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Industry 4.0





Additive manufacturing: rapid prototyping comes of age
Ian Campbell, David Bourell, Ian Gibson 
Rapid Prototyping Journal
ISSN: 1355-2546
Publication date: 8 June 2012

Purpose
The purpose of this paper is to provide a personalised view by the Editors of the Rapid Prototyping Journal.

Design/methodology/approach
It collects their years of experience in a series of observations and experiences that can be considered as a 
snapshot of where this technology is today.

Findings
Development of these technologies has progressed according to application, materials and how the 
designers have applied their creativity to such a unique manufacturing tool.

Originality/value
The paper predicts how the future of additive manufacturing will look from the perspective of three key 
elements: applications, materials and design.

https://www.emerald.com/insight/search?q=Ian%20Campbell
https://www.emerald.com/insight/search?q=David%20Bourell
https://www.emerald.com/insight/search?q=Ian%20Gibson
https://www.emerald.com/insight/publication/issn/1355-2546


https://3dprintingindustry.com/news/interview-new-study-shows-3d-printing-second-fastest-growing-technology-2017-127179/

Patent growth 2008-2017
Patent Classification B33Y Additive Manufacturing grew at a compound annual 
rate of 35% from 2013 to 2017

The only technology with a higher 5 year growth rate was e-Cigarettes at 45%. 
Machine Learning took third place at 34%, Autonomous Vehicles had a 27% 
CAGR, Moulding Materials 27%, Hybrid Vehicles 26%, Aerial Drones also 26% 
and Food at 24% was the 8th fastest growing technology by patent.

Filed patents in 2017

General Electric 89 - Xerox 78 - Boeing 50 - Desktop Metal 48 - Hewlett-Packard 
Development 48 - Ricoh Co 45 - Stratasys 40



Windows Paint 3D
Paint 3D 

http://www.youtube.com/watch?v=ooHTsD7t6A4&t=25


Additive Manufacturing Taxonomy

a quiz



… and material classes and costs

● Manufacturing - metal - 100k€
● Architectural/prototyping - plastics - 1k€
● Biomedical - living material

Main areas of interest of Additive Manufacturing 



http://web.mit.edu/2.810/www/files/readings/AdditiveManufacturingTerminology.pdf

http://web.mit.edu/2.810/www/files/readings/AdditiveManufacturingTerminology.pdf


LLNL’S HPC Lawrence Livermore National Laboratory High Performance Computing 
Modelling and Simulation Capabilities

Mies, D. Marsden, W.,& Warde, S. (2016). Overview of additive manufacturing informatics: “a digital thread”. Integrating Materials and Manufacturing Innovation, 5(1), 6.



 Q-Management Ishikawa AM

Schmid, M., & Levy, G. (2012). Quality management and estimation of quality costs for additive manufacturing with SLS. In Fraunhofer Direct Digital Manufacturing Conference 2012. ETH-Zürich.



Equipment/System

a) Q-elements of Equipment; b) Recommended Q-activities Equipment/ System

a)

b)

Schmid, M., & Levy, G. (2012). Quality management and estimation of quality costs for additive manufacturing with SLS. In Fraunhofer Direct Digital Manufacturing Conference 2012. ETH-Zürich.



Equipment/System metal powder

a)

b)
a) Q-elements of Metal Powder; b) Recommended Q-activities of Metal Powder

Schmid, M., & Levy, G. (2012). Quality management and estimation of quality costs for additive manufacturing with SLS. In Fraunhofer Direct Digital Manufacturing Conference 2012. ETH-Zürich.



Equipment/System Production and Batch

a)

b)
a) Q-elements of Production and Batch; b) Recommended Q-activities of Production and Batch

Schmid, M., & Levy, G. (2012). Quality management and estimation of quality costs for additive manufacturing with SLS. In Fraunhofer Direct Digital Manufacturing Conference 2012. ETH-Zürich.



Equipment/System Part and Finishing

a)

b)
a) Q-elements of Part and Finishing; b) Recommended Q-activities of Part and Finishing

Schmid, M., & Levy, G. (2012). Quality management and estimation of quality costs for additive manufacturing with SLS. In Fraunhofer Direct Digital Manufacturing Conference 2012. ETH-Zürich.



