tents, morphing antennae, and active
truss structures. As the military compo-
nents undergo modernization changes,
these technologies potentially offer the
DoD another innovative capability to en-
sure battlefield dominance.

Powered exoskeletons, such as those
from Defense Advanced Research Proj-
ects Agency and United States Special
Operations Command, are technological
innovations aimed at physically assisting
the warfighter by reducing metabolic costs
on the battlefield. Biodesigns has devel-
oped a single limb exoskeleton that en-
hances the warfighter’s ease of access to
mission-critical equipment while ensuring
their ability to perform all combat-related
physiological requirements.

Lastly, Deft Dynamics put a new spin on
one of the oldest pieces of equipment—
the ladder. Ladders remain a critical piece
of equipment in military operations and
the first responder community, including
gaining access to and extracting person-
nel from confined or restricted spaces.
This R&D regarding open-architecture
composite structures represents an inno-
vative approach to an old technology that
directly impacts both the military and first
responder communities. m
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decades to come, and s
national-level initiatives have emerged
aid this transition. In 2010, the U.S. Navy's
Great Green Fleet program successfully
demonstrated the use of a 50-50 blend of
algal biofuel and petroleum as jet fuel for
naval aviators, which met or exceeded JP-8
military fuel standards [1]. Additionally, in
2012, the U.S. Department of Agriculture
(USDA) collaborated with Airlines for Ameri-
ca and Boeing Co. to launch the Farm to Fly
initiative, bringing together commercial and
military aviation firms to support the U.S.
biofuels industry [2]. Half a decade later,
after the price of crude oil plummeted from a
seemingly sustained high of $100 per barrel
to levels chronically under $60 per barrel,
several technical and economic barriers re-
main before advanced biofuels can replace
significant amounts of fossil fuels. Further
complicating this transition is the retreat of
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Figure 1: Crude oil and kerosene-type jet fuel price comparison (in nominal dollars). Adapted

from [3,4].

several next-generation biofuels firms from
the energy space toward other high value
markets, including Solazyme (now Terra-
Via), Sapphire Energy, and Heliae [3].

This recent shift in the economic viability
of the algal biofuel industry raises an im-
portant question. Which is the narrower
bottleneck preventing the widespread com-
mercialization of algal biofuels: an insuffi-
cient increase in productivity derived from
advances in upstream production from al-
gal strains or the need for an efficient and
adequately rich feedstock?

Recent Advances in
Algal Biofuel R&D

Despite the sharp drop in crude oil prices
since 2014, research and development
(R&D) into algal biofuel continues apace
in academia and industry alike. Increas-
ing algal oil production at the cellular level
has long been a primary target of genetic
engineers. At the beginning of 2017, Syn-
thetic Genomics and Exxon Mobil Corp.
extended their $600 million agreement, first
signed in 2009, to jointly conduct research
into advanced algal biofuels. Recently, the
Synthetic Genomics team demonstrated

a doubling of lipid production in the Nan-
nochloropsis gaditana microalga that, under
natural conditions, has a lipid content of ap-
proximately 20 percent. It is estimated this
newly-engineered strain could produce up
to 1,600 gallons of lipids per acre per year,
a high level of productivity [4].

While Synthetic Genomics’ focus is on in-
creasing oil at the cellular level, researchers
at the Pacific Northwest National Laboratory
(PNNL) have focused on increasing mass
productivity. In 2016, PNNL researchers
explicated the mechanism in the Synechoc-
occus strain of algae that allows the strain
to triple in size to accommodate a rapid ex-
pansion and to flourish under intense light
by using energy inputs to keep growing [5].
The importance of this research lies in the
efficient coupling of photosynthesis and pro-
ductivity. This development is central to the
advancement of biotechnology applications
based on solar energy, and researchers
were able to delineate putative biological
principles that may allow unicellular cyano-
bacteria to achieve ultra-high growth rates
via photophysiological acclimation and ef-
fective management of cellular resources
under different growth regimes [6].

The algal-focused Development of Integrat-
ed Screening, Cultivar Optimization and Val-
idation Research project is a $6 million joint
PNNL-Sandia National Laboratories project
designed to determine the toughest and most
commercially viable strains of algae, with the
goal of identifying four promising strains from
at least 30 initial candidates. Additionally, re-
searchers at Los Alamos National Laboratory
are focused on understanding the molecular
tools, technologies, and resources used in
strain improvement; on identifying improved
strains; increasing algae biomass productivi-
ty, and on increasing the energy-efficiency of
algae processing steps.

Challenges in Upscaling
Genetically-Modified
Algal Strains

In terms of mass algal lipid production,
the green colonial unicellular microalga
Botryococcus braunii is considered to be
a particularly hydrocarbon-rich alga. It can
produce C21 to C33 odd numbered n-alka-

Figure 2: Cadet 2nd Class Zachary Bruhn
researches algae lipid biofuels in the Life
Science Research Center at the Air Force
Academy Sept. 26, 2012. Bruhn is assigned
to Cadet Squadron 01. (U.S. Air Force
photo/Elizabeth Andrews)



dienes, mono-, tri-, tetra-, and pentaenes,
and even C40 isoprenoid hydrocarbons
[7,8]. However, a slow rate of growth (typ-
ical doubling time clocking in at 72 hours
[9]) makes it an unpopular candidate for
mass culturing—but that could change in
the future. In May 2017, the algal genet-
ic engineering community celebrated the
genome sequencing of the fuel-produc-
ing green microalga B. braunii [10]. It was
the first complete genome sequencing of
the alga Chlamydomonas reinhardtii that
paved the way to the sequencing of B.
braunni. This significant step will further
help in manipulating the B. braunii cells
either to make specific types of oil directly,
or by transferring the genes into other pho-
tosynthetic organisms to have them pro-
duce the oil [10]. How the B. braunni or N.
gaditana and other strains might become
commercial in scale is another question.

So far, genetically-modified algae have
been grown in closed photobioreactors to
prevent their escape into natural ecosys-
tems (see Figure 4). However, in 2017,
Sapphire Energy, the U.S. Environmental
Protection Agency (EPA), and the University
of California, San Diego published the first

EPA-approved outdoor field trial of a geneti-
cally engineered alga, Acutodesmus dimor-
phus, for fatty acid biosynthesis and green
fluorescent protein expression. The 50-day
field trial led to the conclusion that geneti-
cally engineered algae can be successfully
cultivated outdoors, while maintaining the
function and persistence of their engineered
traits, all without adversely affecting native
algae populations [11].

Increasing cellular oil by genetically modi-
fying algae strains has merit as a focus of
biofuels R&D, as demonstrated by Synthetic
Genomics’ effort in doubling the oil content of
natural wild strains of algae and by PNNL'’s
research regarding the tripling of algae bio-
mass production for increased oil output.
However, these advances in the upstream
production of biofuel precursors must be
coupled with improvements in providing the
algae with an adequate feedstock to allow for
efficient growth at a commercial scale.

Purchasing commercially-available nutri-
ents can add a significant cost burden for
a biofuels firm. For example, Solazyme's
oil-producing alga strain, Chlorella prototh-
ecoides, was grown on sugars in fermen-

ters [12]. However, the high cost of using
industrial sugars as a feedstock, coupled
with severely reduced operating margins
stemming from the crash in crude oil prices,
led the company to refocus on the health
food protein market [3]. Reducing the
cost of acquiring feedstock requirements
has thus emerged as an important focus
of next-generation algal biofuels R&D,
with potential outcomes that may rival the
genetic engineering of algal strains in its
effect on making algal biofuel productive on
a commercially sustainable level.

Wastewater as a Feedstock
for Algal Biofuel

Wastewater runoff is a known environmen-
tal problem that contributes heavily to the
eutrophication of its receiving natural water
bodies (see Figure 5). This side effect of
runoff increases the overall cost of waste-
water treatment to cities and municipalities.

Abiofuel production pathway based on an ole-
aginous algal strain, developed by GSR Solu-
tions [13], is being used to capture the free
nutrients at the point source of nutrient runoff.
This process capitalizes on the presence of
excess nutrients in the waste streams. In the

P

Figure 3: (L-R): Algae slurry; biocrude oil; and, with further processing, refined biocrude which contains mostly the makings of gasoline and
diesel fuel. (Source: Pacific Northwest National Laboratory)



Figure 4: Closed systems. Pictures showing different types of commercially available photobioreactor systems: bags, tubular, vessels etc.

(Image courtesey of Robert Henrikson)

long run, it could be a sustainable model for
oil and coproducts generation from dairy farm
effluents that are typically loaded with excess
nutrients, including nitrogen and phosphorus.
In 2014, with support from the USDA, GSR
Solutions teamed up with local stakeholders
and end users of the algal biofuel being pro-
duced to bring together the complete supply
chain, including members of the Commercial
Aviation Alternative Fuels Initiative, the New
England Fuel Institute, the Vermont Fuel
Dealers Association, and others [14]. The
feasibility of using algal biofuel as a crude
oil output replacement source in this North-
east-based project was benchmarked to the

industry standard, notably, that of Solazyme’s
oil production levels that were aimed at serv-
ing the Navy’s Great Green Fleet.

Attempts to grow algal monocultures in
high-rate open ponds for periods longer
than three months have not succeeded to
date, primarily due to the contamination
monocultures by wild algae, or by grazing
from zooplankton [9]. Naturally-occurring
algal assemblages (or polycultures) are
low in oil content compared to the mono-
cultures that have been used for dedicated
biofuel production sources, and the natu-
ral strains are unlikely to match the biofuel

production rates demonstrated by Sola-
zyme. For example, the algal assemblage
used by Algal Turf Systems for treating
wastewater had a fatty acid content rang-
ing from 0.6 percent to 1.5 percent of dry
weight, while recovering more than 95 per-
cent of the nitrogen and phosphorous from
the culture [15]. Various low-quality waste-
water streams, including municipal, indus-
trial, and agricultural (specifically dairy and
piggery farms), have been studied for their
feasibility as nutrient sources for growing
algae [15,16,17], but, so far, no commer-
cial-scale pathway for algal oil production
has emerged.

Figure 5: Algae bloom in Lake Erie [20].



