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1. Executive Summary 

The additive manufacturing (AM) process is the 

layering of a material such as plastic, resin, 

metal, or other elements, to create a fully 

functional product. Its popularity is growing 

exponentially as it is used in ever expanding and 

innovative ways, especially in the realms of 

maintenance and sustainment. With repair parts 

often difficult to acquire on an as-needed basis, 

AM offers a new and convenient way to keep 

equipment up and running. There is almost no 

industry that AM won’t touch and influence. 

A key benefit of AM is the potential to quickly 

create only the parts required at the point-of- 

need thus reducing the need to create multiple, 

unnecessary parts and the associated delay in 

delivery of those parts where they are needed. 

As an example, The National Aeronautics Space 

Administration (NASA) pioneered the concept 

of AM for use on the space station as a method 

to create many different parts while in space 

from simple metal powder and a laser sintering 

AM process. This same process is what is now 

used routinely by General Electric (GE) and 

other aerospace manufacturers. In the future,  

it seems highly likely that multiple industries 

will adopt this approach as the machines and 

materials become more cost effective and better 

understood. 

The Department of Defense (DOD) through  

the U.S. Army Tank Automotive Research, 

Development and Engineering Center 

(TARDEC) is aware of the benefits AM can 

bring to rapid design and deployment of new 

systems for our military personnel. For those 

tasked with maintenance and sustainment, this 

could be a game changing project. Targeting 

and replicating parts that can keep ground 

vehicles productive could add significant time to 

mission readiness and lower the costs of repair, 

As a demonstration of what is possible, funding 

was provided through the Office of the Deputy 

Assistant Secretary of Defense, Materiel 

Readiness (ODASD-MR) and the National 

Center for Manufacturing Sciences (NCMS) 

Commercial Technologies for Maintenance 

Activities (CTMA) Program to demonstrate 

how a small footprint AM system could be used 

to create parts at the point-of-need in a quick, 

accurate manner. 

The following report discusses how AM can be 

used to enhance system readiness and sustain-

ability. It documents how AM can be used for 

direct part replacement or system improvement. 

The project focused on the ability to use a single 

alloy to avoid cross contamination and single 

print system to achieve a small installed foot-

print. It demonstrated how currently available 

software and hardware can be deployed for part 

replacement or field upgrades. A currently 

fielded system, the iRobot 510 or Ground 

Vehicle Robotics-Robot (GVR- BOT), which is 

used for improvised explosive device (IED) 

disposal and reconnaissance, was chosen as a 

demonstration platform. 

The project was broken into two phases: 

• Phase I demonstrated how direct 

replacement parts can be created from 

scan data and material analysis of 

current parts (Appendix A). 

• Phase II demonstrated how a system 

such as the GVR-BOT can be improved, 

and parts created for 82% of mechanical 

components that will match or increase 

the capabilities of the current GVR-BOT 

(Appendix B). 

Only five surfaces required secondary 

machining. Again, this was done to demonstrate 

the versatility of AM and the ability to create 

parts that require a very small manufacturing 

footprint. In the future, distributed manu-

facturing will replace warehousing and 

inventorying of parts that may or may not be 

needed. When a part is needed, a digital data 
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packet would contain the information needed to 

create the part at the location and time needed. 

1.1 Results 

The ability to “print” parts as-needed was 

demonstrated on a fielded system, the  

GVR- BOT. The lessons learned and design 

approaches used can be scaled and replicated  

to other fielded systems as larger AM systems 

become available. The project further demon-

strated how a single alloy and single AM 

technology might be deployed to allow for a 

smaller footprint while serving a large variety  

of part needs. 

Main Findings: 

• Single alloy, single AM system replaced 

82% of the mechanical components. 

• Improvement opportunities afforded 

through AM which improve 

sustainability and readiness. 

• Part for part replacement from scan data 

and simple metallurgical analysis. 

• Small operational footprint with wide 

capabilities can be achieved with 

Selective Laser Melting (SLM) systems. 

• Limitations to current processes and 

systems. 

1.2 Benefits 

• Replacement parts can be created where 

and when needed from a qualified 

technical data package (TDP) and AM 

system. 

