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The PAS process enables a guide to be rapidly
developed in order to fulfil an immediate need

in industry. A PAS can be considered for further
development as a British Standard, or constitute part
of the UK input into the development of a European or
International Standard.

Use of this document

As a guide, this PAS takes the form of guidance and
recommendations. It should not be quoted as if it
were a specification or a code of practice and claims of
compliance cannot be made to it.

It has been assumed in the preparation of this PAS
that the execution of its provisions will be entrusted
to appropriately qualified and experienced people, for
whose use it has been produced.

Presentational conventions

The guidance in this PAS is presented in roman (i.e.
upright) type. Any recommendations are expressed
in sentences in which the principal auxiliary verb is
“should”.

Commentary, explanation and general informative
material is presented in smaller italic type, and does not
constitute a normative element.

Where words have alternative spellings, the preferred
spelling of the Shorter Oxford English Dictionary is used
(e.g. “organization” rather than “organisation”).

Contractual and legal considerations

This publication does not purport to include all the
necessary provisions of a contract. Users are responsible
for its correct application.

Compliance with a PAS cannot confer immunity from
legal obligations.
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O Introduction

0.1 What is AM/3DP?

Additive manufacturing (AM), also referred to as 3D
printing (3DP), as defined in Annex A, refers to the
application of a group of technologies which use
3-dimensional (3D) computer-aided design (CAD)
data to produce tangible objects. These objects are
constructed through the addition of multiple layers
of material, using information derived from the 3D
CAD data. The material in each layer is consolidated
thermally or chemically. Each subsequent layer is then
bonded to the previous layer thermally, chemically or
mechanically, resulting in a tangible facsimile of the
original 3D CAD data. There are seven recognized
configurations of the AM/3DP process as defined in
BS EN ISO/ASTM 52900. Annex B describes the seven
configurations along with details of the materials that
each technology can process.

0.2 The benefits of AM/3DP compared to
established manufacturing processes

0.2.1 Production flexibility and geometric complexity

There are many inherent benefits to using AM/3DP,
which are primarily a function of production flexibility
and geometric complexity leading to improved
availability and product performance.

0.2.2 Flexible production - toolless manufacture (cost
reduction)

As a digitally enabled process, AM/3DP allows users to
manufacture items with no associated tooling. AM/3DP
differs significantly from processes such as moulding,
casting and machining, where tools, patterns, jigs and
fixtures are needed to enable production. AM/3DP
removes the capital investment and risk associated with
this general “tooling”, along with the economies of
scale and the need to amortize “tooling” cost across
large production volumes. AM/3DP can, therefore,
enable cost-effective low-volume production that is
highly flexible to changes in customer demand.

0.2.3 Improving product performance — smart parts
(revenue enabler)

As AM/3DP uses a layered approach to manufacturing,
it is also possible to increase the geometric complexity
of items beyond the level achievable using traditional
manufacturing processes. This complexity can be
achieved with little if no impact on production
economics, but enables several potential benefits to the
customer, which can be monetized, such as improved
product performance and efficiency.

0.2.4 Part consolidation — fewer parts, less assembly
(cost reduction)

By increasing geometric complexity, it is possible to
consolidate multiple parts of an assembly together
into a single component. Consolidation reduces
the complexity of the supply chain, eliminates
manufacturing and assembly operations, removes
potential points of failure and can reduce life-cycle
service costs.

0.2.5 Personalization and customization — new markets
(revenue enabler)

By coupling the geometric freedom of AM/3DP with
the low-volume production economics of the process,
it is well suited to the manufacture of customized
and personalized products such as medical devices,
consumer goods and fashion items.

0.2.6 Repair and reuse - after market opportunity
(revenue enabler)

AM/3DP technology can also be used in the repair and
remanufacture of existing products where material can
be added using an AM/3DP process onto an existing
object.
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0.3 Limitations of AM/3DP compared to
established manufacturing methods

0.3.1 Process, productivity and economic challenges

There are many benefits to AM/3DP. However, the
process also has limitations and drawbacks.

