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he Army Health System must reduce the size
I and weight of contemporary equipment to

keep pace with the kinetic, dispersed nature
of future conflicts. The Army Medical Modernization
Strategy introduces the role of additive manufactur-
ing, or 3D printing, in pharmacy and medications."
However, a growing body of literature suggests a wider
range of uses in health care. Additive manufacturing
can fabricate products such as bioactive bandages,
orthopedic screws, surgical instruments, and medical
simulation models.” The U.S. Navy 3D-printed teeth
in 2021 to restore a young marine’s ability to eat, smile,
and speak after reconstructive jaw surgery.’ The clinical
and operational implications of this emerging tech-
nology are vast. Integrating additive manufacturing
technology from Role of Care I to Role of Care III can
reduce size and weight while improving mobility for
forward medical units supporting maneuver elements.
The Army Health System can employ 3D printing
technology to enhance materiel sustainment by lever-
aging the U.S. Army Dental Corps’ training, knowledge,
and experience.

Medical Mobility Is a Timeless
Problem

Cumbersome medical equipment challenges mobile
support. During World War II, the Mediterranean
and North African campaigns revealed the recur-
ring experience of dental, medical, and surgical units
struggling to transport materiel. Medical containers
were often mislabeled during landing operations and
sometimes only partially filled with equipment. These
units arrived either without any equipment or with
a significant shortage of equipment, which reduced
their capabilities. Patient litters, a basic item, were one
of the most cited shortages. “Standard dental chests,’
analogous to modern dental equipment sets, were often
deemed too heavy and left behind.

During Operation Desert Storm, mobile Army sur-
gical hospitals were significantly hindered by the weight
of their medical and nonmedical equipment, such as
surgical equipment, tentage, and portable generators.
One mobile Army surgical hospital weighed 1,450 tons,
equivalent to twenty-one M1A1 tanks.® Exacerbating
this problem, these medical units lacked adequate
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vehicles and competed with combat
units for corps-level transportation
assets. To maintain supporting
distance with frontline movement,
these hospitals advanced with only
40 percent bed capacity and 50 per-
cent surgical capability.®* Medical
units had to sacrifice their effective-
ness to keep pace.

The materiel challenges of World
War II and Desert Storm remain
relevant. A brigade support medical
company (BSMC) provides Role
IT care to an entire brigade combat
team. In 2021, a BSMC command-
er for the 101st Airborne Division
(Air Assault) determined their forty
medical equipment sets and den-
tal equipment sets take four hours
to set up.” This footprint impeded
responsive support to air assault op-
erations. The BSMC commander co-
ordinated with the brigade support
battalion’s distribution company to
develop scalable, mobile support for
a dynamic forward line. However,
moving the equipment sets required
an M1120 Load Handling System, a
ten-ton vehicle; an M 1077 flat-rack;
and three Tricon shipping con-
tainers.® Modernization demands
reduced footprints of this size and
weight to effectively support highly
mobile units.

Conflict with near-peer
adversaries demands agile support. The nature of
large-scale conflict with a near-peer adversary will
restrict evacuation, overwhelm treatment facilities, and
exhaust medical logistics. Warfighter exercises estimate
three thousand to four thousand casualties per day of
large-scale combat.” A U.S. Army corps-level wargame
projected twenty-one thousand casualties in seven
days, a loss of half the corps’ strength.'® Accurate re-
ports from the Russian-Ukrainian conflict are unavail-
able since Moscow and Kyiv do not publish official fig-
ures. However, multiple sources estimate the Ukrainian
military suffered 120,000 casualties, with killed in

3D PRINTING SOLUTIONS

These recently printed dental models are still covered with liquid
resin residue. These models require post-processing wash and pol-
ish prior to clinical use. The printer bed filled with a pool of gray lig-
uid resin can be seen in the foreground. (Photo by Maj. Ross Cook,
Advanced Education in General Dentistry Residency Program)

action ranging from seventeen thousand to seventy
thousand." Daily averages amount to fifty-four civilian
casualties, 314 Ukrainian military casualties, and 502
Russian military casualties.”” To offer perspective,

the U.S. Army incurred 354 wounded in action and
ninety-six killed in action over the entire duration of
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Operation Desert Storm." These numbers have over-

whelmed Ukraine’s battered medical infrastructure.