• Reduced inventory of parts that may not 

be used. 

• Reduced logistics of transporting the 

parts to where they are needed which 

results in savings in both time and 

money. 

• Parts can be highly optimized to reduce 

build and operational costs through 

lightweighting and fuel efficiency gains. 

• Features and design methods 

demonstrate how AM can improve 

serviceability and readiness. This has a 

huge potential to allow improvements 

captured through end user crowd 

sourcing if harvested properly. 

1.3 Recommendations 

AM is currently in the early stages of production 

deployment and will continue to grow quickly 

over the next three to five years. The following 

recommendations are based on the results of this 

project: 

• Create and validate TDPs for current 

systems based on part criticality and 

historical replacement usage. 

• Limit part TDP to non-critical 

components and provide directives on 

parts that can be replaced and how. 

• Validate parts and replacement of 

standard operating parts (SOPs) through 

facilities like Rock Island Armory’s AM 

facility. 

• Three technology areas that should be 

funded and heavily improved are: 

1. Distortion prediction software. 

2. Surface finishing that is capable 

of removing the surface fissures 

for enhanced fatigue resistance. 

3. Test and quantify material 

properties for AM parts and 

systems. 

• Work on dual path component design 

specifications for future systems. An 

original equipment manufacturer (OEM) 

should provide designs and TDP for AM 

equivalent parts where possible. 
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1.4 Invention Disclosure 

Invention Disclosure Report(s): 

DD882 Sent to NCMS  ☐ 

No Inventions (Negative Report)  ☒  

1.5 Project Partners 

• U.S, Army Combat Capabilities 

Development Command (CCDC) 

Ground Vehicle System Center (GVSC) 

• U.S. Navy – NAVAIR  

• Army Research Laboratory (ARL) 

• Pratt & Miller Engineering 

• Kettering University 

• National Center for Manufacturing 

Sciences (NCMS) 
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2. Introduction 

Readiness is the ability for a system to be 

operational when needed. AM can be a 

valuable component in the arsenal of fleet and 

system readiness. Imagine being able to print 

the part you need instead of “hoping” that it is in 

the warehouse or can be delivered in time 

(Figure 2-1). 

Sustainability is the ability to keep a system 

operational during its entire life. Many of the 

systems used by our warfighters have extremely 

long-lifecycles and need to be maintained, even 

if some of the vendors no longer exist. In this 

case, AM can be used to create replacement 

parts on an as-needed and justified basis. 

To demonstrate how AM is a key enabler to 

lightweighting the TARDEC GVR-BOT and 

how AM could be deployed in the field for 

onsite part manufacture, Pratt & Miller 

Engineering and TARDEC would partner to 

work under the NCMS CTMA Collaborative 

Agreement on a product enhancement of the 

TARDEC GVR-BOT using a small manufac-

turing footprint in the form of a single type AM 

process that allows parts to be made at the 

point-of-need. The existing GVR-BOT would 

be modeled, analyzed and fabricated to optimize 

strength and durability through the application 

of AM technology. 

The objective was to demonstrate how AM can 

benefit DOD and leveraging the automotive 

industry in designing and building parts 

specifically for AM production. Emphasis 

would be on the tools and methods used for 

creating light, strong AM parts to further 

demonstrate the actual build of these parts and 

systems. This will enhance future design and 

build efforts by showing what can be done and 

potential pitfalls that should be avoided. These 

“lessons learned” are extremely important as 

building blocks for future projects. Additionally, 

by building a working example of an entire 

system, the project will build confidence in the 

design community that AM is not just a proto-

typing process but instead can be thought of 

when designing and fielding new vehicles. 

 
Figure 2-1. Parts on Demand vs. Warehousing of Parts 
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3. Project Narrative 

The following narrative documents the efforts of 

this project and how AM can be used for direct 

part replacement and how future designs can 

benefit from including AM as a fundamental 

part of the design process. As a secondary 

benefit, it further demonstrates how part 

optimization can be employed to reduce weight 

and build time. 