0.3.2 Low productivity rates

AM/3DP processes have low production rates when
compared to more established production methods.
For example, whereas an injection moulding machine
might take less than a minute to produce a plastic
component, an equivalent part produced by AM/3DP
could take several hours. Similarly, whereas the cycle
time of a computer numerically controlled (CNC) milling
machine, cutting metal, might be less than an hour
from a solid billet to a finished part, the equivalent
part could take over 24 hours to produce using metallic
AM/3DP technology.

However, the use of AM/3DP can also mitigate the
need for injection mould, die-cast or investment cast
tooling, which can take many months to produce.
Moreover, the use of AM/3DP can reduce the number
of manufacturing and assembly steps needed to bring a
product to market. Hence, making the overall approach
faster. It is therefore critical that any AM/3DP business
case considers the end-to-end production lead-time

of parts across the value chain, not solely the AM/3DP
production rate.

0.3.3 Questionable production economics

Some high-end AM/3DP machines can cost many
hundreds of thousands of pounds. Moreover, the
material feedstock used by AM/3DP machines can

be significantly more per tonne than the equipment
material used in moulding, casting or machining. The
relatively low productivity of machines coupled with
the high cost of machines and raw materials can result
in very high-cost components.

However, AM/3DP can also mitigate the need for
fixed assets such as tooling and can be used to reduce
down-stream processes and assembly tasks. It is
therefore critical that any AM/3DP business case
considers the end-to-end production cost of parts,
not solely the piece-part production cost of the
AMY/3DP step.
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0.3.4 Limited process capability

AM/3DP is often considered as an alternative to
established production processes such as moulding,
casting and machining. Although AM/3DP is capable

of making suitably sized parts in the same or similar
materials, it might not be able to achieve the accuracy,
resolution or surface finish of these processes without
additional post-process machining, which increases part
cost.

0.3.5 Limited material properties

Although AM/3DP machines can process conventional
engineering polymers and metals, the resulting
mechanical properties of the parts produced might not
be equivalent to the same material when processed by
casting, moulding or machining. In some cases, this can
result in the need for post-process heat treatment and
an increased level of part inspection, which increases
part cost.

0.3.6 Costly product certification

Many of the benefits of AM/3DP are achieved through
redesigning a product or part specifically for an
AM/3DP process. In many cases this results in a new
product, being made using a new method, in a material
with new mechanical properties. In such a circumstance,
it might be necessary to certify the capabilities of the
product through testing; for example, a new medical
device, aerospace component or consumer product.
Product certification can add both time and cost to the
adoption of AM/3DP.

0.3.7 Difficult process validation

When AM/3DP is used to manufacture certified
products or products with a high level of criticality, it
is essential that the process remains within specified
limits. Like many manufacturing processes, the
uniformity of parts produced using AM/3DP can vary
significantly as a result of small changes in the process
environment. It is therefore important to consider the
cost of establishing, mitigating and monitoring any
process variance.
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Figure 1 details the primary value propositions of

AM/3DP adoption and the fundamental limitations to

consider when developing or assessing the business

case for AM/3DP.

Figure 1 - Primary value propositions and

limitations of AM/3DP

The value proposition
of AM/3DP

Flexible production

Limitations and
consideration for

adoption

Limited productivity

Low-volume economic
production

Production economics

Part count and
assembly reduction

Process capability

Improved product
performance

Material property and
consistency

Personalization and
customization

Product certification

Repair and reuse

Process validation

NOTE Other benefits and limitations to AM/3DP are
explained in detail throughout PAS 6001.

" www.strategyzer.com/canvas/business-model-canvas

0.4 How to use PAS 6001

There are a multitude of economic, legal, social and
human factors to consider when either building or
assessing an AM/3DP business case. PAS 6001 provides
the information needed in the evaluation of these
factors.

PAS 6001 uses a number of hypothetical examples

of financial business cases relating to different
applications of AM/3DP. These financial models are
provided for illustration purposes only, to help navigate
the information provided within PAS 6001.

When building a business case for AM/3DP using the
financial models presented in PAS 6001, the business
model canvas presented in Annex C can be used. Based
on the Alexander Osterwalder " business model canvas,
Annex C provides a framework to capture the value
proposition of AM/3DP and the information needed to
build a financial model and business case. This canvas
can be used to capture ideas stimulated by PAS 6001.
Annex D provides a series of self-assessment questions
relating to the business drivers for AM/3DP adoption,
capital investment and outsourcing, the implications of
AMY/3DP on human resources and commercial risk.

