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In the first study several design interventions were found 
that allow controlled fracturing in a shredder. The best 
results were obtained with modifications that led to 
fracture in a horizontal plane, in the direction that the 
object is build. In the second study promising results 
were obtained by heating the substrate and circuitry 
by submerging the object in hot liquid and moving the 
circuitry and substrate relatively to each other. Ultrasound 
was investigated as a method to induce this relative 
movement in the product while it was submerged in hot 
water. Both methods require further investigation before 
definitive conclusions can be drawn.

Based on the results of the two studies and a literature 
study on the current recycling processes for electronics, 
guidelines for the design of recyclable 3D printed 
electronics were established. Through a flow chart 
designers can find the fitting guidelines for their product 
based on the key characteristics of the product. To 
enhance and elaborate the formed guidelines, it is 
recommended to proceed with further research in 
selected aspects of the studies as presented in the last 
chapter of this thesis.

Recent rapid technological advancements in the 
production of electronics have created a vast and 
increasing stream of electronic waste. Not only is 
this is this waste a source of toxic pollutants when 
inappropriately processed, billions worth of valuable 
metals are squandered as the products are not recycled.

Current technological advancements are made in the 
development of additive manufacturing techniques that 
enable the 3D printing of structural electronics. This novel 
production technique promises enormous possibilities 
when it is matured as manufacturing method for 
embedded electronics in consumer products. However, 
3D printing of electronics will leave components and 
circuitry made from valuable metals embedded between 
fused layers of one or more other materials. This results 
in the whole piece becoming electronic waste at the 
product’s end of life, with no fitting processes in place to 
retrieve the value embedded in the product.

Literature research and field studies led to the conclusion 
that designers should be supported in the design of 
recyclable 3D printed electronics. Complications in the 
access to the embedded components and circuitry and 
liberation of dissimilar materials were identified as main 
concerns in the recycling process. Explorative studies to 
solve these two problems were conducted parallelly. One 
study aimed at the design of 3D printed structures that 
enable predictable fracturing of the object in a shredder, 
which facilitates access to the circuit and components 
in the recycling process. The second study focussed on 
new methods to achieve the release of silver circuitry 
from PLA substrate, aiding in the liberation of the this 
metal in a recycling process.

This thesis describes the research on design measures and new recycling methods to enable the recycling of 3D printed electronics. 
By looking into methods to release metals from polymer substrate and design interventions to enable predictable fracturing of 3D 
printed structures in a shredder, a step towards the recycling of valuable metals from future electronics is made.

executive summary
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To determine in what way the production technique 
should fit the circular economy, what the opportunities 
and limitations are, literature research was done into the 
development of 3D printing of electronics and the circular 
economy.

Based on the literature, three preliminary field studies 
were conducted to determine the direction of the project. 
It was concluded that recycling of the embedded circuitry 
should be the aim of the project.

A literature study into current recycling methods for 
electronics was done to identify the main barriers in the 
recycling of 3D printed electronics with conventional 
methods with regards to design requirements.

Following the literature and preliminary field studies a 
vision was formed for the course and goal of the research. 
Two main concerns needed to be addressed:
Accessibility of the circuit and enabling release of the 
metal from the substrate.

The explorative studies into design for liberation and 
methods to release silver from PLA are conducted in 
parallel and the implications of the results on the design 
guidelines are interdependently influenced.

The result is a set of design guidelines for 3D printed 
electronics that will aid to improve the recyclability 
of embedded metals. A designer is guided to the right 
guidelines by a flow diagram based on the characteristics 
of the product to be designed.

The results from the explorative studies raise questions 
that can lead to further research.

3D printing is emerging as a new production technique for electronics. This development conflicts with the advancing realization that 
we as a society have to change our ways of consumption and production towards a more sustainable circular materials economy.

Due to the nature of the novel manufacturing method, circuitry made from valuable metals and electronic components will be 
embedded between fused layers of one or more other materials. In contrast to conventional production methods there is no assembly 
of an electronic system in a separate casing, but instead a whole product, or product part, is fabricated as one integrated piece. This 
results in the whole piece becoming electronic waste at the product’s end of life, with no fitting processes in place to retrieve the value 
embedded in the product.