Russian military tactics in Ukraine restrict move-

ment and forward treatment. Long-range precision

weapons and area-denial munitions, such as antitank

and antipersonnel mines, along with trench warfare re-

semble World War I. Medics struggle to reach patients,

and evacuation to hospitals can take up to ten hours."

Civilian centers and medical infrastructure were target-

ed and attacked, with some medical facilities hit up to

400 km west of the Russian border.!* Since November
2022, Russia damaged or destroyed 1,100 health-care
facilities, and at this point in the conflict, only nine-

ty-five hospitals are fully restored.'® These conditions

create a scarcity of medical equipment and medica-

tions. Implications for the U.S. Army are that medical

evacuation platforms and larger hospitals may need

to be positioned rearward to prevent being targeted,

and forward medical teams may need to be positioned

within hardened structures or even underground."”

Forward medical units must have the agility to relo-

cate as quickly as one hour despite these constraints.'

Units with additive manufacturing capabilities could

produce lightweight medical and surgical equipment
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observed in Ukraine. These same units can utilize this

technology to produce repair and replacement parts to

improve field-level maintenance.

Vulnerability of Medical Supply

Chains

The globalization of medical supply chains represents

another vulnerability in the American medical infra-

structure. The United States relies on Asia, Europe, and

India for its medical devices and medications. In 2019,
the United States imported $20.7 billion in pharma-
ceuticals from China, accounting for 9.2 percent of all

imports that year."” Chinese companies provide America

with more than 90 percent of its antibiotics, ibuprofen,
and hydrocortisone.”® During the COVID-19 pandemic,
85 percent of America’s personal protective equipment,
such as the N-95 mask, came from China.?! The Hubei
Province was ground zero for the pandemic, and when

this production hub declined, it reduced China’s export

of personal protective equipment by 75 percent.”

A scarcity of medical equipment creates a market
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for low-quality, alterna-
tive products. Ukrainian
military medical units are
critically short of tactical
medical kits, especially
tourniquets. To distribute
products at scale, Ukraine
purchased Chinese-made
tourniquets for approx-
imately US$3 each, a
cost-effective necessity
since American-made
tourniquets cost approx-
imately US$40 each.”
But this is a matter of
quantity over quality. The
cheaper tourniquets are
failing, which is alarming
given prolonged care and
delayed evacuation.® A
civilian medical company
designed an open-source
3D-printable tourni-
quet, but the quality
control is unclear, and
they strongly caution its
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3D PRINTING SOLUTIONS

Overcome Contested Logistics
Reduced size, weight
On-demand manufacturing
Shorter lead times

Far forward manufacturing

Materials
FDM filament

SLA liquid resin Forward manufacturing

Materials

FDM filament

SLA liquid resin
4 SLS metal

BAS: Battalion aid station
BSMC: Erigade support I
DCAS: Dental company area support
FH: Field hospital

FRSD: Forward resuscitative surgical
detachment

PCAD: Prolonged care augmentation
detachment

FDM: Fused deposition modeling

Brigade Level
Point-of-care manufacturing

dical

FDM filament materials

SLA: Stereolithography
SLS: Selective laser sintering

3D printing capabilities aligned to medical roles of care against the backdrop of an island chain. This demonstrates geographic isolation for
medical units and increasing capability with higher roles of care. (Graphic by Maj. Martin Smallidge, Medical Capability Development and

Integration Directorate)

use and assembly.” Yet these products are used across

multiple conflict zones,
which speaks to the dire
shortage of medical
supplies. Employing ad-
ditive manufacturing at
echelon can enhance the
capabilities of medical
units by producing Class
VIII armamentarium
and replacement parts
on demand, thereby
decreasing supply chain
dependence.
Fundamentals of
3D printing. Additive
manufacturing tech-
nology converts digi-
tal data into physical
objects from various
base materials. Standard
Tessellation Language
is a printable file that
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represents a 3D physical object. Two common 3D

printing techniques are stereolithography (SLA) and
fused deposition modeling (FDM). Each technique
has unique materials, processing, and post-process-