3.1 Phase I Overview 

Phase I was a demonstration of direct part 

replacement. The GVR-BOT was chosen as the 

demonstration platform because of its relatively 

small size. GVR also possesses a small fleet of 

these robots available for testing and demonstr-

ations. It demonstrated how parts can be directly 

printed and feature tolerances adjusted, allowing 

the parts to work in an as-printed condition with 

only hand tools needed to complete the parts for 

service. 

Small Operating Footprint 

In Phase I, the team explored the entire field of 

AM technologies, with the goal of discovering 

the most versatile and best fit for providing parts 

sustainment and readiness. In the team’s 

estimation, Selective Laser Melting (SLM) was 

the best option to demonstrate AM (Figure 3-1). 

Single Alloy 

The team also decided to limit material choices 

to one metal alloy, as one alloy would allow the 

system to operate in the field with minimal 

downtime and reduced operator training. (Note: 

the systems ARE capable of printing many 

different alloys but require time and detailed 

cleaning if alloys are changed). 

The Full System is shown in a 20x8 foot 

container (Figure 3-2). 

3.2 Phase II Overview 

Phase II was a demonstration of how AM can be 

used to maintain, and even upgrade currently 

fielded systems. The GVR-BOT was also 

utilized during Phase II but was reviewed with 

the GVR team to find improvements and 

remedies for problematic features. 

Sustainment of Current Assets 

Phase II of the project demonstrated how 

systems can be designed to take advantage of 

AM from their inception, which allows for early 

stage part release, followed by traditional 

manufacturing methods to keep costs down 

during the bulk of production (Figure 3-3). Once 

the initial procurement has been met, the Army 

can switch back to a fully qualified part with a 

complete AM TDP for sustainment of the 

system well into the future. 

 
Figure 3-1. Example System Used to Create Parts 

 
Figure 3-2. 20x8 Footprint for Full System 
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Figure 3-3. Direct Replacement of Parts from Scan Data 

and Material Analysis 

Field Upgrades and New Designs 

Another major advantage that an AM system 

could provide is allowing the warfighters to 

“print” parts that enable the upgrade or up- 

armoring of a system. Armor systems primarily 

employ highly hardened sheet materials, which 

cannot be bent or welded. The process of up- 

armoring a current system would be much easier 

if the depot had the ability to print armor joining 

features and mounting brackets, etc. 

(Figure 3-4) (Appendix B). 

3.3 Goal Setting 

Phase I focused on how a system can use AM in 

a part for part replacement situation. 

Phase II focused on how a currently fielded 

system can have full sub-assemblies replaced 

with similar or more capable assemblies. During 

this phase, the team explored the benefits and 

limitations in heavily using AM as a 

fundamental design constraint. To better 

understand the current system and any problems 

or improvement areas, the entire team met with 

the GVR team lead to brainstorm opportunities 

to improve the current BOT design. 

The Phase II objectives were the following: 

Primary Goal: 

Create a new BOT that made from 80-85% 

printed components to match or increase the 

capabilities of the current GVR-BOT. The new 

parts must be from a single alloy and single 

printing system in order to keep the fielded 

system footprint to a minimum. 

Secondary Goals: 

• Wider range of missions 

• Faster teardown and repair 

• Increased time between failures 

• Minimize secondary operations on all 

AM parts 

• Increase portability 

3.4 Concept Creation and Down-
Selection 

How to achieve project goals: 

• Teardown and Reassembly Time – Far 

fewer screws and bigger seals. 

• Gearbox Failure – Addressed with 

better ring gear support, printed and 

cover for more robust seal surface to 

retain grease (Figure 3-5). 

• Longer Range – Wheeled version for 

better efficiency. 

• Steeper Hill Climbing – Segmented, 

printed track with better wheel to track 

engagement to eliminate skipping and 

the ability to print longer cleats for soft 

or mushy soil conditions. 

• Reverse Obstacle Climbing – With 

angled track and tensioner wheel  

(Figure 3-6).  

• Faster – Wheeled version will be faster 

and more energy efficient for certain 

missions (Figure 3-7). 