Conclusion

Several of the aforementioned groups have
turned to wastewater as a feedstock for their
algal cultures but none have successfully pro-
duced high quantities of the lipids/oil necessary
for commercialization. Still, wastewater-inte-
grated systems, in theory, hold great poten-
tial for future advances in R&D. In addition to
the EPA's well-established regulations for the
discharge of dairy farm nutrients, in 2014, the
USDA's Biogas Opportunities Roadmap re-
inforced the need for anaerobic digesters to
improve on their nutrient recovery capabilities
(particularly nitrogen and phosphorus) from
biodigester effluent and solids. GSR Solution’s
2014 project using wastewater as an algal oil
feedstock—supported by local stakeholders
and farms—could serve as a potential model
for the sustainable production of biofuel. m

Acknowledgment
The author is grateful to Richard Altman, Execu-
tive Director Emeritus, Commercial Aviation Alter-
native Fuels Initiative, for his support.

1. Currents. (2011, Winter). Retrieved from
http://greenfleet.dodlive.mil/files/2011/01/
Win11_Great_Green_Fleet_Vision.pd

2. USDA (2012). Retrieved from http://www.

caafi.org/files/usda-farm-to-fly-report-

jan-2012.pdf

3. Lane, J. (2017, March 7). The algae
chemicals opportunity: The Digest's 2017
multi-slide guide. Biofuels Digest. Re-
trieved from http://www.biofuelsdigest.
com/bdigest/2017/03/07/the-algae-chem-
icals-opportunity-the-digests-2017-multi-
slide-guide/11/

4. Ajjawi, |., Verruto, J., Aqui, M., Soriaga, L.,
Coppersmith, J., Kwok, K., Peach, L., Or-
chard, E., Kalb, R., Xu, W., Carlson, T., Fran-
cis, K., Konigsfeld, K., Bartalis, J., Schultz,
A., Lambert, W., Schwartz, A., Brown, R.,
& Moellering, E. (2017). Lipid production
in Nannochloropsis gaditana is doubled
by decreasing expression of a single tran-
scriptional regulator. Nature Biotechnology,
35(7), 647-652. doi: 10.1038/nbt.3865

5. Rickey, T. (2016). When the going gets
tough, the tough get growing. Pacific North-
west National Laboratory. Retrieved from
http://www.pnnl.gov/news/release.aspx-
2id=4298

6. Bernstein, H., McClure, R., Hill, E., Markil-
lie, L., Chrisler, W., Romine, M., McDermott,
J., Posewitz, M., Bryant, D., Konopka, A.,
Fredrickson, J., & Beliaev, A. (2016). Un-
locking the constraints of cyanobacterial
productivity: Acclimations enabling ultrafast
growth. mBio, 7(4), e00949-16. doi:10.1128/
mBio.00949-16

7. Metzger, P., & Largeau, C. (2004). Botryo-
coccus braunii: A rich source for hydro-
carbons and related ether lipids. Applied

Anju D. Krivov
President, GSR Solutions

Figure 6: Synechococcus sp. PCC 7002 in a bioreactor [5].

References

Microbiology and Biotechnology, 66(5), 486-
496. doi:10.1007/s00253-004-1779-z

8. Dayananda, C., Sarada, R., Kumar, V.,
& Ravishankar, G. (2007). Isolation and
characterization of hydrocarbon producing
green alga Botryococcus braunii from Indi-
an freshwater bodies. Electronic Journal of
Biotechnology, 10(1). Retrieved from http://
www.ejbiotechnology.info/index.php/ejbio-
technology/article/view/v10n1-11/200

9. Sheehan, J., Dunahay, T., Benemann, J., &
Roessler, P. (1998). Look back at the U.S.
Department of Energy's Aquatic Species
Program: Biodiesel from algae; Close-Out
Report. doi: 10.2172/15003040

10. Texas A&M AgriLife Communications.
(2017). Genome sequence of fuel-producing
alga announced. ScienceDaily. Retrieved
from https://www.sciencedaily.com/releas-
€s/2017/05/170510174850.htm

11. Szyjka, S., Mandal, S., Schoepp, N., Tyler,
B., Yohn, C., Poon, Y., Villareal, S., Burkart,
M., Shurin, J., & Mayfield, S. (2017). Eval-
uation of phenotype stability and ecological
risk of a genetically engineered alga in open
pond production. Algal Research, 24, 378-
386. doi:10.1016/j.algal.2017.04.006

12. Kanellos, M. (2011, May 6). Solazyme
ups IPO price: $18 a Share. Retrieved
from https://www.greentechmedia.com/
articles/read/solazyme-ups-ipo-price-18-a-

share#gs.afygRYE
13. Dahiya, A. (2011). Cost-effective algae

biomass production for oil integrated with
wastewater treatment and valued by-prod-
uct. Environmental Protection Agency.

Retrieved from https://cfpub.epa.gov/ncer
abstracts/index.cfm/fuseaction/display.ab-

14.

15.

16.

17.

18.

19.

20.

Dube, C. (2015, September 11). Can cows,
manure, and algae all add up to clean wa-
ter? Lessons from Charlotte, Vermont [Web
log post]. Retrieved from https://www.clf.ora/
blog/can-cows-manure-and-algae-all-add-
up-to-clean-water-lessons-from-charlotte-
vermont/

Mulbry, W., Kondrad, S., & Buyer, J. (2008).
Treatment of dairy and swine manure ef-
fluents using freshwater algae: Fatty acid
content and composition of algal biomass
at different manure loading rates. Journal
of Applied Phycology, 20(6), 1079-1085.
doi:10.1007/s10811-008-9314-8

Oswald, W. (2003). My sixty years
in applied algology. Journal of Ap-
plied Phycology, 15(2/3), 99-106.
doi:10.1023/A:1023871903434

Lundquist T.J., (2008) Production of Algae
in Conjunction with Wastewater Treatment.
Presentation from the February 2008 Na-
tional Renewable Energy Laboratory-Air
Force Office of Scientific Research joint
workshop on algal oil for jet fuel production.
U.S. Energy Information Administration.
(2017). Cushing, OK WTI spot price FOB
(Dollars per Barrel). Retrieved from https://
www.eia.gov/dnav/pet/hist/LeafHandler.
ashx?n=PET&s=RWTC&f=M

U.S. Energy Information Administration.
(2017). U.S. Gulf Coast kerosene-type jet
fuel spot price FOB (Dollars per Gallon).
Retrieved from https://www.eia.gov/dnav/
pet/hist/L eafHandler.ashx?n=PET&s=EER_
EPJK_PF4 RGC_DPG&f=M

NASA Earth Observatory. (2014, August 5).
Algae bloom on Lake Erie. Retrieved from
https://earthobservatory.nasa.gov/IOTD/

stractDetail/abstract/9478

view.php?id=84125&src=eorss-iotd

Anju Krivov is the president of GSR Solutions. She also teaches Waste to Energy, Nutrients Recovery and Food Waste to value courses at the Univer-
sity of Vermont, is an advisor to the Buckminster Fuller challenge program, and a member of the Lee Enterprises Consulting Group.


http://greenfleet.dodlive.mil/files/2011/01/Win11_Great_Green_Fleet_Vision.pdf 
http://greenfleet.dodlive.mil/files/2011/01/Win11_Great_Green_Fleet_Vision.pdf 
http://www.caafi.org/files/usda-farm-to-fly-report-jan-2012.pdf 
http://www.caafi.org/files/usda-farm-to-fly-report-jan-2012.pdf 
http://www.caafi.org/files/usda-farm-to-fly-report-jan-2012.pdf 
http://www.biofuelsdigest.com/bdigest/2017/03/07/the-algae-chemicals-opportunity-the-digests-2017-multi-slide-guide/11/ 
http://www.biofuelsdigest.com/bdigest/2017/03/07/the-algae-chemicals-opportunity-the-digests-2017-multi-slide-guide/11/ 
http://www.biofuelsdigest.com/bdigest/2017/03/07/the-algae-chemicals-opportunity-the-digests-2017-multi-slide-guide/11/ 
http://www.biofuelsdigest.com/bdigest/2017/03/07/the-algae-chemicals-opportunity-the-digests-2017-multi-slide-guide/11/ 
http://www.pnnl.gov/news/release.aspx?id=4298 
http://www.pnnl.gov/news/release.aspx?id=4298 
http://www.ejbiotechnology.info/index.php/ejbiotechnology/article/view/v10n1-11/200 
http://www.ejbiotechnology.info/index.php/ejbiotechnology/article/view/v10n1-11/200 
http://www.ejbiotechnology.info/index.php/ejbiotechnology/article/view/v10n1-11/200 
https://www.sciencedaily.com/releases/2017/05/170510174850.htm 
https://www.sciencedaily.com/releases/2017/05/170510174850.htm 
https://www.greentechmedia.com/articles/read/solazyme-ups-ipo-price-18-a-share#gs.gfygRYE 
https://www.greentechmedia.com/articles/read/solazyme-ups-ipo-price-18-a-share#gs.gfygRYE 
https://www.greentechmedia.com/articles/read/solazyme-ups-ipo-price-18-a-share#gs.gfygRYE 
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract/9478 
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract/9478 
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract/9478 
https://www.clf.org/blog/can-cows-manure-and-algae-all-add-up-to-clean-water-lessons-from-charlotte-vermont/ 
https://www.clf.org/blog/can-cows-manure-and-algae-all-add-up-to-clean-water-lessons-from-charlotte-vermont/ 
https://www.clf.org/blog/can-cows-manure-and-algae-all-add-up-to-clean-water-lessons-from-charlotte-vermont/ 
https://www.clf.org/blog/can-cows-manure-and-algae-all-add-up-to-clean-water-lessons-from-charlotte-vermont/ 
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=RWTC&f=M 
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=RWTC&f=M 
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=RWTC&f=M 
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=EER_EPJK_PF4_RGC_DPG&f=M 
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=EER_EPJK_PF4_RGC_DPG&f=M 
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=EER_EPJK_PF4_RGC_DPG&f=M 
https://earthobservatory.nasa.gov/IOTD/view.php?id=84125&src=eorss-iotd 
https://earthobservatory.nasa.gov/IOTD/view.php?id=84125&src=eorss-iotd 

Supply

Uld FLIElS ,H.‘_

Rethinking Energ; Resilie
Wake of Hum'canes Han
and Maria



S0k

ncé In the

ey, Irma,

www.hdiac.org

Joel Hewett

Introduction

Ithough Houston is common-

ly known as “The Bayou City,”

some would prefer it to be known

as “The Energy Capital of the
World.” Of only moderate size when oil was
first discovered in Texas in 1894, Houston
and its environs now encompass the pro-
duction, processing, and transportation of
massive volumes of crude oil and natural
gas [1,2]. It leads the world in petrochem-
icals research and development and is
home to the best and brightest engineers
and pioneers of the energy industry [1].
Nearby, underground salt caverns capable
of storing 700 million barrels of oil host the
jewel of the nation’s energy security infra-
structure, the Strategic Petroleum Reserve
[3], and local fabrication yards launch mas-
sive, floating deep-water production plat-
forms to pump oil from two miles below the
surface of the Gulf of Mexico [4].

