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Transforming Design

and Manufacturing
Technology introduction

3D Printing transformation

Until the introduction of the Industrial Revolution, hand-crafted one-off design and manufacturing was the norm.
Blacksmiths were both designer and manufacturer; each pair of horseshoes they crafted was unique, even when made for
the same horse! Production was slow and products were made to order. Save for a few high value items like coffee, tea,
and spices, products were rarely, if ever, made in advance, inventoried, and ready for sale. Supply chains for manufactured
goods were nonexistent.

But this changed in the 18th century with the rise of the machine and the first Industrial Revolution. Textiles went from
handspun wool to cotton woven with a spinning wheel and loom, leading to faster production time with lower material
costs. The introductions of the weaving loom, cotton gin, steam engine, and factories for assembling products changed the
very nature of how things were made.

Over a period of roughly 75 years—Ilate 1700s to the mid-1800s—production became increasingly standardized, and each
task from design to manufacturing and assembly was broken down into discrete functions. Henry Ford’s Model T took
things to a new level at the start of the 20th century, gaining speed and efficiency with the introduction of mass production
and factories. New materials and methodologies from metal casting to Injection Molding have helped to produce most
of the products in the world today. With refined workforce and manufacturing practices and the computer automation of
previously manual labor-intensive tasks throughout the last century, production rates have accelerated, resulting in the
ability to produce in larger guantities. Those who failed to adopt were left behind.

Despite all of this forward movement, the basic design and manufacturing process hasn't fundamentally changed over the
past 100+ years. In fact, not only have the processes not improved but they've also put a substantial strain on our natural
resources, pushed production farther and farther from the consumer, and constrained design flexibility and customization.
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Figure 1: Driving the next Industrial Revolution through the democratization
of design and ubiquitous production
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Why consider 3D printing as a final part fabrication process?

During the next 10 to 15 years, socioeconomic forces, advanced design and production innovation, and highly automated
printing processes will intersect to create a massive transformation of manufacturing as we know it today.

There has been alot of talk about innovative part designs, designs that could not be fabricated by any of the historical analog
processes. This begins now. Unique geometric designs can be made and printed even today. Improvements in function and
aesthetics can be realized and in a much shorter development time than was ever possible. Eventually, design tools and
printers will evolve to enable voxel-by-voxel differentiation, providing even more product competitiveness.

Figure 2: Real-time medical and prosthesis design. Orthotic helmet image courtesy of Invent Medical.

Figure 3: Designers can create customized, flexible, strong, and light 3D printed products.

Further, even if designs were not going to become more complex, there are some fundamental advantages to adopting
processes that enable faster and less-expensive product development cycles. To illustrate, a typical return on investment
graphicis shown in Figure 1.
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Figure 4: lllustration of return on investment for new hardware product development
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The challenge with new hardware product development delays, until now, is two-fold. If you delay for a month, for example,
not only do you continue to invest at peak levels for an additional month, but you also reduce the useful competitive life of
the product by amonth, missing a whole month of stable revenues. If you were to recalculate the return on investment from
beginning to end, you might find that the investment no longer makes sense. This is illustrated in Figure 2.
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Figure 5: lllustration of a recalculated return on investment for new hardware product development

It is normal to consider the money spent as sunk costs and convince yourself that it still makes sense to move forward. But
what if you did not need to delay? What if you had a process that would prevent you from tooling unstable part designs and
allow you to begin manufacturing on time? If you had a 3D printer with equal quality and reasonable capacity, this would be
possible. You may eventually tool these parts, but you use 3D printing to hold schedule. Applying this strategy—known as
bridge manufacturing—it is possible to iterate more frequently on these unstable designs, and the product quality could
actually improve.