ing requirements. SLA incrementally prints objects
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printer offers med-
ical-grade resins
for various uses,
such as single-use
instruments, ana-
tomical models, and
personal protective
equipment.”” The
Formlabs BioMed
Durable is an FDA-
approved resin that
offers accuracy and
biocompatibility.*®
This material seems
ideal for printing
surgical equip-
ment; however, this
printing technique
is demanding. It
requires meticulous
post-processing,
including an isopro-
pyl alcohol wash,
post-curing, and
polishing. The me-
chanical properties
of a liquid resin may
also degrade with Institute of Surgical Research)
the temperature
and environmental
extremes of field deployments; however, there is limit-
ed literature on this topic.

FDM printers extrude a spooled filament mate-
rial through a heated nozzle.” Raise3D’s Pro2 Plus is
a commercial FDM printer compatible with various
filaments like polylactic acid (PLA).*® These materials
are more commonly used for prototyping, industrial
models, and vehicle parts. The bulk of scientific litera-
ture discusses using PLA filaments to print surgical in-
struments. In terms of base materials, filament offers a
significant advantage because the spools are lightweight
and dimensionally stable, suggesting less transportabili-
ty challenges. Additionally, the extrusion process reach-
es such a high temperature that the production can
be considered a sterilization technique.’* Challenges
may arise in humid climates. Filament materials can
be hygroscopic, meaning they absorb moisture from

A benchtop fused deposition printer. The spools of black, green, and white fila-
ment are visible in the top storage compartment. This printer melts, or fuses, the
spools together to produce items. (Photo by Lt. Col. Andres Mendoza, U.S. Army

3D PRINTING SOLUTIONS

air, which would
reduce print qual-
ity. These are all
vital considerations
when selecting the
appropriate ma-
terial for surgical
instruments or
medical equip-
ment in an austere
environment.
Selective laser
sintering is anoth-
er manufactur-
ing process that
incrementally melts
or “sinters” powder
layers together.
Selective laser
sintering introduces
the option of fab-
ricating parts from
metals like stainless
steel and alumi-
- num; however,
these products have
a grainy surface and
require air blasters
for post-processing
and finishing.**
Historically, this printing technique was cost-prohib-
itive and limited to industrial use, but smaller, more
affordable benchtop printers are now available.*®
Advantages of 3D printing. These 3D-printed
instruments offer multiple advantages over traditional
stainless-steel instruments, such as reduced weight and
cost. PLA surgical retractors weigh twenty-five grams
and cost only 5 percent of the online retail price.** A
reduction in the volume and weight of this scale is sig-
nificant for medical units when compared to tradition-
al medical equipment sets. Basic surgical sets, such as
hemostats, needle drivers, and forceps, can be printed
on demand and customized as needed to serve the end
user.” Printing can be conducted in hours as a surgical
team establishes operations and prepares to receive
patients.*® Multiple instrument sets could be printed
to expand surgical capacity to match the need, and 3D
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L= 4

Computer-aided design models like those in the inset and Standard Tessellation Language files were used to print prototypes of tourni-
quet components in green filament during the manufacturing phase. This served as a proof of concept that tourniquet components can be
reliably produced using 3D printing. (Inset) These computer-aided design models represent 3D renderings of traditional injection-molded
components from a commerecially available tourniquet, created during the design phase. (Photos by Capt. Joseph Wolf, U.S. Army Institute

of Surgical Research)

printing allows for scalable mission sets. When weight
is critical, a small medical team could print instru-
ments on demand in lieu of packing and bringing every
equipment set they may need on deployment.
Single-use disposable items can now become a pro-
duction option. These items could be safely discarded
after use, reducing the risk of infection transmission
between patients. Single-use items introduce flexibil-
ity for medical teams to rapidly relocate without the
burdensome task of packing and transporting medical
equipment sets. This would also significantly reduce the
need for field sterilization, which often requires gener-
ators and imposes logistical challenges on small teams
in remote settings.”” The tabletop sterilizer used by a
field hospital consumes 1400W and 12A of power and
current, which can interfere with forward resuscitative
surgical detachment split-team operations.*® In com-
parison, the Formlabs 3L liquid-resin printer requires

650W and 8.5A, and the Raise3D Pro2 filament print-
er requires 600W and 3.3A.% Reduced power con-
sumption would improve overall mission effectiveness.