Yet the industrial heart of the energy econ-
omy clustered around Houston and the
Gulf Coast between Corpus Christi, Texas,
and New Orleans, Louisiana, is not the ex-
traction of crude oil, but its refinement [1].
As of January 2017, more than 52 percent
of the nation’s petroleum refining capacity
was located along the Gulf Coast, concen-
trated especially near the borders between
Texas, Louisiana, and Mississippi [5]. Locat-
ed an hour’s drive east of Houston, the city
of Port Arthur is home to the Motiva plant,
which, with a maximum running capacity
of more than 600,000 barrels of crude oil
per day (bbl/d), is the largest refinery in the
United States [6]. When translated from bar-
rels of oil into gallons of gasoline, the Motiva
plant processes 11.4 million gallons of mo-
tor gasoline for use on American roads and
highways every day [7,8].

This concentration of the petroleum indus-
try and its downstream assets in the Hous-
ton-Beaumont area yields considerable
economies of scale for investors and con-
sumers alike—but it also makes the region
vulnerable to natural disaster events [9].
These massive and complex refining facil-
ities faced such a threat in the late summer
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of 2017, as Hurricane Harvey slammed into
the Texas coast August 25, 2017 [10]. While
still a large Category 4 storm (on the Saf-
fir-Simpson scale), it pushed into the Texas
Coastal Bend and then meandered north-
easterly along the coast toward Louisiana
before hovering over Houston, ultimately
dumping an estimated 33 trillion gallons of
water onto the coastal plains [11].

A swath of land 3,600 square miles in area
between the Houston Ship Channel and the
city of Beaumont was hit hardest, receiving
more than 40 inches of rain in seven days—an
amount just inches shy of what Houston aver-
ages in a single year [1,12]. Port Arthur took
on an unprecedentedly high 47 inches of rain
[12], inundating and shutting down the Motiva
refinery. The plant did not start up its crude dis-
tillation units to their minimum operating rates
for 16 days after Harvey made landfall [13].

At its peak, an estimated 27 percent of the
nation’s petroleum refining capacity (equiv-

o s
Figure 1:On August 31, 2017, the Moderate Resolution Imaging Spectroradiometer (MODIS)

on NASA’s Terra satellite captured this image of the Texas coast and the Houston metropol- i
itan aréa’ Note the brown rivers and bays, full of flood water from Hurricane Harvey. Along
the coast, muddy, sediment-laden waters from inland pour into a Gulf of Mexico that a/so
was churned up by the relentless storm. (Source: The Earth Observatory, NASA)

alent to 4.8 million bbl/d) was inoperable
due to Hurricane Harvey and its rainfall.
Two weeks later, 10 percent of its refining
capacity remained offline[14]. Nationwide,
the average retail price of finished motor
gasoline jumped 30 cents per gallon [15],
and the Gulf Coast saw “widespread” gas-
oline shortages at retail stations, even after
the water receded [16]. Gas stations in Dal-
las, Texas, 225 miles away, either ran dry
or saw half-hour wait times at their pumps
[16]. A handful of fistfights broke out over
the shortages [17]. The primary conduit
of refined products running from the Gulf
Coast to the Southeast was shut down in
part due to damage from the storm, but
also because there simply wasn’t enough
fuel to pump through the pipeline [18,19].
Port closures only exacerbated difficulties,
and suppliers as far north as Chicago had
problems securing fuel supplies [20,21]. In
total, Hurricane Harvey took “a third of U.S.
refinery capacity [offline] for days on end,”
one prominent energy expert noted after

o

the storm. “The hurricane did what terrorists
could only dream of” [22].

Energy Resilience

The energy system at large is one of the
nation’s 16 sectors of critical infrastruc-
ture, which the Department of Homeland
Defense (DHS) defines as those “assets,
systems, and networks...so vital to the
United States that their incapacitation or
destruction would have a debilitating effect
on security, national economic security, na-
tional public health or safety, or any com-
bination thereof” [23]. Since 2013, a major
programmatic goal of DHS has been to im-
prove the overall resilience of the nation’s
critical infrastructure, which a presidential
policy directive has defined as “the ability
to prepare for and adapt to changing con-
ditions and withstand and recover rapidly
from disruptions” [24,25].

The Department of Defense (DoD) is charged
with assisting civil authorities in responding to




major domestic incidents, as it did after Har-
vey, in response to Hurricane Irma (which
struck Florida September 10, 2017), and after
Hurricane Maria (which hit Puerto Rico Sep-
tember 20, 2017) [26]. Because stable access
to energy supplies underlies a military instal-
lation’s resilience, any potential disruption in
the energy system is of particular concern to
both DHS and DoD [24,26,27]. In 2015, the
first-ever Quadrennial Energy Review char-
acterized the mitigation of energy disruptions
as being no less than “fundamental” to infra-
structure resilience, because of the growing
dependency of other critical infrastructure
sectors on the energy system [6]. Indeed,
when DoD’s Defense Logistics Agency (DLA)
began preparations for Harvey's landfall, one
of the first acts it took was to stage 160 tanker
trucks carrying gasoline and diesel fuel at Fort
Hood, Texas, to support Federal Emergency
Management Agency relief efforts [28].

However, much of the energy-related litera-
ture focused on critical infrastructure and re-
silience is aimed at protecting and restoring
the nation’s electrical generation, transmis-
sion, and distribution network (known collec-
tively as "the grid”) [6,24,29,30]. DoD efforts
aimed at improving energy resilience also
typically address electrical power, specifi-
cally on military bases [31]. The deployment
of advanced command and control “smart”
technologies—as well as large investments
by electric utilities for hurricane prepared-
ness—has yielded significant improvements
in the resilience of electrical power systems.
After Hurricane Irma, electrical service was
restored in Florida significantly faster than
after Hurricane Wilma hit the state in 2005,
even though nearly twice as many total
customers lost power due to Irma [32]. The
widespread addition of variable electricity
generation capacity (from renewable sourc-
es like wind or solar) has also made the grid
more resilient in the face of disruption [33].

Far less attention has been paid to the resil-
ience of the nation’s petroleum processing
and transportation sectors—especially to
the continued provision of refined petroleum
products in disaster zones [34]. The petro-
leum industry along the Gulf Coast has suc-
cessfully coped with major tropical storms
and hurricanes for decades [35], mostly
because the same geographical character-
istics that make the region attractive for oil
and gas firms—proximity to marine export
terminals, and low, flat spaces for petro-
chemical plant siting—make the area vul-

nerable to storm damage [1,22]. Hurricanes
Katrina and Rita, which struck the Louisi-
ana and Texas coasts in 2005, made those
vulnerabilities clear. Together, they caused
an unprecedented shutdown of 30 percent
of the nation’s refinery capacity, and—as
happened in the wake of Harvey—gasoline
prices spiked around the country [6,27].
Since 2005, largely as a result of the shale
oil boom, the concentration of the nation’s
downstream infrastructure along the Gulf
Coast has only intensified [36].

Petroleum processing facilities are a major
component of the Department of Energy’s
(DOE) management of the federal National
Infrastructure Protection Plan for the energy
sector [23]. Liquid petroleum fuels will remain
a major source of power in the United States
for decades to come. In 2016, finished motor
gasoline (excluding diesel gasoline) repre-
sented 18 percent of total primary delivered
energy consumption, in any form, in the Unit-
ed States, and DOE’s Energy Information
Administration (EIA) projects that figure to re-
main above 15 percent through at least 2026
[37]. In the transportation sector, finished mo-
tor gasoline accounts for 61 percent of total
delivered energy, with the bulk of the remain-
der accounted for by diesel for both automo-

tive and off-road use (typically in locomotives)
[37]. In Fiscal Year 2014, DoD consumed
87.4 million barrels of fuel in supporting and
deploying missions worldwide, including train-
ing and other domestic operations [38]. In the
event of natural disasters like Hurricanes Har-
vey, Irma, or Maria, emergency response and
recovery vehicles—whether civilian, federal,
or military—will operate almost exclusively on
refined liquid petroleum fuels.

The Strategic
Petroleum Reserve

The comparison between the effects of
Hurricane Harvey in 2017 and those of the
one-two punch from Katrina-Rita in 2005
is an instructive one. Both storm events
inflicted major damage on petrochemical
infrastructure, shutting down refineries for
weeks and causing the release of millions
of pounds of industrial chemicals and hy-
drocarbons into the environment [22,39].
Both events also triggered the use of the
Strategic Petroleum Reserve (SPR) [3].
Constructed in 1977, the SPR is a govern-
ment-owned series of deep underground
storage facilities carved out of the large
salt deposits that naturally pockmark the
Gulf Coast [3]. Four SPR storage sites dot
the Texas and Louisiana coast, each hold-

Figure 2: Airman 1st Class Daniel Langer, a 92nd Logistics Readiness Squadron fuels distri-
bution operator, pulls fuel flow sensing lines from an R-12 Fuel Truck in preparation of a KC-
135 Stratotanker aircraft refueling operation March 2, 2015, at Fairchild Air Force Base, Wash.
Fuels distribution operators work in the Petroleum, Oil and Lubricants flight responsible for
filling KC-135 Stratotankers with fuel both for aircraft use and refueling other planes from
all branches of the U.S. military as well as some from allied nations. (U.S. Air Force photo/

Capt. David Liapis)
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Figure 3: Apart from clusters of
refining capacity near major ur-
ban centers on the West Coast
and Mid-Atlantic/Northeast, the
majority of U.S. refining capacity
exists in the Gulf Coast or is con-
nected to the Mississippi River'
system. State colors show PADD -
and sub-PADD divisions [55].
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ing between 70 and 250 million barrels of
unrefined crude oil [3].

Connected to pipeline, rail, and marine ter-
minals, SPR oil releases can be directed to
commercial refineries or to tankers for ocean-
going export [40]. At current rates of national
consumption, the SPR holds enough crude to
supply the country for approximately 33 days
[18]. After the devastation of Hurricane Ka-
trina, DOE approved six emergency requests
from refiners to access crude oil supplies,
totaling 9.8 million barrels. Days later, an
additional 30 million barrels were authorized
for release and offered for sale, but only 11
million barrels of that total were purchased by
commercial entities [40]. In 2017, less than a
week after Hurricane Harvey made landfall
in Texas, DOE released 500,000 barrels of
crude oil from the West Hackberry SPR site in
Louisiana, directed to the Phillips 66 refinery
in Lake Charles [18]. DOE later authorized the
future release of an additional 5 million barrels
to local refineries, if needed [41].