PAS 6001 does not make recommendations on which
AM/3DP technology is the most appropriate for a
given application; instead, it provides a framework
for how technology investment and adoption should
be assessed. It considers the broader implications of
AM/3DP on the business, the supply chain and the
customer.
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1 Scope

This PAS provides guidance to directors, senior
management and accountants of companies of all sizes
who wish to explore or assess the business case for the
adoption of AM/3DP for the production or repair of
end-use products, systems and services.

The insight provided enables readers to understand
where AM/3DP can contribute to top-line business
growth, bottom-line profitability and productivity
improvement.

This PAS considers how to build the most appropriate
supply chain and how to quantify the broader

social, environmental and economic benefits of the
technology.

It considers the impact of AM/3DP technology adoption
both internally and externally, including investment,
risk, skills, change management and customer
expectation.

This PAS does not cover the business case for rapid
prototyping (RP) or digital product development.
NOTE Although written in the language of profit
and loss, this PAS can also be used by anyone looking
to develop a business case for AM/3DP within their
organization or, inversely, anyone looking to assess an
AMY/3DP business case presented to them by others.
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2 Terms and definitions

For the purposes of this PAS, the following terms and
definitions apply.

NOTE See Annex E for a list of initialisms and acronyms.

2.1 additive manufacturing

manufacture of production, end-use or series parts
made using technologies based on the principles of
Additive Layered Manufacturing (ALM)

2.2 3D printing

process of manufacturing a tangible component part
using ALM technology

2.3 3D printer

computer controlled machine that produces tangible
components in a layer-wise fashion through the
addition of material

2.4 voxels

three-dimensional volume of material at a known
location

NOTE The word “voxel” is an amalgamation of the
words “pixel”, a two-dimensional element at a known
point, and the word “volume”.

2.5 customization

process of choosing from a pre-defined list of options,
with the resulting options being combined into a
customized product

NOTE An example of this is the configuring of a new
car.

2.6 personalization

process of producing unique items using 3D design
data, derived from, or produced by the customer or
patient

NOTE An example of this is a hearing aid or prosthetic
implant cutting guide made using patient scan data.

2.7 stair-stepping

occurs with all layer manufacturing processes, when
parts with curved or angled surfaces are made

NOTE As each layer is deposited, a pronounced step can
be created if the previous layer has a different surface
profile to the subsequent layer. Stair-stepping can be
minimized by using thinner layers, but this is not always
possible and can increase the build time.

2.8 design for additive manufacture
(DFAM)

enables component parts to be manufactured with a
very high level of geometric complexity or with variable
mechanical properties embodied within a single
component

NOTE DFAM is often achieved using dedicated software
tools designed specifically for AM/3DP.
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3 Benefits and income streams from AM/3DP

3.1 Revenue growth and improved
profitability

At the highest level, AM/3DP enables companies to
grow their top line through new product and service
innovation whilst also growing their bottom-line
through shop floor productivity improvements and
supply chain efficiency gains. Figure 2 shows the
four primary organizational benefits of AM/3DP
adoption and where change is experienced within
an organization’s value chain.

Figure 2 — The impact of AM/3DP on a
company'’s value chain, revenue and profit

WHO WILL BE IMPACTED BY
AM/3D ADOPTION?

~ Customers Company and its
E suppliers

[N

= > AM/3DP f

" = B or AM/3DP for

o B improved customer .

=z B . streamlined and
< B service and lean supply chains
S o engagement PPl

w

T

i >

=S| s AM/3DP for new AM/3DP for more
§ g advanced and efficient (lean)
4 < efficient products production methods
T

=

Top-line growth Bottom-line profit

HOW WILL THE COMPANY SEE A RETURN
ON INVESTMENT?

3.2 Driving top-line growth using
AM/3DP

3.2.1 New and innovative products

AM/3DP can be used to enable the manufacture of
new and innovative products. These products can then
capture new revenue from increased market share
driven by competitor attrition, entry into new vertical
markets or entry into new geographic territories.
Annex F, Table F.1 provides several discrete examples of
where AM/3DP can be used to drive revenue through
new and innovative products.