Selective laser sintering
powder agglomeration by laser



Steps in Making Powder-Metallurgy Parts

Outline of processes and operations involved in making powder-metallurgy parts
Manufacturing, Engineering & Technology, Fifth Edition, by Serope Kalpakjian and Steven R. Schmid. ISBN 0-13-148965-8. © 2006 Pearson Education, Inc., Upper Saddle River, NJ.  All rights 
reserved.



Particle Shapes in Metal Powders

Particle shapes in metal powders, and the processes by which they are produced.  Iron powders 
are produced by many of these processes.

Manufacturing, Engineering & Technology, Fifth Edition, by Serope Kalpakjian and Steven R. Schmid. ISBN 0-13-148965-8. © 2006 Pearson Education, Inc., Upper Saddle River, NJ.  All rights 
reserved.



Sintering Time and Temperature for Metals

Manufacturing, Engineering & Technology, Fifth Edition, by Serope Kalpakjian and Steven R. Schmid. ISBN 0-13-148965-8. © 2006 Pearson Education, Inc., Upper Saddle River, NJ.  All rights 
reserved.



Mechanisms for Sintering Metal Powders

Schematic illustration of two mechanisms for sintering metal powders:  (a) solid-state material 
transport; and (b) vapor-phase material transport.  R = particle radius, r = neck radius, and p = 
neck-profile radius.
Manufacturing, Engineering & Technology, Fifth Edition, by Serope Kalpakjian and Steven R. Schmid. ISBN 0-13-148965-8. © 2006 Pearson Education, Inc., Upper Saddle River, NJ.  All rights 
reserved.



https://www.sciencedirect.com/science/article/pii/S0959652610002763

https://www.sciencedirect.com/science/article/pii/S0959652610002763






Monitoring



Direct Metal 
Laser 
Sintering
DEFECTS ANALYSIS AND MONITORING 
STRATEGIES

Morante, F; Palladino, M; Lanzetta, M (2019) Towards an integrated sensor system for additive manufacturing, S2M Conf Manchester April 9-11 2019



Direct Metal Laser 
Sintering (DMLS) 
Process

Morante, F; Palladino, M; Lanzetta, M (2019) Towards an integrated sensor system for additive manufacturing, S2M Conf Manchester April 9-11 2019



•Laser: Ytterbium 1064 nm

•Optical fiber: bring the radiation from 
the laser

•Collimator: collimate the laser 
radiation

•Beam expander: increase the beam 
diameter

•Scanner: with high dynamic mirrors 
to direct the beam

•F-Theta lens: focus the beam

Direct Metal Laser Sintering (DMLS) Process
Optical system



Defects classification

24/03/2019 29
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Defects classification
Process defects

R. LI et al. 
2012
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Defects classification
Part defects
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Defects classification
Defect sources
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•Today two different spreading system are present on the market

•A roller or a blade spread the powder on the bed

Direct Metal Laser Sintering (DMLS) Process
Recoating system

A. Amado et al. 
2011



24/03/2019 34

•3 platform on EOS® M280 e M290

•Recoater with changeable blade

Direct Metal Laser Sintering (DMLS) Process
Recoating system



DMLS in situ Monitoring

24/03/2019 35



Accelerometer monitoring
•Recoating system vibration

•Powder bed quality analysis

•Threshold alarm setting

24/03/2019 36
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•Frequencies of recirculation fan identification

•Natural frequencies identification

•Engine frequencies identification

Accelerometer monitoring
Signal analysis



24/03/2019 38

•Parts collision detection

•Acceleration max detection

•Threshold alarm setting to prevent recoater stop

Accelerometer monitoring
Recoater system collision with parts



Optical Tomography Monitoring
•CMOS Full HD Camera 10 fps

•Filter @960 nm

•Elaboration software with three different 
algorithms

24/03/2019 39



Optical Tomography monitoring
Lack of powder

24/03/2019 40

•Cold area during lack of powder

•Hot area during thicker layer melting 



Optical Tomography monitoring
Gas flow analysis

24/03/2019 41

•Parts thermal profile 
with different nozzles
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Hotspots in downskin area