The SPR is a critical contributor to the en-
ergy security of the United States and its
ability to respond to terrorist attacks, over-
seas conflicts, and natural disasters [40].
In the case of Harvey, however, where the
critical facilities required to process crude oil
from the SPR into usable products suffered

relatively extensive damage, the release of
SPR crude had but limited effect [42].

After Harvey, there was an abundance—not a
shortage—of crude oil available. Damage to
marine oil delivery terminals on the Gulf Coast
temporarily prevented tankers from delivering
their product, leaving 28 tankers containing
more than 18 million barrels of oil idling in a
holding pattern nearby; the delivery ports re-
opened long before the refineries could return
to normal operations [43]. Even though crude
production from offshore fields in the Gulf
of Mexico was depressed due to the storm,
the number of disabled refineries meant that
those still operating generally had ample oil at
their disposal [36,44]. Nationwide, commercial
crude oil inventories before Harvey’s arrival
were already higher than the annual average
for the August/September period, and the
availability of oil was reflected in lower prices
for West Texas International crude [44,45].

Even the releases of SPR crude after Hurri-
cane Katrina were not made to directly relieve
an oil supply crunch but occurred as part of
a coordinated release with the International
Energy Agency (IEA). In exchange, the IEA
released stocks of refined petroleum prod-
ucts to fill a major gasoline supply gap in the
southeastern United States [6,36]. Moreover,
had a domestic oil supply crunch been urgent,

the SPR was not well-placed to provide timely
help, as it suffered “significant” damage from
Katrina, taking 20 days for its first release of
crude to physically move out of SPR termi-
nals [6]. Deliveries of the IEA’s refined prod-
ucts imported from Europe also arrived with
some difficulty, as much of the Southeast had
to be supplied through truck shipments made
hundreds of miles inland from Atlantic ports
[6,9]. DoD continued supplying refined liquid
fuels for Hurricane Katrina relief efforts in Lou-
isiana, Mississippi, Texas, Alabama, and Flori-
da for more than 18 months [46].

Strategies to prevent or mitigate such acute
shortages of motor gasoline are likely to
fall along one of two lines [47]. First, refin-
ery facilities can be hardened against hurri-
cane-force winds, storm surges, and extreme
rainfall totals [6]. Second, strategic, govern-
ment-owned or -managed stocks of finished
motor gasoline can be established at critical
points in the petroleum distribution network,
providing on-demand supplies of the fuel in a
manner similar to the SPR. Recent advances
in research and development related to each
strategy are discussed below.

Hardening
Refinery Facilities

The unique, rainfall-heavy nature of Hurricane
Harvey demonstrated not all major storm
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events are created equal. During Katrina
and Rita, although refineries sustained some
damage from high winds and rain, the prima-
ry source of damage was storm surge-related
flooding [36]. Where product storage tanks
failed, wind was typically the culprit [48]. The
storms ripped off pieces of insulating clad-
ding from many storage tanks before turning
them into high-speed airborne projectiles [48].
Refineries shut down as they lost access to
electrical power from the grid; only after power
was restored could the plant begin the lengthy
process of black-starting its equipment [9,27].
After the 2005 hurricane season, downstream
operators took substantive steps to remedy
these risks, and came through Hurricane lke
in 2008 relatively unscathed [36].

Many plants installed wind braces and struc-
tural girders on key pieces of equipment
post-Katrina, and a limited number installed
portable emergency generators to power
critical command and control equipment
during outages [49]. The most substantive
changes included the building or strengthen-
ing of berms and levees around the plants,
and the raising of control rooms above ex-
pected storm surge levels [6,49]. However,
Hurricane Harvey presented a unique threat
to Gulf Coast infrastructure, one to which

the lessons learned after Katrina and Rita
were not applicable. With Harvey, it was ex-
treme levels of flooding—due to the storm’s
unexpected loitering over Houston and its
unprecedented total rainfall—that caused
most refinery damage [50]. Harvey’s rain
both flooded refineries sited outside of storm
surge areas, and exacerbated flooding at
plants within it. This suggests that refiner-
ies located inland of even the most powerful
storm surge may require storm hardening
preparations that include high-capacity wa-
ter drainage pumps, for example, to “bail out”
drowned equipment [47].

Many of the technologies best suited to “hard-
ening” a refinery have less to do with protecting
it from storm damage—which is not cost-effec-
tive on a wide scale—than they do with allow-
ing for the quick restoration of operations, a key
component of resilience. Second to the drain-
ing or removal of floodwaters, the next most
important post-storm action for a plant is to re-
store its sustained access to electrical power.

In 2017, the second installment of the
DOE-sponsored Quadrennial Energy Re-
view stressed the need for a “strategic trans-
former reserve” designed to help restore
damaged electrical power transformers

and/or substations [30]. Because replace-
ment transformers can take many months
to fabricate and assemble, a downed sub-
station is a critical vulnerability to energy
system resilience. Teams from the DHS
Science and Technology Directorate have
teamed up in recent years with operators
and manufacturers in the power industry to
test a rapid response capability to provide
replacement 345-kilovolt transformers, with
promising results [30]. More applicable to
a Hurricane Harvey-like situation, though,
are recent design concepts that seek to in-
tegrate a replacement transformer fully into
a modularized tractor-trailer, or even a train
locomotive—allowing for mobile and truly
rapid restoration of power to facilities oth-
erwise inaccessible to work crews [30,51].

Extended Gasoline Storage

A shortage of refined petroleum products
like motor gasoline has been shown to have
deleterious effects on post-disaster recov-
ery and relief efforts [52]. While midstream
petroleum companies keep somewhat sig-
nificant volumes of gasoline in reserve,
these inventories function only as working
stock. In other words, they are quickly dis-
patched to respond to just-in-time shifts in
regional demand, and such inventories may
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amount to just a few days’ supply at best
[19]. In response to Hurricane Harvey, re-
fineries in the Northeast opted to redirect
their expected gasoline receipts down to
the southeastern United States, the Carib-
bean, and Mexico, to compensate for the
lack of gasoline exports from the Gulf Coast
[19]. By doing so, they quickly used all gas-
oline volumes stored as working inventory;
at least two refinery distributors in the area
had completely run out of gasoline less than
a week after Harvey made landfall [19].

After “Superstorm” Sandy hit New York City
in October 2012, first responders experi-
enced a severe crunch in their access to
motor gasoline. Refineries, pipeline nodes,
and other parts of the petroleum distribution
network were flooded, damaged, or lacking
power; as a result, New York City suffered
widespread gasoline shortages, lasting up to
30 days in some locales [53]. First response
and other recovery efforts, even with priority
access, suffered from the shortage [6,54].
Two refineries in New Jersey were shut
down for over three weeks, with a combined
capacity of 300,000 bbl/d, while four others
were forced to operate at lower rates [53].

In order to prevent a similar scenario from
reoccurring, in 2014 the DOE collaborated
with the DLA within DoD to set up storage
and distribution facilities for four stockpiles
of refined motor gasoline [55]. The North-
east Gasoline Supply Reserve (NGSR), as
the terminals came to be known, holds one

million barrels of gasoline, and has further re-
silience-oriented characteristics built into its
operation. Each terminal, for instance, must
have backup electricity generation on-site,
and multiple methods for exporting gasoline
in the event of an emergency (whether by
truck, pipeline, or marine vessel) [56].

The NGSR is not the first time of a domes-
tic refined fuel supply has been established
in the United States. In 2000, DOE set up a
similar system, the Northeast Home Heating
Oil Reserve (NEHHOR), a series of three ter-
minals between New Jersey and Massachu-
setts that holds one million barrels of heating
oil, or approximately 10 days of supply [57].
In fact, the NEHHOR was tapped for the
first time during Sandy, and DLA personnel
moved roughly four million gallons of heating
oil for distribution in the storm’s wake, from
the NEHHOR and other stocks [56,58].

The NGSR holds tremendous benefits for re-
silience, especially in the guaranteed provision
of gasoline to first responders, including any
active military or reserve troops called up to as-
sist in responding to a major disaster. Howev-
er, with even a million barrels stored, if tapped,
the NGSR could supply the East Coast for only
about eight hours’ worth of consumption [19].

Gasoline is a highly refined product of crude
oil, and unfortunately for those who might
wish to store it for extended periods, begins
to degrade as soon as it is produced [59].
Gasoline easily evaporates at room tempera-

Figure 5: Chalmette, New Orleans, LA, 9-16-
05 -- Thick Oil is leaking from the storage
facility in Chalmette into the surround-
ing neighborhood. Thousands of people
have been displaced by Hurricane Katrina.
(Source: FEMA/Marvin Nauman)

tures, and over an extended period, oxida-
tion of the fuel breaks down its long-chain
hydrocarbons (C4 to C12) and increases the
amount of polymeric “gum” present in the
fuel [60]. Successful storage of refined prod-
ucts like gasoline incurs significantly higher
per-barrel costs than crude oil, and requires,
at minimum, continual rotation and replenish-
ment of inventories [61]. Technical and eco-
nomic methods to do so have been modeled
in the past [62], and the NGSR has to date
proved a technical and strategic success.

Scientific research into the chemical and
physical causes behind liquid fuel degradation
has advanced in the past three years in par-
ticular [63], and work completed in Septem-
ber 2017 has demonstrated experimentally
that gasoline storage containers lined with tin
resist fuel degradation better than containers
fabricated wholly from steel or polyethylene,
two materials commonly used in the petro-
leum industry [60]. Further research into the
mechanics of extended gasoline storage may
make the deployment of strategic refined fu-
els reserves significantly less costly.

Artificial Intelligence-
Assisted Modeling

The suite of software and technologies
known as artificial intelligence (Al) also
shows exceptional promise in aiding both
meteorological and energy experts in mod-
eling scenarios related to hurricane damage
and gasoline supply. Al-assisted models and
simulations can allow for more advanced
prediction capabilities than are currently
available in tropical storm- or hurricane-level
forecasting [64]. They may also provide hu-
man operators with a better-informed suite of
potential hazards or scenarios upon which to
base appropriate risk assessments.