The research for this graduation thesis was initiated after the realization that the development of this new production technique 
will lead to the waste of valuable metals and components embedded in discarded electronics. The goal of the project was to form 
guidelines for product designers to aid them in the design of 3D-printed electronics that will fit a circular economy.

Introduction
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does have its unique benefits over conventional methods 
of production for both the electronic circuitry and 
components and the casing of the electronics. These 
benefits are the ease of customization, form freedom in 
circuitry (MacDonald et al., 2014), and the opportunities 
for miniaturization of components (Sun et al., 2013) and 
integration of electronic systems in products (Wu, Yang, 
Hsu, & Lin, 2015). 

Examples of applications
Current research and literature supply examples of 
future applications in which the advantages of 3D printed 
electronics can be used:
• Personalized consumer electronics such as smart 
wearables (Gao et al, 2015;)

• Embedded sensors in medical products such as casts 
and prostheses (Ota et al, 2016).

• Small test batches and prototypes of electronical 
devices that eventually will be made with other methods 
for final production (figure 2). (MacDonald et al, 2014)

• 3D shaped electromagnetic coils for better fitting in 
a product, for example: antennas, induction coils, or 
embedded electromagnets. (MacDonald & Wicker, 2016)

• 3D placement of conventional (2D) electronic 
components on a 3D circuit for weight and space 
optimization. For example in robotics and aerospace 
applications, in and on housing that does not need to be 
3D printed. (Wu et al, 2015)

•3D printing of electronic components in unconventional 
shapes. The technique releases them from boundaries 
in shape set by conventional production methods. For 
example printed circuit boards (PCB’s) and batteries that 
require a better fit or advanced miniaturization, also to be 
used in other products that do not necessarily need to 
be 3D printed. (Gao et al, 2015; Malone & Lipson, 2008)

Development of 3D printed electronics
Since the late 1980’s several forms of additive 
manufacturing methods have been established (Wohlers 
& Gornet, 2014). These include the more commonly 
known stereo-lithography and fused deposition modelling, 
also known as 3D printing, which are widespread in use 
as manufacturing methods for both prototyping and end-
use final products. 

Over the past decade 2D printing with electronic 
conductive materials has been established as production 
method for small electronic components, through both 
conventional screen printing and offset printing and more 
recently inkjet and aerosol printing, with the production 
of RFID tags as most common example (Kantola et al, 
2009). New research has now led to the development of 
additive manufacturing with conductive materials in three 
dimensions. This production technique shows great 
advantages during the prototyping of structural electronics 
(MacDonald et al, 2014) and promises enormous 
possibilities when it is matured as manufacturing method 
for embedded electronics in consumer products (Ota et 
al, 2016).

Production characteristics
Currently 3D printing with embedded electronics is still 
being developed and mainly used for experimental 
purposes. Methods of production vary per study, shared 
characteristics are that the chosen substrate is made 
from a polymer and built up by consecutive added layers 
with the addition of three dimensional circuitry that is not 
limited to the conventional planes. Electronic components 
are placed in voids that are left in the printed shape, and 
can only be placed when the shape is printed as high as 
the highest point of the to be placed component (Hoerber 
et al, 2014). Circuitry is made with conductive polymer 
inks (Sanatgar, Campagne & Nierstrasz, 2017), aerosol 
jetted silver inks (MacDonald & Wicker, 2016), drawn 
wires (Espalin et al, 2014), cured liquid inks (MacDonald 
et al, 2014), microchannels with liquid conductors (Ota 
et al, 2016), or conductive pastas (Wu, Yang, Hsu, & Lin, 
2015).

As a production technique 3D printing is relatively 
slow compared to conventional methods such as 
injection moulding or thermoforming (Gao et al, 2015). 
Embedding electronics adds to this production time and 
with the current state of the technology, the costs of 
conductive inks amount to a much higher cost per piece 
in production when compared to prevailing production 
methods (MacDonald et al, 2014; Bailey, Stoyanov, 
Tilford, & Tourloukis, 2017). The 3D printing technique 

A literature study was conducted into the performed research on 3D printing of electronics to analyse how this production technique is 
developing and to determine whether there are any shared characteristics between the electronics manufactured through 3D printing. 
This can be used to guide the direction of the research and to identify challenges later in the project.