Limitations of 3D printing. One known challenge
is that high temperatures reached during traditional
steam sterilization would weaken 3D-printed surgical
equipment, especially the filament-based PLA.* Cold
sterilization may be an effective alternative to achieve
rapid disinfection in austere environments using com-
monly available materials.” Another limitation is that
3D-printed surgical instruments often have reduced
mechanical strength compared to traditional stain-
less-steel instruments. Policy and procedures would
need to be developed to establish a standard for using
surgical instruments and equipment printed in the
expeditionary environment.

Additionally, 3D printing requires a stable, level,
and clean workspace to fabricate products. The liquid
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A black handle with detailed knurling is printing in layers from a benchtop fused deposition printer. This printer melts, or fuses, the spools
together to produce items. (Photo by Lt. Col. Andres Mendoza, U.S. Army Institute of Surgical Research)

resin is most susceptible to misprints or failures if the
printer is not balanced and level. Filament printers
can fail if the nozzle gets clogged during the printing
process. Additionally, any high-quality manufacturing
must avoid contaminants like dust from entering the
machine. Solutions to minimize these limitations must
be considered prior to fielding at scale. These printers
must also be field tested in hot and cold climates to
determine how weather affects performance.

Integrating 3D Printing across the
Medical Roles of Care

The Army of 2040 must integrate additive manu-
facturing throughout the entire Army Health System,
beginning at the Role I battalion aid station.”” A
framework to meet this end state is achievable through
commercially available printers and materials. Role I
and Role II medical and surgical units should be fielded
portable, ruggedized 3D printers along with a library of
printable files. These units, such as the Role I battalion
aid station and the Role II brigade support medical
company and forward resuscitative surgical detach-
ment, require agility to operate in austere, dispersed

environments. Their additive manufacturing capability
should include an FDM printer compatible with vari-
ous filaments like nylon or carbon fiber. These materi-
als are more dimensionally stable and lightweight. The
lighter weight introduces the possibility for resupply
with drones, as tested by special operations forces to
deliver small packages of medical equipment and sup-
plies.”® Containers filled with liquid resin are heavier
and could break during transportation, potentially
leaking their contents. Additionally, a printer compat-
ible with various materials could rapidly print replace-
ment parts for biomedical equipment, bypassing supply
chain constraints. To that end, these units should also
be issued optical scanners to generate printable files in
the field, effectively reverse engineering equipment as
needed. For example, if a plastic attachment breaks on
a surgical suction device, then a digital technician could
scan and print a replacement part overnight.

Role ITI medical and surgical units such as field
hospitals and hospital centers should field both SLA-
liquid resin and FDM-filament-type printers. The more
fixed nature of these units introduces the potential for
robust utilization of this technology. The 673rd Dental
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Company Area Support (DCAS), a Role III dental
unit, successfully employed liquid crystal display print-
ers while deployed to the U.S Central Command area
of operations in 2022.* Supply chain shortages and
mobility limitations motivated the DCAS to innovate
and improve processes within their forward treatment
sections. These sections can be forward deployed to
support both Role I and Role II units; however, the
forward-treatment section only has 50 percent mobili-
ty based on its vehicles and equipment.**

The DCAS forward treatment section adopted intra-
oral optical scanning and 3D printing to reduce the reli-
ance on heavy dental equipment sets. Optical scanning
and photography also allowed for asynchronous tele-
medicine consultations to support dispersed providers
and units. The forward-deployed DCAS team practiced
reaching back and leveraged continental U.S. support
teams to design novel products and email those printable
files to the end user. These efforts improved access to
dental services while simultaneously reducing the weight
of equipment for any forward missions. For example, the
traditional prosthodontic equipment set weighs 1,200
Ib. and contains over 350 line items, which makes its
employment impractical forward of the corps support
area. In comparison, the equipment required for a digital
workflow weighed less than 100 Ib. and could be trans-
ported on foot, nontactical vehicles, and vertical air lift.*
This 92 percent reduction in overall weight offers prom-
ise to making the DCAS 100 percent mobile. The timely
pivot to innovate dental services generated US$350,000
worth of expeditionary treatment and represents a proof
of concept for integrating additive manufacturing.”
This weight reduction, paired with increased capability,
can make dental and medical support a more rapidly
deployable asset to the warfighter. Lessons learned from
this vignette could also be applied to medical companies
across the Army Health System.