If you had a 3D printer that had equal quality, the necessary long-term capacity, and a competitive cost, even at high
volumes, you may not ever have to invest in tools for certain parts.
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Figure 6: lllustration of the 3D printing effect on investment in new hardware product development
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While complex products require parts from several different processes, eventually all parts could be 3D printed, and you
could not only develop new hardware products for less investment, you could also introduce them sooner or, effectively,
with higher frequency, allowing you to keep your competitive edge.
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Figure 7: Illustration of the 3D printing effect on product life in new hardware product development

With the introduction of the HP Jet Fusion 3D Printing Solutions, based on a disruptive HP Multi Jet Fusion technology, new
levels of 3D printing production speed can be achieved, at reduced operating cost, for parts which offer an unprecedented
combination of both fine detail and end part strength. The product development cycle can now be disrupted.

Cost and quality: Former barriers to adoption

In choosing which process to use for final part manufacturing of a specific part, it's important to consider which may be the
least expensive combination of process and material that meets the design requirements. Until now, the two main barriers
to adopting 3D printing—cost and quality—were factors in making this decision.

The first barrier to adoption has been the effective cost per part and the ability for 3D printing processes to compete head
onagainst Injection Molding. For years, the cost per part for the 3D printing digital processes has been considered a flat line,
and the first part can cost the same as the 1,000th part, which would cost the same as the 10,000th part (shown in figure
5). This simplified view leads to a few negative assumptions.
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Figure 8: Breakeven curve assuming a productive 3D printer and no set-up costs or development time
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Until the introduction of HP Multi Jet Fusion technology, the first negative assumption of 3D printing has been that the
printers have reasonable capacity to meet a company’s manufacturing forecasts. The factis, however, that paying hundreds
of thousands of dollars for a system that can only fabricate a couple of hundred parts per year results in a flat line that is
really a step function (as shownin figure 6). With the high productivity of HP Multi Jet Fusion technology, the step can be tens
of thousands of parts instead of hundreds (depending on the part size).
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Figure 9: Breakeven curve for a non-productive 3D printer and no set-up costs or development time

The second negative assumption of 3D printing in that flat-line curve is that you can go from design to manufacturing
without any development or set-up costs. The truth is that any process will need some sort of development phase in order
to meet the quality requirements of the design. During this development phase, both the design and process will always
require some tuning. The designer tunes the design to the final fabrication process, and the process engineer tunes the
process to the design and its requirements. The beauty of this tuning in 3D printing, or digital fabrication, is that the tuning
can be done digitally, and no expensive tooling, with expensive reworks, needs to be included.

There are several layers to optimizing and tuning a design to HP Multi Jet Fusion.
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Figure 10: Breakeven curve for 3D printing including development of design and process to quality
requirements
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The first layer involves following the fundamental guidelines for the fabrication process. All processes have fundamental
design guidelines as driven by the physics of the process itself. HP Multi Jet Fusion has such guidelines, like recommended wall
thickness. If you choose to follow the guidelines, you will have improved quality and yield, and your effective cost per part will
decrease.
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Figure 11: Example guideline: To attain maximum accuracy, critical dimensions should be an integral
number of the printer resolution

The next level in optimization involves making slight changes to the design that allow for more efficient use of material or more
efficient space management of the build volume. If less material can be used for the part and/or more parts can fit into the
same build volume, the effective cost per part will decrease even further.

No Redesign Basic Optimization Optimized Design Draft Abstraction /
$26 $17 $13 (stack ability) foldable design

Figure 12: Optimized material use Figure 13: Optimized use of the build volume

The final design optimization for 3D printing is maintaining the third dimension and combining parts. When a mechanical
designer takes a system function and breaks this into parts that can be easily Injection Molded, the resulting parts are largely
2.5-dimensional, meaning that they tend to have two larger dimensions and one smaller dimension. This is because molds
must open and close easily. If you intend to 3D print the parts, the parts can remain integrated, and then the breakeven curve
becomes a comparison of one part versus several parts from several molds.
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Figure 14: Maintain the integration of the functional design intent
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What is the proposed solution?