3D printed electronics

figure 2: prototype of a electronic gaming dice with embedded  
accelerometer, microprocessor, and LED’s. (MacDonald et al.,2014)
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Electronic waste in the linear economy
Our current economy is dominated by a linear ‘take-
make-use-dispose’ model. Production and consumption 
in this model rely heavily on the supply of raw 
materials, are based on inefficient use of energy and 
cause unnecessary waste and releases of CO2 in the 
environment (Ellen MacArthur Foundation, 2013a). One 
of the major consequences of our linear economy and 
rapid technical innovation is electronic waste (e-waste) 
(Baldé et al, 2015). Not only is this e-waste one of the most 
toxic polluters in the municipal waste stream (Ongondo 
et al, 2011), it is a waste of residual value stored in the 
electrical components and materials (Ellen MacArthur 
Foundation, 2013b). In a study for the United Nations it 
was found that 44,7 million metric tonnes (44,7*10⁹ kg) 
of e-waste was generated in 2016, rising 8% since 2014, 
with a total value of 55 billion euros in raw materials of 
which only 20% was recycled (Baldé et al, 2017).

Circular Economy as sustainable economic model
The Circular Economy is an alternative economic model 
based on continuous cycles of recovering and reuse of 
products, parts, and materials, with as goal to minimize 
environmental impact and to optimize the recovery of 
value embedded in products and materials. In a Circular 
Economy products are designed for maintenance, 
reuse, refurbishment, remanufacture and/or recycling 
(Ellen MacArthur Foundation, 2013a&b). These cycles 
are depicted as the blue loops in the Circular Economy 
model shown in figure 3. 

The more inward the loop is, the more value is retained in 
the product or part. Each loop outward will require more 
investments in terms of material, energy, and labour, and 
create more waste and emission of harmful substances. 

Ideally the products are kept in use as long as possible 
and cycled through the inner three loops, as these are 
non-destructive processes in which previously added 
investments to the parts are retained. Recycling is the 
most outer loop and is a destructive process in which the 
product is destroyed to reclaim its materials.

To identify how 3D printing can be fitted in a circular economy, a literature study was conducted into the necessity to establish a 
circular economy and the principles behind it.

Circular Economy

Figure 3: Model of the circular economy 
(adapted from Ellen Macarthur Foundation, 2013a)
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Following from these results of the preliminary studies it 
can be concluded that a research into the possibilities for 
improvement of recyclability of 3D printed electronics is 
justified.

Design guidelines
The first study was a literature review of design guidelines, 
to determine to what extent the guidelines for the design 
of conventional electronics inform on how 3D printed 
electronics can be designed to better fit disassembly or 
recycling processes. These guidelines can be found in 
appendices II & III. It was found that these guidelines 
for conventional products are largely not applicable to 
3D printed products. No design guidelines were found 
that specify design interventions that will help to improve 
the recyclability or disassembly of 3D printed electronics 
specifically.

Design for disassembly
In the second preliminary investigation 3D printed 
objects were designed and built with modifications that 
allow for non-destructive disassembly in order to access 
parts of an object and in some cases reassembly of the 
object. Products that can be repaired or upgraded will 
retain more value in their lifecycles, as described in the 
previous chapter. This small study was conducted to 
see how design interventions to enable non-destructive 
disassembly affect other aspects of the products.
Figure 4 shows one of the 3D printed models, a more 
elaborate description of this study can be found in 
appendix I. It was found that incorporation of these 
measures require adjustments in the object that conflict 
with some of the core benefits of 3D printing as a 
production technique for the manufacturing of electronics, 
as summarized in table 1.