High roughness on the part

Optical Tomography monitoring
Defects identification examples
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•Spatter emission visualization with 
different GV (Grey value)

Optical Tomography monitoring
Defects identification examples



MeltPool Monitoring
•2 photodiodes with different filters

•On-axis and off-axis signal 

•Online and offline analysis software 

24/03/2019 44
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•60 kHz signal visualization

•Differences between on- 
and off-axis images

MeltPool monitoring
Lack of powder



Sensors integration

24/03/2019 46

IR camera

Camera

Accelerometer Photodiodes
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Sensor 
integration
Lack of powder

MeltPool signal and Exposure map

OT 
image

Accelerometer signal
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Sensor 
integration
Recoater collision

PorositàRugosità
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Powder spreading Powder bed defects
Melting 

defects

IR cameraCameraAccelerometer

Exposure

Photodiodes

Available
 sensors

YE
S

YE
S

N
O

NO –––> Next 
layer

Sensors 
integration
Online feed-back



The Three Dimensional Printing 
(3DP) process



https://www.sciencedirect.com/science/article/pii/S006525390860877X

https://www.sciencedirect.com/science/article/pii/S006525390860877X


Alumina slipcasting moldArchitectural models (in ceramic)

Metal tools for injection molding Alumina airfoils (green)

Examples of 3D Printed parts 
(1/3) source:web.mit.edu/tdp/www



Ceramic casting (shell & casting)Ceramic appearance model

Porous ceramic filter Printed part emerging from powder

Examples of 3D Printed parts 
(2/3) source:web.mit.edu/tdp/www



Complex surface textureSilicon nitride rotor

Metal injection molds Ceramic lattice structure

Examples of 3D Printed parts 
(3/3) source:web.mit.edu/tdp/www



The thermal and the piezo inkjet



The Experimental Set-up
The printhead

A Drop on Demand, 
bubble-jet commercial 
printhead.

The binder

Colloidal Silica in 
Ethylene Glycol in 
water, with food 
colour to enhance the 
contrast of lines within 
the white Alumina 
powder bed.The power bed

Laying on a detachable 
support, which allows 
an accurate 
repositioning.

The rotating platform

with a switch 
connected to the PC to 
measure the actual 
speed and all the 
consequent process 
parameters.

The control

A PC driving an 
external electronic 
circuit generates a 
series of pulses to print 
drops at a given 
frequency.Stackable shims

allow spreading beds 
of different thickness.





200 μm
source:Straube,A.M.,Diplomarbeit,3DPLab,MIT,2000





The Step Method for the Drop Speed



Prof.Ing. Michele Lanzetta - lanzetta@ing.unipi.it - Università di Pisa - Dip.to Ing. Civile e Industriale
AITeM Associazione Italiana di Tecnologia Meccanica www.AdditiveManufacturing.work



Prof.Ing. Michele Lanzetta - lanzetta@ing.unipi.it - Università di Pisa - Dip.to Ing. Civile e Industriale
AITeM Associazione Italiana di Tecnologia Meccanica www.AdditiveManufacturing.work

POWDER 
REACTION

The line formation

BINDER 
ACTION



Prof.Ing. Michele Lanzetta - lanzetta@ing.unipi.it - Università di Pisa - Dip.to Ing. Civile e Industriale
AITeM Associazione Italiana di Tecnologia Meccanica www.AdditiveManufacturing.work



Prof.Ing. Michele Lanzetta - lanzetta@ing.unipi.it - Università di Pisa - Dip.to Ing. Civile e Industriale
AITeM Associazione Italiana di Tecnologia Meccanica www.AdditiveManufacturing.work

SEM image of  a line 
made with 20 μm 
spherical with 12.5% 
wt. 5 μm equiaxial 
alumina powder; drop 
spacing: 10 μm



Prof.Ing. Michele Lanzetta - lanzetta@ing.unipi.it - Università di Pisa - Dip.to Ing. Civile e Industriale
AITeM Associazione Italiana di Tecnologia Meccanica www.AdditiveManufacturing.work