Conceptual images of the various features were 

created and described, then the GVSC group 

was surveyed to determine the best goals or 

features to move forward. This step was critical 

in confirming the “voice of the customer” and 

what GVSC saw as valuable in the AM 

investigation. 
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Figure 3-4. Example Options of Potential Field Upgrades 

 
Figure 3-5. Original Motor and Gearbox with  

Grease Cover 

 
Figure 3-6. Concept Example of Improved Mobility 

Field Upgrade 

 
Figure 3-7. Concept Example of Improved  

Speed Option 

• Modular and Configurable –  

Multiple mission specific options can be 

employed with the only limitation being 

the warfighter’s imagination. All sub- 

assemblies are interchangeable with 

current GVR-BOT systems  

(Appendix B). 

• All Printed Parts – Analyze and 

simulate load cases to create component 

load cases. Design and optimize each 

sub-system/part to handle the loads 

based on the material design allowables 

(Appendix C). 

• Print Feature Samples Test 

Functionality of Various Feature 

Concepts – This is very important  

since AM allows many features to be 

integrated into a single part  

(Appendix D). 

3.5 Tasks 

3.5.1 Material and Process 
Characterization 

Material characterization was investigated 

through several methods. The project employed 

material experts from Kettering University and 

consultations with both the material and AM 

system supplier, SLM and several consultations 

with NAVAIR and ARL. After investigating 

multiple sources, it was determined that fatigue 

data for aluminum alloys was not available, and 

the project was not budgeted for this level of 

effort. Currently, both NAVAIR and ARL are 

working on titanium and stainless alloy 

characterization. The primary load case driving 

the design for the GVR-BOT is a three-foot 

drop test. Given that fatigue was not considered 

a primary driver, tensile and compression tests 

were run to determine the design allowable as 

80% of the lowest yield value found from 

testing. Test samples were printed in three 

different orientations. This testing showed the 

importance of understanding cooling stresses 

and support structures (Figures 3-8 and 3-9). For 

example, the first five samples of the horizontal 

bars cracked on the build plate before removal. 

After moving the part from 20mm above the 

plate to 50mm and adding supports under the 

center of the part, the next samples came out 

without issue but did have the lowest strength of 

the group (Appendix G). 
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Figure 3-8. Material and Process Test Coupons and Results 

 
Figure 3-9. Example Tensile Pull Test Data 

3.5.2 Concepting Future Systems and 
Field Upgrades 

The team began the redesign for AM effort by 

first understanding any issues with the current 

GVR-BOT and what could be done to increase 

the BOT’s mission capabilities. 

The team met with the system managers to 

review known issues of which only the speed of 

assembly and gear failures were the only two 

items that were issues to be addressed. 

The next step was to brainstorm mission 

capabilities and potential improvements. For 

this effort, multiple sessions were held with 

operators and technicians to determine what 

might be desired in the field. Concept drawings 

were created of each option and ultimately 

voted on by a large community of users. The 

voting was used to down-select the best possible 

options. In this case, the team settled on two 

fundamental designs. The first was a tracked 

version with better traction for difficult environ-

ments and a wheeled version for improved 
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mobility and speed (Figures 3-10 and 3-11). All 

the parts created are fully interchangeable with 

the current systems. The reason for doing 

multiple systems was to demonstrate the ease of 

upgrades that AM brings since no tooling 

investment is required (Appendix B). 

3.5.3 Use Environment and Load Case 
Determination 

The project determined the BOTs were routinely 

subjected to drops and other high impact loads 

as the primary failure mode. As can be seen in 

the Figure 3-12, the arched plastic spoke in the 

wheel provided the major impact absorption 

(Appendix C). 

While the drop test provided the primary load 

cases that drove sizing and design of the 

components, forging and assembly speed drove 

the sealing requirements and fastening feature 

design. Finally, rough terrain mobility drove the 

track and tensioner design while speed and 

agility drove the zero-turn wheeled design. 

3.5.4 Feature Realization and Bench 
Tests 

With the goals and overall architecture of the 

GVR-BOT decided, the team set about the task 

of determining the best way to achieve each 

goal. The team would meet to discuss and 

brainstorm many concepts for achieving the 

individual goals. Once the various individual 

goals had a variety of approaches to solve that 

goal, the team would rank the options and list 

the pros and cons for each option. In this way, 

each proposed feature solution could be graded 

as to the likelihood of it working as expected. 