In the mid-term, HP Jet Fusion 3D Solution will complete the portfolio to best accompany our customers in the journey of
adopting 3D printing technologies, from assessment on where to start, how to design to how to maximize of your HP Jet
Fusion 3D Printing Solution.

Software can be developed to help designers tune their designs to HP Multi Jet Fusion or allow process engineers to tune
the HP Multi Jet Fusion process to the design. But domain knowledge must come first.

This HP Multi Jet Fusion handbook is a vehicle for capturing the domain knowledge around HP Multi Jet Fusion and sharing
it with the world so that it can be applied immediately.

This handbook includes a design chapter to help designers understand the unique design guidelines for HP Multi Jet Fusion
that should be followed to obtain optimal quality. Further, the design chapter will eventually provide additional guidelines
on how to optimize designs for cost when fabricating with HP Multi Jet Fusion.

In future revisions, this handbook will also include chapters on process optimization to help process engineers select the
right parameters for quality and cost, such as orientation or spacing of parts in a build.

Additional future chapters will include HP Multi Jet Fusion material selection, quality control, and other helpful knowledge
for facilitating the adoption of HP Multi Jet Fusion into your library of possible processes for fabricating final parts.

Approaching the perfect storm

When cost and quality can be achieved, the true potential of 3D printing can be realized. Future design tools will enable designers
to develop more and more differential products through unigue designs that cannot be fabricated by analog processes. The
seamlessness of the interface between design tools and 3D printers will become even more important as future printers
enable multiple properties within one object, enabling changing colors, textures, transparency, strength, elasticity, and more.

What we design, as well as how and where we design, sell, and manufacture products will continue to become both hyper-
global and hyper-competitive. To stay successful through this transformation, companies will need to either adopt or be left
behind.

Along this journey, this handbook will help guide the transformation, with updates posted online at hp.com/go/MJFHandbook.
In the meantime, welcome to the future of part fabrication.
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Figure 15: Designers can create customized predictable 3D printed products when printer capability is
communicated upstream
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How does HP Multi

Jet Fusion work?
Material selection

Introduction

HP Multi Jet Fusion (MJF) technology is a powder-bed fusion 3D printing technology that allows for the production of accurate,
functional prototypes and final parts, including color parts. In addition, HP MJF is a technology that does not require support
structures, thus enabling the design of complex geometries without additional costs, which would be expensive or not even
possible to produce with traditional manufacturing processes.

HP MJF 3D printing process

The HP MJF 3D printing process begins with a thin layer of uniformly pre-heated polymer powder particles that is spread across
the build platform.

Then, to achieve part quality at a high speed and produce truly functional parts, HP MJF technology uses the HP multi-agent
printing process. HP's in-depth knowledge of 2D printing solutions and the capability of HP’s proprietary architecture makes it
possible to print millions of drops per second along each inch of the bed width, thus enabling extreme precision and dimensional
accuracy.

HP Multi Jet Fusion’s multi-agent printing process can control the exact amount of each agent that is deposited in each voxel of
the intended part. This printing process involves two different types of agents that are applied across the build platform: fusing
agents and detailing agents.

Afusing agent is applied where the particles are meant to fuse together in the powder in order to create the corresponding part
cross section, leaving the rest of the powder unaltered. A detailing agent is applied to the edges of the part in order to modify
the fusing process and create fine detail and smooth surfaces.

Next, an energy source passes over the build platform, provoking a reaction between the agents and the material that causes
the material to selectively fuse to form a complete layer, thus resulting in production throughput, material density similar to
common Injection Molded plastics, and consistent mechanical properties in all directions.

The process is then repeated until a completely functional part has been formed.

The 3D printing process using HP MJF is summarized in the following figure:

Powder spreading Printing agents Energy delivery Fused layer

o bbb

PRPPPRRPRIY!