For instance, the possibility that a powerful
storm the size of Harvey would linger for
days—or follow an odd, dual-landfall storm
track—did not appear a likely scenario be-
fore August 2017 [47]. In 2015, researchers
at Sandia National Laboratories conducted
a major study of the nation’s liquid fuels pro-
duction and distribution infrastructure, using
a series of high-powered computer models to
simulate seven events that could stress the
system [65]. Using inputs from the National
Transportation Fuels Model and models from
the National Infrastructure Simulation and
Analysis Center, the Sandia team assessed
how a hypothetical Category 5 hurricane that
made landfall directly over Houston would af-
fect the liquid fuels system.
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Figure 6: Puerto Rico National Guardsmen patrol a highway in Carolina, Puerto Rico, Sept. 22, 2017, after Hurricane Maria caused exten-
sive flooding. (Puerto Rico National Guard photo/Sgt. Jose Ahiram Diaz-Ramos)

Most notably, the study modeled just four
refineries in the Beaumont-Port Arthur area
would be inundated; those refineries have a
total capacity of 1.5 million bbl/day of crude
oil [65]. While the study also accounted for
fairly widespread electrical grid outages,
it underestimated the amount of rainfall,
rather than storm surge alone, that could
substantially flood plants and shut down
refinery operations [65]. And, notably, the
scenario assumed always a straight-track
progression of the storm, from the Gulf of
Mexico to the interior of Texas.

A similar scenario analysis performed in
2014 for DOE also analyzed the effects of a
major storm striking the heart of Galveston
Bay and Houston, as Hurricane Harvey did
[53]. This model posited that a Category 3
storm, also following a straight-track storm
progression, would shut down between 1.1
and 4.5 million bbl/day of refining capacity; a
large and unwieldy range [53].

Finally, Al-assisted energy models could
help to significantly reduce the cost and
infrastructural burden of systematically
storing refined gasoline reserves at critical
nodes [64]. DLA Energy is currently col-

laborating with the University of Arkansas
Center for Excellence in Logistics and Dis-
tribution (CELD:), in order to build out and
test a major network simulation model, for
DoD to use in determining fuel choke points
for both normal and wartime operations [66].
A CELDi-type model, integrating select Al
components, could optimize the structure,
geography, and fuel-refresh characteristics
of a dedicated gasoline reserve system like
the Northeast Gasoline Supply Reserve,
potentially on a wider scale.

Conclusion

Hurricanes Harvey, Irma, and Maria dealt a
strong, but nowhere near fatal, blow to the
United States’ domestic supply of motor
gasoline. However, both refining capacity
and distribution systems have come under
great strain in response. Weeks after Hurri-
cane Harvey’s landfall, as the Gulf Coast’s
refineries slowly returned to life, commercial
gasoline and distillate inventories in the Unit-
ed States were drawn down to their lowest
levels in years [67]. Those low inventories
have come at the same time that the United
States is exporting record-high volumes of
crude oil, at just under 1.5 million barrels per
day near the end of September 2017 [68].

Florida felt such an acute shortage of gas-
oline in some places that some local and
national leaders have already called for
the establishment of a “Florida Gasoline
Supply Reserve” [69,70]. In the American
territory of Puerto Rico, the devastation
wrought by Hurricane Maria has irrep-
arably destroyed the island’s electrical
system. However, the need for refined pe-
troleum fuel products is far more severe
than that for electricity [71]. Low gasoline
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damaged marine oil terminals have made
gasoline and diesel fuel as good as “liquid
gold” in Puerto Rico [72].

The resilience of the nation’s supply of liquid
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lished in the 1940s, has initiated a study at the
request of DOE into the changing dynamics
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Introduction

ith the advent of 3-D printing,

structurally complex objects

that were once unbuildable

can now be easily manufac-
tured. However, what if these objects could
be designed and manufactured to respond
or change in predictable or pre-programmed
ways to a stimulus applied after their pro-
duction? Enter 4-D printing.

The term “4-D printing” was coined in Feb-
ruary 2013 [1]. The first academic paper
to address the concept appeared seven
months later [2], describing how 3-D print-
ing techniques can combine with active or
smartmaterials to form 4-D printed objects
whose shape, properties, and function-
alities can be deliberately changed after
printing [3,4]. 3-D printing is a process of
rapidly creating three-dimensional objects
in a layer-by-layer fashion. Today, many dif-
ferent technologies exist to implement 3-D

printing, including powder bed laser melting
(where material powders are melted by a
raster laser to form a layer of solid mate-
rial with a well-defined geometry) and vat
photopolymerization, which takes a layer of
polymer resin and converts it to a layer of
solid by a raster laser or a projector. Figure 1
depicts another method, polyjet 3-D printing
technology, which is used by researchers in
the Mechanics of Soft Materials Laboratory
at Georgia Institute of Technology (Georgia
Tech). In this method, several inkjet print
heads are used to jet different polymer
resins (in a manner similar to how different
color inks are jetted onto paper in an inkjet
printer), after which the resin is cured (or
solidified) using ultraviolet light.

In traditional 3-D printing, an object is
formed with a fixed shape, and that shape
is not intended to change. 4-D printing en-
ables a 3-D printed object to change its
shape or form well after the printing process
has been completed via exposure to a spe-
cific trigger stimulus. Researchers typically
rely on environmental free energies such
as moisture [5,6], temperature [7-10], light
[11-13], or a combination of these [14-16] to
provide the stimulus for the activation of a
4-D printed object. Non-free energies like a
specific electrical current or chemical stim-

uli have also been used to activate a 4-D
object [17,18]. The use of a highly specific
(or proprietary) triggering energy could be
used to prevent unauthorized use or acti-
vation of a 4-D object. It should be noted
that just as the concept of 3-D printing now
encompasses many different implementa-
tion methods, some of which do not directly
involve jet-based printing, 4-D printing is a
similarly broad concept. Most of all, how-
ever, the 4-D printing concept is defined by
its emphasis on the time evolution factor or
shape change of an object, rather than the
details of the technologies or methods used
to achieve shape change.

4-D printing is typically achieved through
multi-material (m?) 3-D printing techniques
in which different materials can be precisely
placed in space. The most common meth-
od used in m? 3-D printing is the polyjet
method [19] (see Figure 1). The direct-write
method is another common technique [20].
4-D printing typically uses two or more ma-
terials, at least one of which is active and
can respond to a trigger stimulus. Active, or
smart materials, include a wide variety of
substances that can change their appear-
ance, material properties, and/or shape in a
controlled manner in response to an exter-
nal stimulus. Here, “active” or “smart” refers
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Inside a massive 3D printer a delicate head moves at lightning speed to precisely deposit heated plastic layer-by-layer to create a hardened part. Photo Illus-
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to the fact that these materials can “sense”
their environment, so to speak, reacting to
changes in environmental conditions such
as temperature and/or humidity change or
ultraviolet irradiation. Based on the type and
intensity of the trigger stimulus, smart ma-
terials can change their physical state, such
as deforming from the shape in which the
material was manufactured into a different
shape—one programmed in advance by a
human operator.

To date, two types of active materials are
under investigation for use in 4-D print-
ing: shape memory polymers (SMPs) and
hydrogels. SMPs are used in 3-D printing
layered composite structures—also known
as printed active composites (PACs)—that
contain multiple families of shape memory
polymer fibers [2]. Through proper design
of the distributions of SMP fibers in the
non-SMP matrix, many interesting shape
changing properties can be achieved [7,21].
Hydrogels that swell in water or in solution
can also be used to produce shape change
when used alongside a non-swelling poly-
mer, which converts the swelling force into
a biased mechanics field [14,22]. Research
into 4-D printing applications has already
accomplished one-way activation in an ob-
ject from an initial, programmed state, into

a permanent final state [2]. Subsequent
research has allowed for the programming
of multiple activation states within a single
composite structure [19], and only in the
past year have we begun to achieve fully-re-
versible two-way actuation [17].

These capabilities, combined with the
typical advantages offered by 3-D print-
ing (such as agile manufacturing), make
4-D printing a potential future solution for
many Department of Defense (DoD) appli-
cations that must confront unpredictable
conditions and can be strictly constrained
by space, logistics, and limited resourc-
es (e.g., electrical power). For example,
4-D printing can aid in the fabrication of
sensors with multiple stimulus-respon-
sive groups, able to notify warfighters to
changing ambient conditions or the pres-
ence of an imminent danger [23], active
truss structures capable of gigantic shape
change that can be used as free-standing,
self-assembling tents or as platforms for
4-D electromagnetic devices (like morph-
ing antennae) [24], or soft micro-robots
that can be fabricated for therapeutic drug
delivery to a specific location [25,26].

There are numerous opportunities for fabri-
cating smart structures through 4-D printing.

In this article, we discuss several projects
recently completed by our research group
at the Georgia Tech and a team of col-
laborators, starting with the use of SMPs
in printed active composites that require
thermomechanical programming to induce
shape change. We then discuss how inter-
nal stress-induced shape changes can be
used in 4-D printing, and how objects can
transform directly off the print bed. Finally,
recent progress with the use of hydrogels as
active materials is examined. In each sec-
tion we use these projects to illustrate the
immense potential that 4-D printing has for
a wide array of DoD applications.

Printed Active Composites

As discussed above, 3-D printing allows for
the placement or fusion of different mate-
rials into one object to form a composite.
When one material is an active material, the
composite largely inherits the “smart” na-
ture of the active material, while the specific
parameters of those active motions in the
composite object are determined by how
the active and non-active materials interact;
this offers 4-D printed objects a high amount
of tunability [8,19,27].

Polyjet printing technology allows for print-
ing SMPs with different glass transition or

tration created by HDIAC and adapted from RDECOM photo by David McNally (available for viewing at: https://www.army.mil/article/88464/army_researchers_use_cut-
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activation temperatures, and thus can be
used to create active components [21]. An
SMP is a polymer that can be programmed
(or formed) into a temporary shape and lat-
er made to recover its permanent shape
upon exposure to its trigger stimulus [28].
To date, temperature is the most common-
ly used trigger stimulus in SMP-focused
studies. In a typical application, the SMP
can be programmed into a shape through
a thermomechanical loading process in
which the SMP is first heated to above its
transition temperature (such as glass tran-
sition), deformed, and then cooled. Upon
unloading at the low temperature, the SMP
remains in the temporary, deformed shape.
To recover its permanent shape, the SMP
is heated to a temperature above the
transition temperature. It should be noted
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that the shape change from temporary to
permanent in this example is a one-time
event (i.e., the SMP would have to be pro-
grammed again by the thermomechanical
deformation). However, there are research
efforts underway to make multi-use revers-
ible shape changes possible [29,30].