© The British Standards Institution 2020
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3.2.2 New and innovative services

AM/3DP can be used to enable increased levels of
customer service, customer engagement or customer
interaction, leading to increased customer spending.
Annex F, Table F.2 provides several examples of where
AMY/3DP can be used to drive revenue through improved
customer service or increase customer engagement
beyond the traditional factory or product offer.

3.2.3 Example 1 - Top-line growth through new
product innovation (hypothetical)

Figure 3 shows a 7-year business plan for a new
(hypothetical) product enabled by AM/3DP investment.
Compressor Valves Incorporated (CVI) has an idea for

a new pressure relief valve that can operate at much
higher pressures, due to its unique design. However,
the design can only be produced using metallic AM/3DP.
CVI has no AM/3DP capacity and limited experience.
The CVI sales and marketing team believe that within
4 years, demand for the valve will reach 10,400 units
per annum with an initial sales price of £100 per unit.
In year 1, to mitigate risk, CVI takes the decision to
outsource the manufacture of the initial pre-production
prototypes to a third party, investing £50K on testing
equipment and £20K in specialist design software.

In year 2, CVI invests £500K on its own metallic AM
machine and a further £50K in ancillary equipment
whilst making changes to the facilities and staffing
levels. The company depreciates the AM/3DP machine
over 4 years (6 years for ancillary equipment). During
year 2, the company undertakes rigorous product
testing and certification by an outsourced third party.
In year 3, CVI commences sales with the output from
its one machine. In year 4, CVI adds a second machine.
By year 6, CVI plans to introduce a wider range of new
AM/3DP products, leading to market cannibalization
and reduced sales of the original valve in years 6 and 7.
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Figure 3 - Financial business case for investment in AM/3DP to enable a new product

More
details can
be
found PAS 6001
in these clause
sections reference YEAR 5
INCOME
New product sales 3.2.1 £0 £0 £520,000 £1,040,000 £1,040,000 £884,000 £780,000
New services revenue 3.2.2 £0 f0 £0 £0 f0 £0 £0
£0 £0 £520,000 £1,040,000 £1,040,000 £884,000 £780,000
DIRECT COSTS
Staff cost 4.2/8.0 £50 £70,000 £100,000 £105,000 £110,000 £115,000 £120,000
Subcontractor costs 4.1/4.10 £150,000 £50,000 £0 £0 f0 £0 £0
Materials 4.6 f0 £50,000 £200,000 £300,000 £400,000 £400,000 £380,000
Waste and consumables 4.8 f0 £5,000 £20,000 £30,000 £40,000 £40,000 £38,000
Warranty 4.4.2 f0 £0 £50,000 £50,000 £100,000 £100,000 £50,000
Software 4.3 £20,000 £20,000 £10,000 £10,000 £10,000 £10,000 £10,000
Facilities 4.5 £20,000 f0 f0 £0 f0 f0
£170,050 £215,000 £380,000 £495,000 £660,000 £665,000 £598,000
CONTRIBUTION -£170,050 -£215,000 £140,000 £545,000 £380,000 £219,000 £182,000
INDIRECT COSTS
Rental / mortgage £100,000 £100,000 £100,000 £110,000 £110,000 £110,000 £110,000
Rates £10,000 £10,000 £10,000 £110,000 £10,000 £10,000 £10,000
Utilities £10,000 £10,000 £10,000 £10,000 £10,000 £10,000 £10,000
staff costs £100,000 £100,000 £100,000 £100,000 £100,000 £100,000 £100,000
£220,000 £220,000 £220,000 £330,000 £230,000 £230,000 £230,000
EBITDA -£390,050 -£435,000 -£80,000 £215,000 £150,000 -£11,000 -£48,000
Depreciation (AM/3DP
hardware) 4.4 £0 £125,000 £125,000 £250,000 £250,000 £125,000 £125,000
Depreciation (ancillary) 4.7 £8,333 £16,666 £16,666 £16,666 £16,666 £16,666 £8,333
EBIT -£381,717 -£293,334 £61,666 £481,666 £416,666 £130,666 £85,333
Tax credits 7.2 £55,349 £42,533
Grants 7.2 £25,000 £25,000
Capital allowance 7.2
PRE-TAX PROFIT -£301,368 -£225,801 £61,666 £481,666 £416,666 £130,666 £85,333
CUMULATIVE RETURN -£301,368 -£527,169 -£465,503 £16,163 £432,829 £563,495 £648,828
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3.3 Driving bottom-line growth using
AM/3DP