The primary areas of concern were distortion or 

design robustness against tolerance deviation. 

This approach was replayed on each feature or 

feature set (Appendix D). 

A good example was the tapered lock and  

O- ring sealing features that were tested  

(Figure 3- 13). The image shows one half of a 

test part that includes a dove tail O-ring groove 

 
Figure 3-10. Tracked Version Field Upgrade 

 
Figure 3-11. Wheeled Version Field Upgrade 

 
Figure 3-12. Drop Test and Upgrades 

 
Figure 3-13. Tapered Tab and O-Ring Sealing Test 

Part 
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and tapered tabs to create a locking and sealed 

attachment feature. The test parts successfully 

held 60PSI with only hand tightening. This gave 

the team confidence that an as-printed surface 

and tapered locking tabs were a viable design 

feature moving forward. This was ultimately 

used to fasten the side plates to the body in the 

final design. 

Testing of fundamental features and printed part 

quality was repeated for any area of concern the 

team encountered. 

When necessary, certain components were 

printed with a varying feature size to find the 

best nominal size for a certain feature. The track 

links are a good example of how the part 

dimensions were varied to determine the best 

dimension to use for a certain type of feature 

(Figure 3-14).  

Another good example was determining the 

bore tolerances for the gearbox. The test article 

in Figure 3-15 was used to determine concen-

tricity, parallelism and perpendicularity of 

printed bores. 

From these print tests, the team determined the 

best feature or features that would be robust 

enough to meet the intended use case and be 

repeatable in multiple builds. 

AM parts are basically cast parts or multi-pass, 

micro-welded parts. The distortion and surface 

finish are the largest areas for potential design 

variation. As such, the design must be capable 

of handling those variations or secondary 

operations will be needed, such as post print 

machining of certain features. 

3.5.5 Sub-Assembly Design and Test 

The robot has various sub-systems that perform 

certain functions. The sub-systems are 

composed of many different features. While 

many AM influenced features such as fastening 

and sealing features, bearing bores and press fits 

 
Figure 3-14. Tolerance Sweep on Track Link Design 

 
Figure 3-15. Bore Alignment and Perpendicularity 

were tested at the base feature level, each sub- 

assembly was also printed and tested before 

creating multiple copies. One very beneficial 

aspect of AM is that very little setup time and 

cost is incurred which allows the design to be 

modified quickly and cheaply. As any design 

engineer can attest, 90% of any design is 

evolution and only 10% is revelation. AM 

allows the part design to easily evolve, as will 

be discussed throughout this report.  

The major sub-assemblies in the AM-BOT are: 

1. Wheels/tracks and tensioner 

2. Flippers and related track tensioners 

3. Main body, rear cross member and side 

plates 

4. Spring joint attaching the flippers to the 

front axle 

5. Motor and gearcase 

6. Caster wheels and mounts 

See Appendix E for component design and 

analysis.
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Each sub-assembly was tested as it became 

available, and any improvements were made 

before the next article was printed. In all but one 

instance, the modifications took less than one 

day to update, reprint and test. The limited time 

required for modification highlights the evolu-

tionary aspect of AM designs and how quickly  

a design can be tested and evolve into a better 

design. 

3.5.6 Full BOT Testing 

Full system testing was accomplished at GVSC 

under the guidance of the GVR team. Testing 

included GVR’s standard rework acceptance 

test as shown in Appendix C. The motor and 

gearbox sub-system was tested on a motor dyno 

at GVR. 

Any issues found in testing were addressed and 

new parts printed. Again, this shows the ability 

for AM has in allowing a quick evolution of a 

design. As shown in Figures 3-16, 3-17 and  

3-18 testing was done on each sub-system as it 

became available. Since the AM sub-systems 

were designed to be interchangeable with the 

current parts, each sub-system was tested as 

soon as it became available which greatly 

improved the time it took to evolve and  

mature a sub-system (Appendix F). 