Figure 2A depicts an example of a printed
active composite using an SMP that results
in bending. This PAC laminate consisted of
a single layer of SMP fibers in a soft matrix.
After printing, the PAC was programmed with
a simple thermal-mechanical programming
step (including stretching at a high tempera-
ture, cooling to a low temperature (0 C), and
releasing the mechanical load), and the PAC
object was bent. The resulting bending can
be used to create active origami structures

Figure 2: 4-D printing of SMP composites. (A) Schematic of the design, programming step,
and shape memory cycle of a single-layer fiber-matrix composite [2]. (B) Active origami air-
plane utilizing the active hinges [33]. (Released) (C) The design of the composite structure
with two layers of different SMP fibers embedded inside the rubbery matrix. (D) The shape
changing behavior of the printed and programmed composite at different temperatures. (E)
A smart hook application of the SMP composite.

Figure 1: lllustration of actuation of a 4-D
printed object upon stimulus after a stan-
dard (polyjet) 3-D printing process. Adapt-
ed from [10].

such as the self-folding airplane shown in
Figure 2B. The 4-D printed active origami
structures demonstrated their ability to solve
engineering issues related to the packing of
large structures into small volumes, for pur-
poses related to storage and transportation.
Additionally, this folding/assembling process
that was triggered by a stimulus and executed
automatically (self-folding or self-assembling)
has the advantage of being able to overcome
the limitation of requiring manpower to work
in extreme environments or urgent/dangerous
situations. For example, a printed flat pack
structure could deploy into a three-dimension-
al structure by applying the trigger stimulus,
producing, for example, a self-foldable build-
ing or tent for immediate use in the field [24].
For another example, the hydrogel-based
shape-shifting structures can be used as a
rain-expandable structure requiring minimal
human involvement to utilize [31].

Wu, et al. [19] took the PAC method one
step further in 2015 by incorporating mul-
tiple SMP fibers into a 4-D printed object,
as shown in Figure 2C. The two fiber types
had different activation temperatures, at
around 37 C and 57 C. After printing, the
PAC was programmed with a simple ther-
mal-mechanical programming step as de-
scribed above. After programmed, the PAC
could “memorize” two temporary shapes
and would recover to the flat, permanent
shape when stimulated by heat. Figure 2D
shows the shapes of the PAC activated at
different temperatures.

Many interesting applications for active
structures could be realized using PACs.
Figure 2E shows an active hook: the
flat hook could morph into semi-circular
shapes when immersed in 30 C water and
lift a small box. Subsequently, upon im-
mersion in 70 C water, the hook returned
to a straight shape, releasing the box.
The capability of changing shape from
one to another under moderate tempera-
ture change and then returning to the
initial shape under a higher temperature
offers a significant advantage in many
DoD applications. For example, such a
design could be used as a suture to tight-
en wounds or as a fixture to attach devic-
es under relatively moderate temperature
in the battlefield; once the warfighter or



the devices return to the hospital or ser-
vice center, a higher temperature can be
applied to quickly release the fixture [32].
In addition, such a design could be used
for soft robotics, where a robot made
of soft materials can change its config-
uration dramatically to meet different
application requirements. By using the
multiple-shape or dual-programmed PAC,
the temporary intermediate shape could
be used for the soft robots to pass ob-
stacles, like a barricade or small opening,
before recovering to its original shape for
use in its final location.

PACs do have some limitations. For ex-
ample, the PACs illustrated in Figure 2
are successful in creating active struc-
tures; however, they require extensive
programming using the multiple-step ther-
mal-mechanical process (including heating,
deforming, cooling, and removing load)
before actuation. In addition, the actuation
is single-use; achieving reversible or two-
way shape change would require special
designs or mechanisms.

Direct 4-D Printing Using
Printed Active Composites

Recently, our research group and collabo-
rators developed a new method such that
a composite can be directly activated and
made to maintain a new shape through
simple heating [10]. Here, we utilized the
residual strain induced during 3-D printing,
which was controlled by the material com-
position and printing process parameters.
When a laminated strip with an SMP in con-
junction with an elastomer was printed (the
printing method is similar to the one used in
the PAC discussed above), the elastomer
was imbued with the residual strain creat-
ed by the 3-D printing process. After it was
removed from the printing tray and heated,
the laminate object bent due to the residual
strain and the thermal expansion mismatch
of the two materials (see Figure 3A). This

Figure 3: (A) The concept of direct 4-D
printing where two layers of different ma-
terials are printed together, and the differ-
ence of the thermal expansion coefficients
and the printing-induced internal strain
can induce shape changing behavior (B) A
lattice structure that expands greatly upon
heating (C) A lattice that can shrink upon
exposure to heat (D) A flat structure that
can expand upon heating to create a dome
structure (E) Printed flower blooms into a
configuration where petals at different lay-
ers assume final configurations with differ-
ent curvatures. Adapted from [10].

new bent shape is permanent; the strip
would not change upon further cooling and
heating after it was first bent.

This simple bending process could be used
to create more complex shape changes,
such as the expanding lattice shown in Fig-
ure 3B or the shrinking lattice shown in Fig-
ure 3C. The difference between Figure 3B
and Figure 3C lies in where the elastomers
are placed, which indicates the large degree
of design freedom that 3-D printing offers.
Figure 3D depicts a 4-D printed object that
was designed to be printed flat but raises up
and expands to form a dome upon heating.
In Figure 3E, initially flat petals bend and
form a closing flower.

As discussed above, in this direct 4-D print-
ing method, the shape assumed after heat-
ing is permanent. An obvious advantage
of this new method is the decreased cost
in supporting materials and printing time.
For example, for the dome structure, con-
ventional 3-D printing requires a support-
ing material underneath the dome, which
also takes additional time to print. We es-
timate that 4-D printing can save approx-
imately 70 percent of materials and time
for a dome or similar structure formed with
thin lattices. In addition, this new method
is very simple to implement and could be
used for a wide range of DoD applications.
For example, the lattice structures illustrat-
ed in Figures 3B and 3C can potentially be
used as quickly expandable fencing or as

metamaterials with tunable bandgap for
acoustic applications.

Internal Shrinkage,
Stress-Induced Shape
Change

Volume shrinkage is a common event
when a polymer is cured (changed from a
liquid resin to a solid polymer); therefore,
it occurs in many 3-D printing processes,
especially when photopolymerization is
used. Volume shrinkage in general should
be avoided in 3-D printing techniques, as it
can cause shape distortion if the geometry
of the printed part is especially complex.
However, if such a volume change can be
precisely controlled, its occurrence can be
advantageous for creating shape-chang-
ing structures [11,34].

Our research group developed a simple
method to fabricate thin film structures by
utilizing the volume shrinkage stress in-
duced during the photopolymerization pro-
cess [35] (see Figure 4A). A commercial
projector was used as the light source. Pho-
toabsorbers were added into the resin to at-
tenuate the light, creating a light intensity
gradient across the thickness direction with-
in the liquid resin. Therefore, the material di-
rectly exposed to the light (the bottom of the
resin shown in Figure 4A) was cured faster
than the material further from the light, re-
sulting in a nonuniform volume shrinkage
and stress gradient in the cured polymer.
Once the material was removed from the
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curing stage, the cured polymer sheet was
activated and bent toward the less cured
portion (the top surface in Figure 4A).

Further experiments demonstrated that the
bending curvature depended on the illumi-
nation energy, which can be controlled by
the intensity of the light, the length of illu-
mination, or both (see Figure 4B). The light
intensity was related to the grayscale in
the CAD drawing; as a result, by precisely
controlling the spatial distribution of the de-
signed grayscale pattern, we easily created
complex 3-D origami structures. Figure 4C
illustrates a flat polymer sheet after pho-
topolymerization (using the pattern in the
inset), and Figure 4D illustrates the bend-
ing shape achieved after removal from the
printing stage. Complex polyhedron struc-
tures may also be fabricated, as illustrated
in Figures 4E and 4F.

To extend the application of this method, a
two-sided illumination procedure was pro-
posed, as illustrated in Figure 4G. After
the first illumination step, the material was
flipped, and a second gray level pattern was
projected. Using this method, origami struc-
tures that require bending deformation to-
ward different directions can be printed (see
Figure 4H). One advantage of this method
is that it can quickly produce 3-D printed,
thin film structures by using a commercial
projector. One potential application is to fab-
ricate contact lenses, as illustrated in Figure
41. It should be noted that this method cre-
ates shape changes that are currently irre-
versible and single-use only. Recently, we
extended this method to program reversible
shape changes into objects by tuning the
materials used in this approach [11].

Hydrogel for
4-D Printing of Reversible
Shape Changing Structures

Some highly absorbent materials, such
as hydrogels, yield large volume changes

A agrion :
Front p[OD_ s Tensile =
Liquid e - Compression
[
Salid \ .
\ - | - Free deformation
i
by \
S

|18t

Remave moid |

\, Flip over

Hfﬂ ﬂ' ﬂ_

S mm

Figure 4: (A) Schematic of volume shrinkage—induced bending (B) The bending deforma-
tion of the samples controlled by the irradiation times (C) Polymer sheet directly after pho-
topolymerization (D) Free bending shape of (C). (E)-(F) A polyhedron created by one-side
illumination using light pattern shown in (F). (G) Using two-side illuminations to fabricate
more complex origami structures (schematic). (H) Origami structure created by the two-side
illumination method. (I) Contact lens fabricated using a commercial projector as the light

exposure source.

upon introduction to solvents in a process
called swelling. The swelling and de-swell-
ing behavior of hydrogels can be used to
force shape change in 4-D printed struc-
tures [5,7,20]. However, one disadvantage
of hydrogels is their softness, with Young’s
modulus in the range of a few tens to hun-
dreds of kPas (although their bulk modulus
could be very high).

In 2015, our research group developed a
new design that utilized the swelling of a
hydrogel as the driving force and the tem-
perature dependent modulus change of a
SMP as a switch to create shape change
components capable of being stiff in two
different configurations [7]. Figure 5A illus-
trates a design in which the hydrogel was
sandwiched between an SMP layer and an
elastomer layer. The elastomer was also
deposited in columns to convert the hydro-
gel’s swelling to in-plane expansion. Figure
5B illustrates the deformation process.