Figure 1: 3D printing process with HP Multi Jet Fusion
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Polyamide family

Material selection

Introduction

HP is working hard to enable new materials innovations that break down some of the traditional barriers to 3D printing
adoption—cost, quality performance, and diversity.

Therefore, a selected range of polyamide-based materials has been engineered for HP Multi Jet Fusion technology, thus
offering engineering-grade thermoplastics that provide optimal output quality and high reusability at a low cost per part.!

HP 3D Printing polyamide-based materials for HP Jet Fusion 4200 3D Printing
Solution and HP Jet Fusion 5200 Series 3D Printing Solutions

HP 3D Printing polyamide-based materials for HP Jet Fusion 3D 4200 3D Printing Solution and HP Jet Fusion 5200 Series 3D
Printing Solutions include HP 3D High Reusability PA 12 (HP 3D HR PA 12), HP 3D High Reusability PA 12 Glass Beads (HP HR PA
12 GB), and HP 3D High Reusability PA 11 (HP HR PA 11).

* Robust thermoplastic that produces high-density parts with
balanced property profiles and strong structures.

* Provides excellent chemical resistance to oils, greases, aliphatic
hydrocarbons, and alkalies.?

« Meets biocompatibility certifications such as USP Class |-Vl and US
FDA guidance for Intact Skin Surface Devices.?

* Provides the best balance between performance and cost
compared with other HP 3D Printing polyamide-based materials.

* Engineered to produce final parts and functional prototypes
with fine detail and dimensional accuracy, and designed for the
production of functional parts across a variety of industries.

* |deal for complex assemblies, housings, enclosures, and watertight

applications, achieving watertight properties without any additional Figure 1: HP 3D HR PA 12 part
post-processing. after graphite blasting post-
» Compatible with the HP Jet Fusion 4200 3D Printing Solution and processing

the HP Jet Fusion 5200 Series 3D Printing Solutions.

* 40% glass bead filled thermoplastic material with both optimal
mechanical properties and high reusability.*

* Provides dimensional stability as well as repeatability.®

* Engineered to produce common glass bead applications with
detail and dimensional accuracy, and designed for production of
functional parts across a variety of industries.

« |deal for applications requiring high stiffness like enclosures,
housings, fixtures, and tooling.

» Compatible with the HP Jet Fusion 4200 3D Printing Solution.

Figure 2: HP 3D HR PA 12 GB
part courtesy of NACAR
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Best practices
Design for HP MJF: Design guidelines

Introduction

As with other 3D printing technologies, there is a set of recommendations to follow when designing for HP Multi Jet Fusion
technology to ensure parts and features are printed to specification.

Wall thickness

In general, the minimum recommended wall thickness is 0.3 mm for short walls oriented in the XY plane, and 0.5 mm for short
walls oriented in the Z direction.

Minimum wall thickness:
0.3 mm

’I Wall thickness

Minimum wall thickness: 0.5 mm

" Wall thickness

Figure 1. Minimum wall thickness

Cantilevers

When printing a cantilever, the minimum wall thickness depends on the aspect ratio, which is the length divided by the width.
For a cantilever with a width of less than T mm, the aspect ratio should be less than 1. There are no specific recommendations
for widths of T mm or larger. For parts with a high aspect ratio, it is recommended to increase the wall thickness or to add ribs
or fillets to reinforce the part.

width 1“ Aspect ratio = Length/Width

Length

Figure 2. Cantilevers
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Connecting parts

Sometimes a pair of printed parts need to fit together to form the final application. To ensure correct assembly, the minimum
gap between the interface areas of these parts should be at least 0.4 mm (0.2 mm of tolerance for each part).

Figure 3. Minimum gap between connecting parts

Moving parts

As ageneral rule, spacing and clearance between faces of printed as assemblies should be a minimum of 0.7 mm.