 
Figure 3-16. Forging Test and First Test of the Track and 

Tensioner System 

 
Figure 3-17. High Speed Run While on the Flippers 

 
Figure 3-18. Hand Stand and Rotation  

Tested per CCDC-GVSC  

Repair Protocol 
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4. Conclusions 

4.1 Direct Part Replacement 

In conclusion, the ability to print parts for direct 

replacement was demonstrated in Phase I with 

multiple parts on the GVR-BOT being printed 

and installed on an existing BOT. While this 

project focused on a fairly small vehicle, GE 

Additive has utilized and will be selling a 

system with a one cubic meter build envelope. 

Additionally, any of the materials that are 

printable with SLM are also weldable 

(Appendix A). 

4.2 Benefits of AM 

In Phase II, the project demonstrated that many 

components can be printed and deployed in a 

single alloy, single print system and take advan-

tage of lightweighting through optimization and 

quick part replacement through onsite AM and a 

digital TDP (Appendix B. 

4.2.1 Faster Design Cycles 

The Phase II design and build showcases the art 

of the possible with AM for future projects 

which include: 

• Quick design cycles driven by 

fundamental needs assessment  

(Figure 4-1). 

• Improved functionality through early 

stage brainstorming sessions and test 

printing feature concepts (Figure 4-2). 

• Increased design evolution since tooling 

investment is small or zero (Figure 4-3). 

4.2.2 Reduce or Eliminate Secondary 
Operations 

• Little or no secondary machining 

operations in most cases. The entire 

BOT assembly consisting of over 370 

parts has only five machined surfaces. 

 

 
Figure 4-1. Concept Brainstorming 

 
Figure 4-2. Sealing and Tapered Post Feature Test Parts 

 
Failed Caster System 

 
Revised “Successful” Caster System 

Figure 4-3. Fast Design Iterations and Evolution 

Caster Example 
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• Flipper assembly shows a highly 

complex system with rotating, spring 

loaded parts all done with AS PRINTED 

parts (Figure 4-4). 

• Specific design features for quick 

assembly, O-ring sealing and bearing 

retention shown in Figure 4-5 and 

Appendix D were used. 

 
Figure 4-4. Complex Assembly with Multiple Bearings 

and Springs Done Without Any Secondary 

Machining 

 
Figure 4-5. Bench Test Parts to Validate Fastening and 

Sealing 

4.2.3 Reduced Weight and Material 
through Topology and Lattice 
Optimization 

Demonstrated potential for weight savings 

through both topology and lattice optimizations. 

The latter can only be produced through AM. 

A good example of how lattice structures can be 

used to support the thinner walls of a hollow 

section, the first pass caster arms are shown in 

Figure 4-6. In this case, the first design pass 

used a solid printed part while the second pass 

used a lattice structure to fill in the interior. 

Both part results are adequate to survive to loads 

but the lattice structure is significantly lighter 

(Figure 4-7) (Appendix C and Appendix E). 

4.2.4 Multiple Configurations 

Demonstrated how AM allows multiple 

configurations to be easily deployed. This 

allows a system to be upgraded as new features 

or capabilities are required. Again, this is an 

artifact of no tooling investment. (Figure 4-8).  

Figure 4-9 shows all three full systems of parts 

delivered as demonstration of AM readiness and  

 
Figure 4-6. Caster Arm Design With and Without Lattice 

Optimization 

 
Figure 4-7. Lattice Structure  

in Caster Arm 
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Figure 4-8. Tracked and Wheeled Version 

 
Figure 4-9. Three Configurable GVR-BOTs Showcasing 

AM Potential 

4.3 Future Task Recommendations 

1. Current Army systems are qualified at 

the vehicle level and specific component 

load cases and design criteria are not 

available. This issue prohibits the Army 

from producing parts that meet those 

criteria without involving the OEM. No 

process exists today that allows the 

Army to reverse engineer the component 

for actual field use. In the future, the 

PEO offices can request an equivalent 

AM part and TDP at the initial con-

tracting phase. Additionally, guidance 

should be provided about how and when 

AM can be used to replace which parts. 

2. Material properties need to be addressed 

and published, similar to DOT/FAA/AR- 

MMPDS-01 – Metallic Materials 

Properties Development and 

Standardization (MMPDS). This will 

provide guidance on which material to 

use or if a component can be replaced by 

an AM equivalent. Investigate and 

document methods for improving 

surface finish and thus fatigue properties 

(Figure 4-10). 