Prof.Ing. Michele Lanzetta - lanzetta@ing.unipi.it - Università di Pisa - Dip.to Ing. Civile e Industriale
AITeM Associazione Italiana di Tecnologia Meccanica www.AdditiveManufacturing.work



Alumina powder line and bed
Composition:
20 µm spherical and 12.5% 
(wt.) of < 5 µm platelet
packing density = 40%

Printing parameters:
Drop Frequency = 1.280 kHz 
Drop Spacing = 30 mm
Printhead Speed = 20 mm/s



Arcs of rings made with metal powderPowder:
material = ss 17-4
average size = 15 mm
packing density = 55%

Printing parameters:
Drop Frequency = 640 Hz 
Drop Spacing = 30 mm
Printhead Speed = 20 mm/s

Table Spin: 25 rpm
Ring radius: 7.5 mm



powder compaction rolls



The nozzle system of the 
D-Shape machine

solenoid servo driven valves at 75-300 Hz



1st version machine (2010)



BINDER
SUPPLY

Z-AXIS

NOZZLES
ARRAY

COMPACTING
ROLLS

1 M

X-Y
LAYER

Y-AXIS

X-AXIS

POWDER
SUPPLY

CPU

GEAR
MOTORS

2nd version machine (2013)





3 tons full scale house www.d-shape.com



entangled concrete rings, impossible to make by traditional methods of 
construction



Conceptual design 1/3



Radiolaria, 3 m3 gazebo designed by London Architect Andrea Morgante



Paolo Deiana, Tesi di laurea, Scuola di Architettura, Università di Firenze, 2015

Conceptual design 2/3



Conceptual design 3/3

http://www.esa.int/Our_Activities/Space_Engineering_Technology/Building_a_lunar_base_with_3D_printing



Metal parts made by SFF
• Infiltration to fill voids

– negligible shrinkage, 
good for large parts

– limited material choice
– heterogeneous final 

composition

• Sinter to full density
– choice of materials is 

very good 
– homogeneous final 

composition
– shrinkage of ~15%



Infiltrant (Au eutectic) Skeleton (Au)





Sample Section. SEM image. Bimodal Pwd+AuSi



Bimodal Pwd + AuSn

Inf. Temp.: 394o C

Time: 2.5 min - 55 % wt.



Sample Section. High porosity. Bimodal Pwd+AuSn. Inf. Temp.: 394oC



http://www.youtube.com/watch?v=BgIEATebs0Y


Hybrid Additive/Subtractive



 Michele Lanzetta (2)

Shape Deposition Manufacturing of
biologically inspired 

hierarchical microstructures

58th CIRP General Assembly
Manchester (UK), August 24-30, 2008

University of Pisa, Italy
 Department of Mechanical, Nuclear and 

Production Engineering

Mark Cutkosky

Stanford University, USA
 Mechanical Engineering Research Laboratories



Shape Deposition Manufacturing

Deposit (part)

Shape

EmbedDeposit (support)

Shape

Part

Embedded 
Component
Support



CLIMBING HANDLING
Stanford U.’s StickyBot

Gekkomat.de

Pisa U.’s patented suction cup and gripper

MOTIVATION



TOE LAMELLAE SETAE SPATULAE
Inspiration: Gecko Adhesion

• Main features
– Dry Adhesion
– Directional/Controllable Adhesion
– Hierarchical Compliant StructureDESIGN

INPUTS



TOE LAMELLAE SETAE SPATULAE
Shape?

DESIGN
INPUTS

• Angles
– Setae 20o

– Spatulae 45o



TOE LAMELLAE SETAE SPATULAE
Dimensions?

100 mm 10 mm 100 µm 10 µm

DESIGN
INPUTS

• size ratio between successive layers
– Gecko => logarithmic?
– Theoretical (literature) => constant
– Our work => 1:4 for three layers



TOE LAMELLAE SETAE SPATULAE

Structural constraints?