Parts with walls with a minimum thickness of 30 mm should have a larger gap between each side to ensure proper performance.
For parts with walls that are thinner than 3 mm, the clearance between parts printed as assemblies can be as low as 0.3 mm,

but this fully depends on the design, and iterations with the manufacturer may be necessary to ensure quality performance.

0.7 mm

%\

Figure 4. Minimum gap between moving parts

Thin and long parts

Thinand long parts are susceptible to non-uniform cooling, which may cause uneven shrinkage along the printed part, creating
a distortion in a certain direction that deviates from the nominal shape.

As a rule of thumb, any part with an aspect ratio—length vs. width—higher than 10:1, or any part with an abrupt change in
its cross-section or a predominantly long and thin curved segment is susceptible to exhibiting warpage as shown in the image
below:

Figure 5. Part categories susceptible to shrinkage-induced warpage (a) include: thin and long parts (b),
parts with abrupt changes in cross-sections (c), and thin curved surfaces (d)
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To minimize the possibility of this deformation, there are several recommendations to keep in mind when designing the part:

« Increase the thickness of long walls to reduce their aspect ratios.

« Avoid ridges and ribs on large, flat areas.

» Re-design parts with high potential stresses and smoothen their cross-section transitions.
« Lighten the parts by hollowing them or by adding internal lattices.

Original part Potential warp

v m

Lighter design Smooth transition

Figure 6. Warpage mitigation strategies

Design optimization strategies: Solid part or structural fill

HP Multi Jet Fusion technology allows for the printing of topology-optimized, generative designs or even small lattice
structures. This kind of design allows for the creation of thinner sections, which accumulate and re-radiate less heat, improving
the dimensional accuracy and general look and feel of the parts.

It also helps to reduce the weight of the part, the quantity of material, and the fluid agent used compared with fully solid
designs, which not only reduces the cost of the part but also helps reduce the operating cost in applications that are very
weight-sensitive.

This design optimization strategy involves hollowing the model through
an automatic process. (Professional software such as SolidWorks,
Materialise Magics with Materialise Build Processor for HP Multi Jet Fusion
technology, and Autodesk® Netfabb® have this built in.)

The minimum recommended wall thickness is 2 mm, but higher
mechanical properties are achieved with thicker walls. The optimum
choice is dependent upon the application.

Once the model has been printed, drain holes can be implemented in the
hollow part to remove the trapped unfused powder. Otherwise, trapped
unfused powder can remain within the part, which results in heavier and
more resistant parts compared with the fully hollow option. While the part
is still light, it is weaker than the non-hollowed version. The difference in
weight stems from the different densities of fused and unfused material.

Figure 7. Example of hollow part

Leaving the powder trapped within a part also saves post-processing time since

“’ powder extraction is not required.
(N
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This design optimization strategy involves hollowing a part and replacing the internal solid mass with a lattice structure that
provides mechanical integrity via the collective action of many rigid cells while still noticeably reducing the part’s mass and cost.

This re-designis also a fast process that can be automated with professional software such as Materialise Magics or nTopology.

Figure 8. Example of lattice structure

Topology optimization is a finite element method (FEM)—based process that finds the best distribution of material given an
optimization goal and a set of constraints. Typical optimization goals are mass reduction and creating specific mechanical
properties. This process requires the designer to know the part’s function and load distribution in depth but provides the most
optimized method of reducing weight and cost from the original design.

HP part optimized
by Autodesk with Netfabb

Figure 9. Example of topology optimization
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Design for accuracy
Design for HP MJF: Design guidelines

Introduction

To avoid issues with parts and to achieve maximum accuracy when designing with HP Multi Jet Fusion (MJF) technology, there
are certain specifications to bear in mind.

Dimensional accuracy

When designing parts with HP Multi Jet Fusion technology, it is possible to achieve accuracy values of IT Grade 13, with Cpk
values that rival those of plastic Injection Molding.