3.3.1 Making the factory more efficient

AMY/3DP can be used within the production

environment to address process inefficiencies. Figure 4
aligns the use of AM/3DP to the eight waste streams of
lean manufacturing and shows how this can be used to

PAS 6001:2020

3.3.2 Improving the supply chain

The adoption of AM/3DP can have an external impact
on the business through a more streamlined and lean
supply chain. A more streamlined supply chain then
presents gains in operational efficiency leading to
higher levels of profitability. Annex F, Table F.3 provides
several examples of where AM/3DP can be used to drive
external supply chain efficiency.

increase profitability.
Figure 4 — Alignment of AM/3DP with the eight wastes of lean manufacturing

More efficient lean production methods

How does AM/3DP
address lean waste?

How does this drive profitability?

Reduction in defects As a digital technology, errors are both traceable and can be rectified quickly
with minimal risk. Some mistakes can also be corrected using AM/3DP repair

technologies reducing scrap rates and financial losses.

Reduction in
overproduction

AMY/3DP parts can be printed to order or to maintain minimal inventory. Printing
to order frees up working capital while also reducing the associated cost of part
storage and disposal of excessive end of life stock.

Reduction in waiting Part consolidation and replacing multiple manufacturing operations reduces
inefficient waiting time during production, enabling faster task-times and freeing
up working capital more quickly. AM/3DP can also be used to manufacture
temporary or “bridge” jigs, fixtures and tooling, allowing more seamless

production to take place with less down time.

Reduced transportation By reducing manufacturing production steps and by utilizing concurrent AM/3DP
manufacture close to the point of product use, transportation time and associated

costs decrease, while enabling products to reach customers more quickly.

Inventory excess AMY/3DP processes require significantly less raw material to be held in stock, while
also producing less scrap. Digital inventories enable the manufacture of spare parts,

reducing the cost associated with storage and end of life disposal.

Reduction in motion
waste

As a digital “light-out” technology, AM/3DP requires a minimal level of human
intervention. With a well-designed and automated facility, operator motion can be
minimized, leading to higher levels of labour efficiency.

Reduction in excess
processing

As a digital technology, the acceptable level of part quality can be set before
production, such as the use of thicker layers or lower resolution. These changes
can significantly reduce the cost of manufacture while achieving a quality level
acceptable to the customer.

Non-utilized talent Companies can increase productivity by utilizing the talents, skills and knowledge
of employees that have experience of AM/3DP technologies and processes. These
experiences may have been gained at prior employers, through academic study or

through the use of low-cost consumer 3D printing in the home.

Documents

Document Sharing Hub
© The British Standards Institution 2020

Full document details: PAS 6001:2020


http://www.avadocuments.com/doc/pas-6001-2020
http://www.avadocuments.com/doc/pas-6001-2020

PAS 6001:2020

3.3.3 Example 2 - Bottom-line growth through lean
AM/3DP production (hypothetical)

Figure 5 and Figure 6 detail a simplified five-year
(hypothetical) cost comparison between two similar
products manufactured using injection moulding and
assembly (Figure 5), and plastic AM/3DP as a single item
(Figure 6).

Gadget Makers International (GMI) assemble and
supply a range of high-end kitchen utensils. Due to
skills shortages and market uncertainty, the company
have closed their tool-room and mould-shop and are
now reliant on third party suppliers of tools, mouldings
and metal parts.

The company is in the process of bringing to market

a new kitchen gadget, which they believe could

be manufactured using AM/3DP. Using the design
freedoms of AM/3DP the gadget can be manufactured
as one single moving component, rather than three
mouldings assembled with screws and a central
bearing.

The company'’s sales and marketing team do not believe
the AM/3DP product can be sold for a higher price than
the moulded part and are suggesting a wholesale price
of £15 per unit. The team are also suggesting annual
sales volumes in the order of 10,000 units over a five-
year product life.