3. Better distortion prediction software. 

Small parts are not as much of a 

problem, but larger parts will need to  

be simulated to control distortion and 

determine the best orientation and build 

support strategy (Figure 4-11). 

Thin sheet metal sections warped badly and 

required a corrugated surface to eliminate the 

bowing issue. 

Ribbed housing caused even more distortion due 

to the heavier material on the large flat sections. 

Corrugating the surface allowed the part to have 

a constant wall thickness while also providing 

out of plane stiffness. The residual stresses were 

high enough to cause a crack or tear between 

layers as shown in Figure 4-12. 

 
Figure 4-10. Surface Finishing Example from NAVAIR 

 
Figure 4-11. Distorted Housing with No Ribs or 

Corrugation 
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The best result was achieved by creating a 

corrugated surface where the material thickness 

was constant, but the corrugation gave the 

surface some out of plane stiffness. 

 
Figure 4-12. Distorted Housing with Ribs 
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5. Benefit Impacts 

The benefit to the Army is described in detail 

below and should allow the Army to maintain 

their readiness by printing required parts when 

and where needed. As most systems in our 

defense arsenal have a 40-year life requirement, 

the ability to produce replacement parts after a 

company may no longer exist is an absolute 

necessity. 

In the commercial realm, aerospace companies 

have been printing production parts for over  

10 years. The parts currently being produced are 

high cost, high value parts with features that can 

ONLY be created through AM. The design 

approach and technologies used in this project 

are directly applicable to many other commer-

cial industries. The technology can produce high 

strength, lightweight parts through optimization 

and is highly customizable since the systems do 

not require tooling. 

As the technology matures and costs come 

down, AM is being used in automotive and 

many other applications. For example, BMW 

recently released its first metal AM part on their 

i8 (Figures 5-1 and 5-2) and Ford has qualified 

several materials and process for use on 

production vehicles. The future of automotive 

part design will in many cases include a dual 

path design where an AM version will be 

printed for prototype and initial production runs. 

Once the parts are proven and volumes justify it, 

the part would be moved to traditional manu-

facturing approaches such as casting for the 

bulk of the production run, then once the vehicle 

is out of production, replacement parts would 

move back to being printed on demand; possibly 

at a regional facility or even at the dealership. 

While this vision is 5-10 years away, this 

project has effectively demonstrated that the 

technology exists today and could be deployed 

in relatively short time. As new designs are 

created, AM will be considered in the overall 

lifecycle of the design. While this project 

focused on metal AM, another currently 

produced product that uses AM is the Adidas 

shoe shown in Figure 5-3. The shoes were sold 

for $250.00 and over 250,000 pairs were made. 

This again demonstrates that AM is becoming a 

cost-effective way to produce highly 

personalized and optimized commercial 

products. 

 
Figure 5-1. BMW i8 First Serial Production Automotive 

Part 

 
Figure 5-2. BMW Bracket as Produced on Build  

Plate 

 
Figure 5-3. Adidas Tennis Shoe Printed Sole 

Example 
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5.1 Project Specific Demonstrations 

The project demonstrated the following benefits. 

5.1.1 Current Part Replacement 
Demonstrates Readiness 

The parts shown in Figure 5-4 were printed, 

installed and tested based on laser part scans and 

material investigation. Material designation was 

determined through mass spectrometry and 

hardness testing (Appendix A). 

5.1.2 AM Centric Design Approach 

• Ability to replace components with like 

components produced through AM with 

a single alloy and single AM system. 

• Ability to improve a design through AM 

and quickly evolve a design. 

Feature Rich Design Options 

• Multiple feature examples are shown 

that take advantage of AM’s unique 

capabilities. 

A good example of a feature that allows faster 

repairs are the slide clips used to fasten the body 

to the side plates. In this example, 20 small 

screws were replaced by two slide clips on each 

side (Figures 5-5, 5-6 and 5-7). Removing and 

reinstalling the screws required 22 minutes as 

opposed to only three minutes when using the 

slide clips. The slide clips only became an 

option due to AM (Appendix D). 