The hydrogel sample was first printed ac-
cording to the design in Figure 5A. It was
then immersed in cold water (~0 C) for ~12
hours (see S1 in Figure 5B), allowing the
hydrogel to absorb water. Because the tem-
perature was low, the SMP had a very high
modulus, which prevented the strip from
deforming. The strip was then moved to a
hot water bath (see S2 in Figure 5B). The
modulus of the SMP strongly depended on
temperature. Because of the temperature
rise, the modulus of the SMP dropped by
approximately three orders of magnitude,
which led to a quick bending of the strip
(typically within 10-20 seconds). The strip
was removed from the hot water bath (see
S3in Figure 5B), and it remained in the bent
shape. The strip was then left to dry in a low
temperature environment (see S4 in Figure
5B). The resulting dehydrated strip was
stiff—able to support a load of 25 grams.
When the strip was heated again, it returned
to its straight, unbent shape.
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Figure 6: This image is one in a series of images showing
the transformation of a 4-D-printed hydrogel composite
structure after its submersion in water. (Source: National
Science Foundation)
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Figure 5: Hydrogel based design for 4-D
printing applications. (A) The schemat-
ic graph of the design concept where the
hydrogel is sandwiched between an SMP
layer and an elastomer layer. The elasto-
mer is also used in columns to convert the
volume deformation of hydrogel swelling
to in-plane expansion. (B) The experimen-
tal process showing the deformation. The
deformed structure is stiff and can carry a
25¢g load. (C) The design can be used for a
flower (D), which can be very stiff to carry
a 25¢g load.

This process could easily be used in
more complicated designs. For example,
our research team also printed a flow-
er design (see Figure 5C). The flower
closed its petals once immersed in cold
water. The flower also carried a load of
25 grams at low temperature (see Figure
5D). This new design was capable of re-
versible shape changes, fast deployment
speeds (within ~10 seconds), and a high
degree of stiffness. This makes it a good
candidate for DoD applications, such as
for use in micro unmanned aerial vehi-
cles (UAVs) or small UAVs (SUAVs) for
surveillance. For example, the aforemen-
tioned steps (see S1-S4 in Figure 5B)
could be performed on an SUAV promptly
after fabrication. The SUAV could then be
deployed into a flying configuration once
activated by temperature (set either to an
environment change or through remotely
controlled electrical heating).

Future Possibilities

The field of 4-D printing is rapidly devel-
oping. It enables the targeted evolution of
a 3-D printed structure’s shape, property,
and functionality over time through the
use of printable active materials. This arti-
cle discussed several recently developed
and facilely approached methods from
our research group and collaborators,
including shape-memory polymer-based
unconstrained-thermo-mechanics; in-
ternal stress-based constrained-ther-
mo-mechanics; and hydrogel-based
hydro-mechanics. The use of active ma-
terials, realized through 3-D printing, en-
ables innovative applications previously
unachievable by conventional manufac-
turing processes. For example, poten-
tial military applications for 4-D printed
hydrogel structures could be pursued in
key areas including, but not limited to,
improved battlefield medical devices for
wound healing [36,37], drug delivery sys-
tems [38], wearable electronics [39], and
energy-storing supercapacitors [40].
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However, as with any emerging field of re-
search and development, 4-D printing still
faces many challenges. Each class of po-
tential applications presents a different set
of requirements that the material system
must satisfy. For instance, biomedical de-
vices must be fabricated from a bio-compat-
ible polymer so that they may be introduced
into the body without triggering harmful
response [41,42]. Similarly, a major road-
block in the widespread implementation of

flexible, wearable electronics is the lack of
a proper energy storage system that can
withstand constant mechanical deformation
from the wearer’s movement [43]. Another
challenge associated with 4-D printing is
that most printing processes deploy thin
structures in order to produce a large shape
change relative to their size. Although thin
structures are routinely pursued in DoD ap-
plications for lightweight equipment, it will
also be important to achieve shape change

Figure 7: This is an example of a mini-UAV. This mini-UAV was developed based on a decade
of research conducted by Army Research Laboratory as well as partners in academia and

industry. (Source: Army Research Laboratory)




in large, thicker structures for more durable
applications. Therefore, it is necessary for
the 4-D printing processes discussed in
this article to be closely tailored to a given
structure’s end-use applications and envi-
ronmental requirements.

The potential benefits of using applications
of 4-D objects go well beyond the feature
of simple shape-shifting. Other stimulus-re-
sponsive properties, such as self-healing
and self-sensing, are beginning to be incor-
porated into 4-D printed structures [44-46].

Further types of application may be brought
to fruition if this technology is implemented
with other advances, such as color-shifting
textiles intended to help warfighters conceal
themselves by bending the light reflected
from the clothing [47].

To better implement and maximize the po-
tential applications of 4-D printing, further
research should be aimed at developing
novel, stronger, and more durable print-
able active materials, and producing new
4-D printing concepts and predictive design

tools based on theory. With these efforts,
4-D printing may become beneficial for
many future DoD applications. m
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Introduction

n the early morning of April 7, 1776,
after fighting through the night, Capt.
John Barry and his crew threw ladders
over the deck of the HMS Edward and
took command—the first capture of a
British ship by the Continental Army [1].

'o pen-Architecture Composite Structures
“*Used to Improve Them

Long before that day, and ever since,
ladders have been a staple tool of naval
and land assault. They also find a place
in other critical environments, including
tactical military and special operations,
emergency and disaster response, po-
lice and SWAT operations, climbing, and
diving. Over the last several decades,
military and first responder communities
have continued to improve and refine lad-
der design and weight for deployment and

small unit operations. Here we review the
state of the art in assault ladder materi-
als and design and consider where future
development efforts should be directed.
Studies by Deft Dynamics LLC find that
ladders fabricated from composite materi-
als provide decreased weight at a cost of
increased stowed volume. There is ample
room for innovation in this space, to re-
duce both the collapsed size and weight
of a composite ladder.

Image
Credit

VIRGINIA BEACH, Va. (July 16, 2013) U.S. Navy SEALs (Sea, Air, and Land) climb a caving ladder during visit, board, search and seizure (VBSS) training on
land. Photo lllustration created by HDIAC and adapted from U.S. Navy photo by Mass Communication Specialist 2nd Class (available for viewing at http://www.
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Ladder Performance Comparison
(Compromise between Weightand Size)

@ Metal
@ Composite

o Polymer Short Fiber
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Specific Stiffness Comparison

s 0-ACS Carbon Tube 6061-T6 AL
Axial (kNm/kg) 62.6 26 T 206 |
Torsion (Nm¥kg) 1363 409 183
Bending (Nm*/kg) 4489 2050 243

Table 1: Stiffness drives buckling failure, which determines the ultimate strength of trusses

like O-ACS.

composite methods and materials, such
as open-architecture composite struc-
tures (O-ACS), may be key to pushing
past current limitations in assault ladder
design (see Figure 2) [4-8].

With the goal of advancing the capabilities
of composite materials and designs, Deft
Dynamics has designed and implemented
O-ACS structures for rugged use appli-
cations, including an M4 rifle handguard,
which is currently being used in the field
(see Figure 3). The breakpoints for these
structures (fabricated in 15-inch segments)
show great potential for use in assault lad-
der applications (see Table 1). Deft Dynam-

ics has built proprietary software, Fellpoint,
which accurately simulates and predicts
O-ACS strength. Innovations in composites
that reduce a ladder’s collapsed size must
focus on composite structural member in-
terconnections, while also remembering
that ultralight composites lend themselves
well to large outer diameters. This can be
achieved most easily by focusing on nest-
ed or telescoping structures, as has been
successfully employed by some metal lad-
der manufacturers [9].

Summary

With an understanding of DoD and first
responder requirements, two key metrics

(reach-to-weight and collapsed-size-to-
weight ratios) provide a clear method for
comparing the raw performance of assault
ladders. However, no existing ladder mod-
el achieves both weight and collapsed-vol-
ume design goals simultaneously.

Though valuable for design targets, these
performance metrics do not perfectly cap-
ture all the benefits or pitfalls of a given
ladder design. Certain situations may
require shorter assembly time or quieter
operations during ascent. The assault lad-
ders compared here may not provide suf-
ficient support for bridging long distances.

A successful high-value clandestine op-
eration may demand the use of an ex-
tremely compact ladder, regardless of
weight, and rescue operations often occur
in abnormally high or low temperatures.
Keeping these considerations in mind,
the defense and first responder commu-
nities could incorporate composite mate-
rials into superior collapsible designs for
next-generation assault ladders to lighten
warfighter load and improve tactical and
response operations. m
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stability and security. CJTF-OIR is the global Coalition to defea in Iraq and Syria.
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Image | Pfc. Shawn Wiliams of the 1st Stryker Brigade Combat Team; 25th Infantry Division, based in Fort Wainwright, Alaska, gives the thumbs-up to members of his unit
Credit | by a roadside bomb in the Kandahar province of Afghanistan, June 17, 2011. Photo lllustration created by HDIAC and adapted from U.S. Navy photo by Lt. j.g.
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Background

erosols are fine particles sus-

pended in a gaseous medium

[1,2], and aerosol technology

could be used for synthesizing
novel nanomaterials with independently
controlled properties, tuned specifically for
a given biological application. Using engi-
neered nanoparticles for biomedical purpos-
es has gained popularity in the last decade
due to their exceptional physicochemical
properties. In the past year, aerosol technol-
ogy and nanoscience combined for the rap-
id and non-invasive delivery of therapeutic
agents into selected bodily organs [3]. This
technology may benefit military personnel
injured in combat.

Deployed personnel may wait hours be-
fore receiving decisive medical care due
to logistical, manpower, and/or operational
constraints. Therefore, warfighters injured
in austere environments may benefit from
advanced medical technologies that are
easily carried and implemented in combat.
For example, blasts from improvised ex-
plosive devices can cause concussion and
sub-concussion in military personnel; these
injuries are together known as mild traumat-
ic brain injury (mTBI) [4].

mTBI has been referred to as the sig-
nature injury of conflicts in Iraq and Af-
ghanistan, and active duty and reserve
service members are at increased risk
for sustaining mTBIl compared to their
civilian peers. Nearly 360,000 service
members have been diagnosed with TBI,
and 82 percent of those cases were mT-
Bl-related [5,6]. Because of this, mTBI
is an area of active investigation by the
Department of Defense because blast-in-
duced brain injury is different from more
“typical” avenues for brain injury, such

Aerosol-Based
[lrug Delivery to the Brain

as motor vehicle accidents or falls due
to the blast wave from combat munitions.