Shredding
In the third and last preliminary study, an experiment was 
performed in which samples of 3D printed electronics 
were shredded in a cutting mill. This was done to see 
whether the recycling of the 3D printed electronics would 
indeed pose problems with the liberation as expected at 
the start of this project.
During the experiment three sieves with different sized 
holes were used in the shredder, varying the resulting 
size of the produced shreds. Further explanation of the 
experiment and the results can be found in appendix IV. 
From the experiment it was concluded that even with the 
smallest sized shreds possible in this experiment, the 
liberation of silver circuitry from the sample’s substrate 
was insufficient to be appropriate for a circular economy. 
Table 2 shows the weight percentage of middlings, shreds 
with a combination of dissimilar materials (see figure 5), 
in the fraction with liberated and separated silver shreds.

To determine the goal of this thesis three preliminary studies were performed. As described in the previous chapter, 3D printed 
electronics can fit a circular economy in several ways; for instance by enabling the maintenance or repair of the functional parts of 
the products to prolong the lifespan, or by enabling recycling of the materials where the product is comprised of. These small field 
studies were conducted to find how 3D printed electronics can fit in a circular economy the best and to find hiatus in the existing 
design guidelines. The conclusions are summarized in this chapter, the studies are discussed in further detail in appendices I to IV.

Preliminary field studies

non-destructive
disassembly

Benefits 3D printed 
electronics

System build in 
subassemblies

Better integration of 
electronics

Needs space for 
structures.

Miniaturization

Needs space for dis- and 
reassembly.

Table 1: conflicts between requirements and benefits of design for disassembly and 
3D printing electronics

 Maximal shred size  < 8 mm < 6 mm < 4 mm
% middlings in silver 
containing fractions 65,0 61,5 37,5

Table 2: percentage of middlings in the silver containing fraction per sieve size.
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figure 4: a 3D printed casing for a bike light with covers that can be printed over to seal the product, but can be broken open to retrieve the parts. 
Part of the preliminary field study into design for non-destructive disassembly.

figure 5: fractions of middlings: shreds with a combination of dissimilar materials. 
Part of the preliminary field study into release of the silver from PLA substrate in a shredder.
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Liberation
To liberate the various materials used in a product or part 
from each other for further processing, the products need 
to be shredded into small particles. There are numerous 
ways of reducing a product into smaller bits, including 
milling, cutting, grinding, abrasion, and crushing (Kaya, 
2016). The usual method is a combination of these ways 
in a machine with heavy blades that rotate around two 
opposing axis, crushing and cutting what falls between 
them. The shreds vary in size depending on the methods 
of separation and purification that follow. Cui and 
Forssberg (2003) wrote the following about PC and PCB 
scrap: “industry scale tests showed that after two stages 
comminution, the liberation of -5mm fraction is between 
96.5 and 99.5%”

Dismantling
During the dismantling parts with high concentrations of  
precious metals, reusable components, and toxic parts 
are removed from the product before it is shredded. 
Regulations on the production and disposal of electronics 
(EU directive on WEEE, 2012) require selective treatment 
for certain components in consumer electronics, 
for instance removal of batteries, lighting elements 
containing mercury, and LCD’s (of a minimal size) to 
prevent their hazardous substances from spreading 
during shredding (Kumar, Holuszko, Espinosa, 2017). 
Other components are taken out during dismantling to 
be recycled further in a specially designed process for 
their precious materials. PCB’s for instance, which have 
valuable metals concentrated on a small surface and can 
be recycled more efficiently when treated separately (Li, 
Lu, Xu, Zhou, 2007).

This chapter discusses the current practice of recycling of electronics and how these processes match the distinctive aspects of 3D 
printed electronics. From this review can be surmised what obstacles need to be overcome by design interventions to improve the 
recycling of 3D printed electronics.

Generally consumer and non-consumer electronics are recycled as described in this chapter, this includes home appliances such 
as televisions and refrigerators, but also office and telecom devices such as desktop computers, printers, and mobile phones, and 
even electronic road signs, defibrillators, security camera’s, and network servers. Recycling for such products can be regarded as a 
four stage process, in which materials are taken from products or parts to a refined material that can be sold to producers, with the 
following steps (Kumar, Holuszko, and Espinosa, 2017):
• Dismantling
• Liberation
• Sorting
• Purification

3D printed electronics fit in current recycling processes.