As another example of feature rich design 

options, the spring joint that connects the flipper 

arms to the BOT transmits torque along its 

rotation axis but needed to have a spring joint in 

rotation about the other two axes in the event of 

a drop. AM design allowed the part to have 

spline features that are barrel shaped (Figure  

5-8). This allowed the spline to transmit torque 

but also allowed the coupled part to rotate about 

the other two axes. While creating an arched 

spline is possible with the right tooling, it can 

simply be “printed” into the part when AM is 

used. In other words, the same machine that 

created the taper pins on the side plates is now 

creating arched splines on another part. 

 
Figure 5-4. Current Parts vs. AM Equivalent 

 
Figure 5-5. Original Part with Screws 

 
Figure 5-6. New Design with Tapered Pins and Slide 

Clips 

 
Figure 5-7. Closeup Showing Tapers on Slide  

Plate Posts and Slide Clips 
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Figure 5-8. Barrel Shaped Spline  

Spring Joint Axle Coupling 

Part Consolidation Available through AM 

A good example of part consolidation was the 

main body (Figure 5-9). The original part 

consisted of two machined side flanges, a 

machined back section and a formed sheet metal 

part that was bonded and riveted together 

(Figure 5-10). In the AM design all four parts 

were combined into a single part that required 

no post machining other than drilling and 

tapping six holes. The new design even added a 

front handle mounting bosses that allow a front 

handle to be added (Figure 5-11). Something 

that was not possible in the original sheet metal 

design. 

Reduce or Eliminate Tooling 

Demonstrated multiple components that can be 

produced through AM and deployed in a single 

alloy and using a single printing system. In the 

case of the GVR-BOT, each BOT contains 370 

printed parts. The majority are track links 

obviously. With a few test prints to qualify a 

feature, the part can be printed repeatably 

which proves the ability for AM to be 

digitized and printed in remote locations. 

More details of each sub-assembly are shown in 

Appendix E. 

As an example, the BOT with flippers has 244 

track links that were assembled and installed as 

printed (Figure 5-12).  

The project demonstrated what could be done in 

a small system footprint and with a single alloy. 

The system used to print all the parts is shown 

in Figure 5-13 in a 20x8 shipping container. 

 
Figure 5-9. Original Main Housing vs. AM Main Housing 

 
Figure 5-10. Original Main Housing Side Flange 

 
Figure 5-11. New Design with Added Front  

Handle Bosses 

 
Figure 5-12. Full Tracked AM BOT All Blue Parts 

Printed 
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Figure 5-13. 20x8 Container and SLM 280 System with 

Cleanup and Ancillary Tools 

Weight and Material Savings through Topology 
and Lattice Optimization 

AM parts are well suited for optimization and 

the project demonstrated this on multiple parts. 

In Figure 5-14 the track tensioner shows the 

“organic” nature of parts designed by topology 

optimization. This even allows for the hollow 

section where torsion or bending dominate the 

load and the material is driven to the outside of 

the design envelope. An example of this is the 

front, outer flipper arm as shown in Figure 5-15. 

Another example of weight reduction and 

stiffness improvement is the area of lattice 

optimization. In this example, the interior of the 

part was filled with triangular beams that 

provide several benefits (Figure 5-16). Using 

optimized lattice structures internal to a part 

stiffens the part considerably and eliminates the 

need to remove any support structure required 

during the build (Figure 5-17). While not 

needed in this case, the lattice structure also can 

provide excellent heat transfer where the pins 

basically act as heat sink pins. 

 
Figure 5-14. Optimized Track Tensioner 

 
Figure 5-15. Optimized Hollow Flipper  

Arm 

 
Figure 5-16. Caster Arm CAD with  

Lattice Filled Interior 

 
Figure 5-17. Printed Caster Arm with  

Lattice Filled Interior 
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Appendix A – Part Replacement Investigation Results and Test Data
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Appendix B – Phase II Design Goals and Concept Analysis 
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Appendix C – Load Definition and Simulation 
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Appendix D – Feature Set Design and Testing 
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Appendix E – Component Design and Analysis
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Appendix F – Build and Test Observations 
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Appendix G – Material Characterization
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