There are two main challenges to treating
concussive injuries on the battlefield. One
challenge is the logistics of medical care in an
austere environment. Typical methods of ad-
ministering medication rely on medical equip-
ment that takes up significant space and often
has a short shelf life. Another challenge is the
difficulty of getting medication directly into the
brain. The blood-brain barrier (BBB) shields
the brain from receiving tissue-specific drug
delivery, and drug delivery methods (such as
injections or swallowed pills) are not as pre-
cise or immediately effective, thus requiring
doctors to perform risky, surgically-invasive
techniques [7]. A drug delivery system that
effectively bypasses the BBB and decreases
supplies needed could reduce mortality and
morbidity due to mTBI, on or off the battlefield.

Aerosolized Non-invasive
Delivery to the Brain

The novel approach of non-invasive drug
delivery to the brain is based on aerosol
science and engineering principles that al-
low for the synthesis of monodisperse na-
noscale particles (which can potentially be
used as a therapeutic agent or drug carrier)
and delivery methods that can be used to
deposit such particles in the upper regions
of the nasal cavity. Aerosolized drugs ad-
ministered through the nasal pathway per-
meate the nasal epithelium, where they
can be transported to the brain through ol-
factory nerves [8]. The simplest and short-
est path for airborne nanoparticles to reach
the central nervous system is through the
olfactory tract; thus, intranasal delivery
could provide the fastest and potentially
least invasive option to deliver therapeutic
agents to target cells in the brain [3].

Recently, Washington University in St.
Louis researchers investigated a proof
of concept study to demonstrate that an
aerosol consisting of gold nanoparticles



of controlled size, shape, and surface
charge can be delivered to the brains of
locusts. The aerosol could reach the brain
within 30 minutes after the introduction of
the nanoparticle aerosol without notice-
able adverse changes in the electrophys-
iological response.

In the past, efforts were made to deliver
the substances to the brain by temporari-
ly opening the BBB junctions using either
high osmolar solutions or intracerebral in-
jections to cross the BBB [9,10]. However,
such invasive approaches may result in tis-
sue damage and uncontrolled distribution
of the drug from the point of injection [10].
To improve drug delivery to the brain while
minimizing tissue damage, attempts were
also made through the nasal pathway. In-
tranasal delivery provides fast, non-inva-
sive delivery of medication to the brain,
thereby affording the ability to treat mTBI
through bypassing the BBB.

Conclusion

Aerosol-based, non-invasive drug delivery
has the potential to rapidly and effective-
ly treat mTBI in service members injured in
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Locust Brain
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Figure 1: Schematic of an aerosol delivery of gold nanoparticles to the locust brain and

monitoring the brain physiology.

combat. Most drugs used to treat mTBI are
given after diagnosis and are used to manage
symptoms. However, if a medication that re-
duced the inflammatory cascade that occurs
at the onset of a concussive injury were given
immediately, the severity of the injury may be

reduced and recovery time minimized. Fur-
ther research must be conducted regarding
particle mode of entry, the efficacy of delivery,
transport mechanisms, viable pharmaceutical
candidates, and long-term toxicity before the
method can be further tested. m
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Randall Alley

here are many ways to design
a powered exoskeleton that
assists the warfighter. Design
types range from systems fo-
cused on increasing physical strength
and preventing injury to the wearer (e.g.,
University of California, Berkeley’s Hu-
man Universal Load Carrier, Raytheon’s

5,

00 0@O0 O

XOS 2, and Defense Advanced Research
Projects Agency [DARPA]/United States
Special Operations Command’s Tactical
Assault Light Operator’s Suit [TALOS])
to reducing metabolic costs (e.g., DAR-
PA's Warrior Web program [see Figure
1], which has led to development of the
Ekso Bionics™ lower-leg exosuit and the
SRI Robotics SuperFlex™ soft biofidelic
actuated exosuit). Current exoskeletons
remain large and cumbersome to use,

"'\ l.‘

require multiple actuators, and are dif-
ficult to power and control. The use of
passive military exoskeletons, which do
not have actuators, batteries, or electron-
ics, is also an option (e.g., the 20 Knots
Plus Ltd. MARINE MOJO™ exoskeleton
and the Defense Science and Technolo-
gy Group of Australia Operational Exo-
skeleton). Both powered and passive
exoskeleton technologies may be consid-
ered biomechanical assist systems, and
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Page 35: U.S. Army Sgt. Anthony Calvi, with the 1st Battalion, 124th Infantry Regiment completes a six-mile ruck march with a full combat load during
the 2013 Region 3 Best Warrior Competition at the McCrady Training Center of Fort Jackson in Eastover, S.C., April 30, 2013. Each of the 10 states and

Image
Credit

territories in Region 3 have one Soldier and one Noncommissioned officer (NCO) competing in the four-day event, held April 29 to May 2. The first-place
winners in the NCO and enlisted Soldiers categories will advance to the National Guard Bureau, national-level competition to determine which Soldier
will compete in the Army's Best Warrior Competition. Photo lllustration created by HDIAC and adapted from U.S. Air National Guard photo by Tech. Sgt.

Caycee Watson, U.S. Air National Guard (available for viewing at https://www.army.mil/article/112681/sgt_anthony_calvi_2013_nco_of_the year_com-

petitor_from_national_guard_bureau).

they are designed to improve or modify
the organic human characteristics of the
warfighter. The goal of most of these
programs is to lighten the warfighter’s
burden by enhancing extant human ca-
pabilities [1]. However, little attention has
been paid to the potential role an exo-
skeleton could play in enhancing access
to mission-critical equipment while under
duress. Warfighters are encumbered by
bulky vests, bandoliers, and belts, which
reduce mobility and make it more difficult
to remain stable while in motion.

Traditionally, most of the load carried
by the warfighter is concentrated in the
rucksack, while the remaining load (e.g.,
ammo clips and body armor) is distributed
within and around the tactical vest. Loads
carried by the warfighter are ever-increas-
ing in weight [2], and exoskeleton-related
innovations are attempting to reduce the
impact of this load—with mixed results.
Acceptance of these exoskeletons has

been inhibited by the weight and complex-
ity of the systems, as well as by the dis-
comfort experienced at areas that directly
interface with the body.

Biodesigns' MOtion-capturing Fast-ac-
cess Osseostabilizing™ (MOFO™) limb
exoskeleton (see Figure 2) is specifically
designed to redistribute mission-critical
equipment to the warfighter's extremities
in order to enhance ease of access. Fur-
thermore, this technology provides a more
stable platform for mounted mission-criti-
cal equipment than other exoskeleton de-
signs, enabling the operator to sprint, crawl,
jump, and crouch without restriction while
retaining immediate access to a weapon,
ammunition, tactical display, or other equip-
ment. It can be worn as an individual piece
on the lower leg, thigh, forearm, or upper
arm—or in any combination. It is modular
and adjustable and can be custom-made
or purchased off-the-shelf, depending on
the level of stability needed and logisti-

cal and/or mission requirements. It is de-
signed for easy set up and breakdown.

This design mirrors a patented and pat-
ents-pending method of alternating tissue
compression and release borrowed from the
prosthetics industry that mitigates motion of
the underlying bones of the target limb in
relation to the prosthetic socket to achieve
full integration between the individual and
the prosthesis [3]. By taking advantage of
this technology and applying it to the arm or
leg of the warfighter, this limb exoskeleton
provides a higher level of connection to the
wearer. Because skeletal motion is accu-
rately captured and controlled, the system
becomes more integrated with the operator
than a cuff or strap system.

Strap and cuff systems are inherently unsta-
ble and unwieldy when used with an object
of significant mass. For this reason, opera-
tors are typically reluctant to mount equip-
ment on the arms and legs. However, for

Figure 1: The Defense Advanced Research Projects Agency’s Warrior Web program seeks to create a soft, lightweight under-suit that would
help reduce injuries and fatigue and improve Soldiers’ ability to efficiently perform their missions. (DOD photo)
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the same reason, our own arms and legs
do not impart a feeling of excessive weight
or instability. A stable platform mounted on
a limb that moves in unison with it, and does
not allow for unwanted rotation or transla-
tion, greatly reduces perceived weight.

Another benefit of a limb exoskeleton is
in the redistribution of some of the weight
normally loaded into a rucksack, which
have long served as the warfighter’s pri-
mary load carrying equipment (LCE). Typ-
ically, all the weight carried in a rucksack
is carried by the torso and hips (straps
load up the trapezius muscles near the
shoulders while the belt is supported by
the hips). Despite the emergence of er-
gonomically-improved designs, there are
inherent limitations to what can be safely
carried, for how long, at what speed, and
under what conditions. The MOFO™ can
distribute some of this weight onto the
limbs.By using this platform and adher-
ing to the principles of biomechanics to
maintain appropriate distances between
payloads and the body’s core, spinal and
other injuries of the hips, knees, ankles,
and feet caused by overloaded LCEs can
be reduced.

Additionally, the stable limb exoskele-
ton can also provide a more comfort-
able, responsive, and proprioceptive
attachment interface for full body exo-
skeletons still under development. A
more stable interface between the op-
erator and the exoskeleton will improve
operator acceptance, mitigate injury,
enhance motion capture, and reduce
energy expenditure. As the intimacy of
the fit is enhanced, perceived weight
of the system is reduced, propriocep-
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Figure 2: The full arm interface of the MOFO™ exoskeleton.

tive feedback is increased, and a faster
response to human input is achieved.

It is increasingly important to have better,
less restrictive/cumbersome solutions to
enhance warfighter performance, espe-
cially when many of the conflicts involve
asymmetric or irregular warfare. While the
development of heavy exoskeletons is con-
tinuing at a rapid pace and systems such
as TALOS approach completion, their ex-

pense and complexity will narrow their po-
tential scope of operation and deployment.
However, load carrying, load distribution,
and immediate access on the battlefield for
every warfighter is of paramount concern.
Reimagining and redefining the role of the
exoskeleton is an area in need of addition-
al research. Exoskeletons provide a ver-
satile, effective force-multiplying solution
for special operations forces, traditional
warfighters, and first responders. m
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Air Force special tactics students swim the length of the pool with their hands and feet bound during a class before scuba training at Hurlburt Field, Fla., June
Image | 29, 2016. The class familiarizes trainees with the basics of water operations. The trainees perform tasks such as tying knots underwater, staying afloat without
Credit | their arms and hands, and using snorkeling gear. Photo llilustration created by HDIAC and adapted from U.S. Air Force Photo by Senior Airman Ryan Conroy
(available for viewing at htrps:ffwwm:iefense.govahotstFhoto-GaHeryﬁgphofo&%S?ﬂ_ZQ1'/).
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