The minimum order quantity for moulded parts is
20,000 units for each of the three components required,
with a piece part price of £0.50 for each component.
The bearings are readily available for £1 each and can
be ordered in small quantities, albeit with less bulk
discount. Assembly of the parts with the bearing and
fixing screws takes 6 minutes with a fully loaded labour
cost of £40 per hour. The cost of outsourcing AM/3DP
batch products is £2,000 for a batch of 250 parts.

However, when in the market, sales of the product
rapidly decline in year 4 due to low-cost competition
from overseas. This results in a price reduction to £8 per
unit by year 5, with the potential for significant levels
of stock being scrapped.

Figure 5 — Cashflow projection of injection moulding and assembly

INCOME

Sales Price £15 £15 £15 £10 £8
Sales volume 5,000 10,000 10,000 2,000 1,000
£75,000 £150,000 £150,000 £20,000 £1,008

DIRECT COSTS (TRADITIONAL)
Product design cost £5,000 £0 £0 £0 £0
IM tool design costs £7,000 f0 f0 f0 f0
IM tool manufacture £40,000 £0 £0 £0 £0
IM part procurement £30,000 f0 £30,000 £0 f0

AM/3DP assembly
procurement f0 f0 f0 f0 f0
Bearing procurement £5,000 £10,000 £1,000 f0 f0
Fixings (screws) £50 £100 £100 £20 £10
Component storage £100 £100 £100 £100 £100
Assembly cost £20,000 £40,000 £40,000 £8,000 £4,000
Cost of excess stock disposal £0 £0 £0 £0 £50
£107,150 £50,200 £71,200 £8,120 £4,160
ANNUAL CASH IMPACT -£32,150 £99,800 £78,800 £11,880 -£3,152
CUMULATIVE RETURN -£32,150 £67,650 £146,450 £158,330 £155,178
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Figure 6 — Cashflow projection of AM/3DP manufacture as a single part

PAS 6001 clause

reference YEAR 1 YEAR 2 YEAR 3 YEAR 4
INCOME
Sales price £15 £15 £15 £10 £8
Sales volume 5,000 10,000 10,000 2,000 1,000
£75,000 £150,000 £150,000 £20,000 £8,000
DIRECT COSTS (AM/3DP)
Product design cost 441 £7,000 f0 f0 f0 f0
IM tool design costs £0 £0 £0 £0 £0
IM tool
manufacture £0 £0 £0 £0 £0
IM part
procurement f0 f0 £0 f0 f0
AMY/3DP assembly
procurement 5 £40,000 £80,000 £80,000 £16,000 £8,000
Bearing
procurement f0 f0 f0 f0 £f0
Fixings (screws) f0 f0 £0 f0 f0
Component storage f0 f0 f0 f0 £0
Assembly cost £0 £0 £0 £0 £0
Cost of excess stock
disposal £0 £0 £0 £0 £0
£47,000 £80,000 £80,000 £16,000 £8,000
ANNUAL CASH
IMPACT £28,000 £70,000 £70,000 £4,000 £0
CUMULATIVE
RETURN £28,000 £98,000 £168,000 £172,000 £172,000
3.4 Non-financial benefits of AM/3DP 3.4.3 Marketing and PR benefits

adoption (soft value) o _
AM/3DP has been popularized in the media,

3.4.1 Environmental benefits of using AM/3DP in the there might therefore be some marketing benefit
value chain from associating the use of the technology to the
In addition to the direct financial benefits of AM/3DP manufacture of a product.

adoption, there are also several environmental benefits.
Many of these environmental benefits will also lead to 3.5 Prioritizing the use of AM/3DP within the

reduced indirect manufacturing costs and overheads; organization

some also yield reduced operating costs for the end- Although many organizations can derive value from

user. Annex F, Table F.4 provides details of many of the AM/3DP in two or more of the quadrants in Figure 2,

environmental benefits that can be gained through it is advisable to focus initial implementation activities

AM/3DP adoption. around the quadrant that will yield the most significant
impact.

3.4.2 Social benefits of using AM/3DP products NOTE Annex D, Table D.1 can be used to support

In addition to the direct financial benefits and this high-level prioritization of AM/3DP across the

environmental benefits of AM/3DP adoption, there organization.

are also several social benefits relating to improved
healthcare and product ergonomics. Several examples
can be found detailed in Annex F, Table F.5.
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