DESIGN
INPUTS

Gecko bending stiffness (defined as F/d)

Hair length/diameter = 2

Fd



Main part features
Flat surfaces 
of adhesive 
material

Multimaterial for design flexibility

Intermediate 
hierarchy levels 
for compliance on 
a range of 
roughness'

Sharp tips to 
activate adhesion

Bumps to prevent clumping 
and for directional adhesion High packing 

to maximize 
surface

Reduced section 
for higher 
compliancex

y
z

DESIGN
INPUTS



DIRECT
SDM

Machining a cavity for the insert Casting the insert (hard urethane)

Taking the insert out Machining the smallest features



DIRECT
SDM

Largest features (material A)
Inserts

500 µm



Taking the cast (and the insert) out

DIRECT
SDM

Casting the smallest features 
(silicone)

Machining the largest features
(compatible silicone)

Casting the largest features



DIRECT
SDM

Demolding the final part Splitting into two symmetrical parts



p a r t

i n s e r  t

d e m o l d i n g

DIRECT
SDM

Insert material
Bi-component Urethane:
Task 9, Smooth-On Polymers, Inc.
Working/Cure time [min./h.]: 7/14
Shore hardness [MPa]: 85D
Tensile strength [MPa]: 54
Elongation [%]: 6
Degassing in vacuum @ 26” Hg

Layer thickness:
100 µm, 200 µm & 400 µm



PART

INSERT DEMOLDING



DIRECT
SDM

Part

Insert

Demolding



DIRECT
SDM

Cast Material Silicone A

Cast Material Silicone B

Two symmetrical hierarchical 
structures

size ratio between layers 1:4

Cast material B
Bi-component Platinum catalyst Silicone:
P-20, Silicon Inc./Innovative Polymers
Working/Cure time [min./h.]: 60/18
Shore hardness [MPa]: 20A
Tensile strength [MPa]: 3.6
Elongation [%]: 425
Degassing in vacuum @ 26” Hg

Cast material A
Bi-component Platinum catalyst Silicone:

P-100, Silicon Inc./Innovative Polymers
Working/Cure time [min./h.]: 60/24

Shore hardness [MPa]: 80A
Tensile strength [MPa]: 3.3

Elongation [%]: 345
Degassing in vacuum @ 26” Hg



DIRECT
SDM

2nd silicone
i n s e r  
t
i n s e r  
t

1st silicone

d e m o l d i n gd e m o l d i n g

p a r tp a r t

1 mm



DIRECT
SDM

One layer
High compliance (soft material)
No clumping

Film problem

Cast material
Bi-component Platinum catalyst Silicone:
P-20, Silicon Inc./Innovative Polymers
Working/Cure time [min./h.]: 60/18
Shore hardness [MPa]: 20A
Tensile strength [MPa]: 3.6
Elongation [%]: 425
Degassing in vacuum @ 26” Hg

Sharp tips: R < 20 µm

500  µm

45°

20°



DIRECT
SDM

Casting problem

• Excess of cast material
– it is too thick to spread uniformly
– is too soft to plane after curing

Batch of 42 parts
Depth of cavity: 100 µm (top row); 400 µm (middle row); 200 µm (bottom row)



DIRECT
SDM

Hierarchical structure
Sharp tips

500  µm



DIRECT
SDM

Adhesion activation



DIRECT
SDM

Adhesion activation



DIRECT
SDM

Adhesion activation



DIRECT
SDM

Layers compliance



DIRECT
SDM

Layers compliance



DIRECT
SDM

Layers compliance



DIRECT
SDM

Layers compliance



DIRECT
SDM

Layers compliance



DIRECT
SDM

Layers compliance



DIRECT
SDM

Layers compliance



Machining the shim cavities

MOLD
SDM



Machining the shim cavities

MOLD
SDM

Depth of cavity: 750 µm (top two rows); 500 µm (bottom two rows)

Batch of 40 parts



Casting the shims (hard resin)

MOLD
SDM



Spreading the resin

MOLD
SDM

Cast material: Bi-component Urethane from SmoothOn Task 9
Degassing in vacuum @ 26” Hg for 5 minutes (working time)



Extracting the shims

MOLD
SDM



Extracting the shims

MOLD
SDM

Batch of 40 parts

CNC machining
end mill ∅ 250 µm

Depth of cavity: 
• 750 µm (top two rows)
• 500 µm (bottom two 
rows)