Minimum specifications for parts

The minimum printable features in planes X, Y, and Z are as follows:

Minimum hole diameter at a thickness of 1T mm 0.5mm
Minimum shaft diameter at a height of 10 mm 0.5 mm
Minimum printable font size for embossed or debossed letters or numbers 6 pt

Minimum printable features or details (width) 0.1 mm
Minimum clearance at thickness of T mm 0.5mm
Minimum slit between walls/embossed details 0.5mm

Minimum Minimum slit
clearance between walls

Minimum hole
Q diameter

‘/) Minimum shaft

diameter Minimum

printable font

Minimum

= feature width

Figure 1. Minimum specification for parts



HP MJF Handbook

Embossed and engraved details

HP Multi Jet Fusion technology allows users to print embossed and engraved details such as letters and drawings with very high
resolutions and definitions.

For the best possible output, any text, number, or drawing included in a part should have a depth or height of at least T mm.

G

Emboss T mm

Deboss 1T mm

Figure 2. Examples of embossed and engraved text

Designing for accuracy guidelines

* When possible, place small features with critical dimensions—such as pins, holes, and raised texts—in the same plane.
« Design parts with a smooth cross-section transition.

» When possible, design lighter parts by hollowing them or adding internal lattices.

« Avoid long, thin, flat parts with an aspect ratio—length vs. width—higher than 10:1.

« Avoid design parts with predominantly long and thin curved segments.

» Avoid ridges and ribs on large, flat areas.

©Copyright 2019 HP Development Company, L.P. The information contained herein is subject to change without notice.
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Design for aesthetics
Design for HP MJF: Design guidelines

Introduction

To print parts with optimal appearance and material properties, there are certain specifications to bear in mind.

Stair-stepping effect

All layer-by-layer manufacturing technologies require a discretization of their Z dimensions according to the layer thickness.
The visibility of these layers depends mainly on their thicknesses and printing angles.

HP Multi Jet Fusion (MJF) technology uses layers of only 80 um (0.080 mm), which are difficult to see with the naked eye in most
situations. However, for small angles in the part, layered steps could become visible.

Thus, when designing parts with protruding features, it is recommended to keep angles above 20° between big, flat areas and
the XY plane if they will be facing upward. Surfaces that face downward are typically exempt from stepping as long as they are
oriented and avoid angles less than 5° to 10°.

These values, however, are general indications and ultimately depend on the application. For optimum results, the best solution
is to try several options and choose the one that yields the better look and feel.

Figure 1: Stair-stepping effect

Designing for aesthetics guidelines

» When possible, place small features with critical dimensions—such as pins, holes, and raised texts—in the same plane,
taking into account that areas printed facing downward would have a better look and feel than those that face upward.

« Design parts with a smooth cross-section transition.

* When possible, add internal lattices or hollow the parts to achieve a lighter design.

« Avoid long, thin, flat parts with an aspect ratio—length vs. width—higher than 10:1.

« Avoid designing parts with a predominantly long and thin curved segment.

« Avoid ridges and ribs on large, flat areas.
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Design for cleaning
Design for HP MJF: Design guidelines

Introduction

Ease of cleaning is one of the advantages of HP Multi Jet Fusion technology compared with other 3D printing technologies.
However, in terms of 3D printing production, designers should take into account several recommendations in order to facilitate
the cleaning process and minimize the cost once the part is printed.

Drain holes

When printing hollow parts, add at least two drain holes on opposite faces of the part for efficient powder removal, which is
critical to obtain the largest weight reduction. The minimum recommended diameter of the drain holes is 5 mm.

Lattice structures

Unfused powder can be difficult to remove from a part through drain holes when a part has a lattice structure inside. Therefore,
it is recommended to leave the powder trapped inside or to leave the lattice partially open. The minimum gap recommended in
a lattice structure to ensure that the material inside the part can be removedis 5 mm.

/\r\'\m‘““gaD

/

Figure 1. Minimum gap for lattice structures