Dental officers assigned to the dental company or
field hospital could serve as 3D printing subject-mat-
ter experts. Dental officers, especially comprehensive
dentists and prosthodontists, receive extensive com-
puter-aided design/computer-aided manufacturing
(CAD/CAM) training during their residency pro-
grams, which includes printing and optical scanning.
Dentists could serve in an adjunctive role as additive
manufacturing officers for Role IT and Role III units.
This would enhance materiel sustainment without

3D PRINTING SOLUTIONS

creating the need for additional training requirements
or course development. This has precedent as addi-

tive manufacturing curriculum was added to the 91E
(allied trade specialist) and 914A (allied trades warrant
officer) advanced individual training courses. Dental
officers’ skills and expertise can be leveraged to enhance
capabilities across the Army Health System.

Developing a Digital Stockpile for
Strategic Independence

A digital library of medical equipment and re-
placement parts must be developed to maximize
the potential of additive manufacturing. The U.S.
Department of Health and Human Services and the
National Institutes of Health offer examples of medical
stockpiles. The Health and Human Services Strategic
National Stockpile stores supplies in the case of emer-
gencies or natural disasters, but this is labor intensive
and requires maintenance, inventory, and testing to
extend the shelf-life of equipment and medications.*®
The National Institutes of Health 3D Print Exchange
has a small library of digital products, mostly limited to
masks and personal protective equipment.* A digital
stockpile of printable files would provide greater stra-
tegic independence and operational flexibility in the
case of escalating global competition. A digital stockpile
(or library) could also tailor medical support to the de-
mand signal. For example, a hospital unit could down-
load and print more personal protective equipment if
activated to support a pandemic or chemical incident.
Ideally, medical and surgical units would download
these printable files prior to deployment based on their
operational demands. Forward medical units could also
reach back to this digital stockpile to print products in
theater. This stockpile could include commonly needed
replacement parts for medical equipment.

Developing a library of printable digital files
requires close collaboration among multidisciplinary
working groups of clinicians, engineers, and industry.
Successful reverse engineering, or digitizing, physical
equipment requires communication and feedback
from the end user, along with materials testing and
analysis. Partnerships with industry could reduce the
need for extensive reverse engineering. A systematic
product development would eliminate a trial-and-error
approach. These materials and printers should also be
field tested in cold, hot, and humid climates to simulate
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environments found in the U.S. European Command
and the U.S. Indo-Pacific Command.

In the future, a forward surgical team could deploy
with one physical set of equipment and a 3D printer
to then expand capacity as needed. As this technology
becomes more robust, medical and surgical teams would
only require a printer and a copy of digital files for de-
ployment. A medical unit deploying with a stored library
of printable files would eliminate concerns over network
connectivity or generating digital signatures in theater.
This reduction in size and weight would create space for
expendable items or reduce the load entirely. It could also
allow time for predeployment training and skills refresh-
er versus the laborious task of equipment load.

Conclusion

Additive manufacturing imparts flexibility to
expeditionary medical support. Robust 3D printing
capabilities would provide a secondary logistics chain

and allow rapid replacement of broken or nonservice-
able items. Medical units would only need to maintain
essential medical equipment and could print items on
demand once in theater. Field-level maintenance can be
expanded by enabling units to print items that tradi-
tionally require sustainment-level maintenance.

During conflict with a near-peer adversary, it will be
critical that medical and surgical units reduce their size
and weight without compromising capability and agil-
ity. These units must maximize mobility to maintain
proximity to the maneuver forces. Additive manufac-
turing can provide capabilities to overcome contested
logistics in large-scale conflict with a near peer. Army
dental officers represent a preexisting cohort of 3D
printing subject-matter experts with an established
training and education pipeline. The Army Medical
Modernization Strategy must open its aperture to also
pursue solutions that streamline well-established chal-
lenges to medical logistics and equipment. =
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