Machinist’s wax



One shim

MOLD
SDM



One shim

MOLD
SDM

Missing (broken) 
feature

DFM problem



Stacking shims and films

MOLD
SDM



Stacking shims and films

MOLD
SDM

polyethylene plastic film Shim material
Bi-component Urethane:
Task 9, Smooth-On Polymers, Inc.
Working/Cure time [min./h.]: 7/14
Shore hardness [MPa]: 85D
Tensile strength [MPa]: 54
Elongation [%]: 6
Degassing in vacuum @ 26” Hg



Mold without tape: connected 
stacks

MOLD
SDM

Film of excess 
material

Top view

Film of excess 
material

Cast material: Bi-component Platinum catalyst Silicone from Dow Corning Sylgard 170
Degassing in vacuum @ 26” Hg for 30 minutes (working time)



Casting material (clear silicone)

MOLD
SDM

Cast material
Bi-component Platinum catalyst Silicone:
P-20, Silicon Inc./Innovative Polymers
Working/Cure time [min./h.]: 60/18
Shore hardness [MPa]: 20A
Tensile strength [MPa]: 3.6
Elongation [%]: 425
Degassing in vacuum @ 26” Hg



Multimaterial part

MOLD
SDM



Casting material A (clear 
silicone)

MOLD
SDM

Cast material: Bi-component Platinum 
catalyst Silicone from Silicon Inc./Innovative 
Polymers P-20
Degassing in vacuum @ 26” Hg for 30 
minutes (working time)

In fact, it filled completely the mold 
(very good wetting/filling property)
Too low clearance above film



Cast part (black silicone)

MOLD
SDM

Cast material
Bi-component Platinum catalyst Silicone:
Sylgard 170, Dow Corning
Working/Cure time [min./h.]: 15/24
Shore hardness [MPa]: 40A
Degassing in vacuum @ 26” Hg



Demolding problems

MOLD
SDM

Undestructible biadesive (red) tape
NEVER USE ANYMORE



MOLD
SDM



MOLD
SDM

Cast material
Bi-component Platinum catalyst Silicone:
Dragon Skin, Dow Corning
Working/Cure time [min./h.]: 20/5
Shore hardness [MPa]: 10A
Tensile strength [MPa]: 3.3
Elongation [%]: 1000
Degassing in vacuum @ 26” Hg



dia sul nostro processo CIRP con 
metallo
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Interest Group
Additive Manufacturing

AITeM.org
Italian Academy of Production Engineering

www.additivemanufacturing.work

Coordinator: prof. Michele Lanzetta
University of Pisa

Department of Civil and Industrial Engineering

http://www.additivemanufacturing.work


Interuniversity research center for
Additive Manufacturing

www.ciram.net

Co-Funder: prof. Michele Lanzetta
University of Pisa

Department of Civil and Industrial Engineering

http://www.ciram.net




Mission

The interest group Additive Manufacturing Aitem aims to 
increase and spread the knowledge of additive technologies and 
their application to the design and production of goods and 
services to sustainably increase national competitiveness and 
well-being



The interest group Additive Manufacturing Aitem is 
funded from professors of the Technologies and 
Processing Systems sector of Italian universities

It is open to contributions from other academic sectors 
and from the industrial world

Enrollment and participation is free

Universities involved

Members

https://docs.google.com/document/d/1845I20Xj1kM_MWIBejV5x6UwagwodkDLDzmmDRK5NVc/edit


calendario eventi

attività e 
documentazione

social e notizie
mercato AM

iscrizione (gratuita)

additivemanufacturing.work

http://www.additivemanufacturing.work




www.linkedin.com/groups/8139412/

https://www.linkedin.com/groups/8139412/


https://www.aitem.org/Academy-base/

https://www.aitem.org/Academy-base/


Live!

joint interdisciplinary 
teaching laboratory for 
flying, terrestrial, personal 
and unmanned vehicles

http://www.davincifascetti.it/

https://www.cafre.unipi.it/live

http://www.ing.unipi.it/it/

http://www.davincifascetti.it/
https://www.cafre.unipi.it/live
http://www.ing.unipi.it/it/


https://www.sciencedirect.com/science/article/pii/S0007850616301913

https://www.sciencedirect.com/science/article/pii/S0007850616301913
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