In the design of 3D printed electronics the 
dismantling stage can be taken into account by 
making the valuable and hazardous components easily 
accessible and retrievable with standard manual tools. 
Complications can be foreseen due to the fact that 
components will be embedded between fused substrate 
layers. Furthermore 3D printing the electronics will lead 
to spreading of both the circuit and components over 
the product, instead of having them concentrated on a 
PCB for instance.

In the design of 3D printed electronics the use of 
shredding when recycling can be taken into account 
by making the material that is to be recycled is releasable 
in a shredder. This design intervention is referred to as 
“Design for Liberation” and usual features are split lines, 
stiff connections, and avoidance of ductile materials in 
the casing of electronics. The test with the release of 
silver off the substrate (see appendix IV) indicates that 
shredding to a common particle size of 5mm is not 
enough for liberation, further complications are likely to 
arise when the circuitry is embedded between substrate 
layers.
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Sorting
Due to the diversity in materials used in modern 
electronics, a wide variety in separation methods 
exist to sort the shreds after comminution. The sorting 
methods are described in further detail because they 
set requirements to the feed stock of shreds in terms of 
size and composition, this might set requirements to the 
shredding and pre-processing and to the design of the 
products.

Weight and density
Most electronic scrap consists of a mix of plastics 
(ABS, PC, PPE, HIPS), light metals (aluminium), and 
high density metals (copper, ferrous metals, and silver, 
gold, and platinum in smaller amounts) (Basha, 2007; 
Kaya, 2016; Wäger & Hischier, 2017). The differences 
in density between these fractions enables separation 
based on gravity by various methods such vibrating 
tables or wind sifters, these methods do require scraps 
with nearly constant volumes (Cui and Forssberg, 2003).

Other methods that capitalize on the difference in density 
rather than weight are float-sinks and gas or hydro 
cyclones. Fifteen years ago it was already reported that 
these later centrifugal methods can achieve 97% copper 
recovery in the recycling of PCB’s when combined with 
the right pulverising processes (Goosey and Kellner, 
2002).

Several sources write that these density based methods 
are mainly used to separate the metal fractions from the 
non-metal fractions, with other separation techniques 
to sort the different metals from each other (Cui and 
Forssberg, 2003; Li et al., 2004; Kaya, 2016; Kumar et 
al., 2017).

Commonly for the separation of plastic and PCB scraps 
from metals, sink-floats with a medium with a density of 
2,0 g/cm³ are used (Kaya, 2016). PLA has a density of 
1,24 g/cm³ (NatureWorks, 2016) and silver 10,49 g/cm³ 
(WolframAlpha Knowledgebase, 2018).

The theoretical minimal volumetric percentage can be 
calculated:
Volumetric% = (ρmedium – ρPLA) / ρAg  = 6,8% 
   

  1+((ρmedium – ρPLA)/ ρAg)

The surface area of the cross section of a silver track 
is 0,4*0,25 mm = 0,1 mm² (Maas, 2017). This leads to 
a maximal surface area of the cross section of PLA of 
0,1/0,068= 1,48 mm2.

It can be concluded that the maximum size of shreds 
with unliberated silver tracks on them should be  √1,48= 
1,22 mm in diameter

box 1: calculation of maximal shred size of middlings in density separation

In the recycling of 3D printed electronics the use 
of weight separation is difficult as scrap with nearly 
constant volumes is needed, requiring the whole product 
to be shredded as small as the thin silver traces. Density 
separation can be used, as the significant difference 
in weight between the metal and substrate, but it does 
require liberation of the metals from the substrate in a 
previous stage. Incorporation of various metals will 
require a combination with another separation technique. 
Incomplete liberation of the small traces will either result 
in the loss of silver or impurities in the recovered silver, 
see the calculation on the maximum shred size for 
middlings in the box 1.

Purity is defined as the percentage of the desired 
material versus undesired contaminants in a separated 
fraction.

Recovery indicates the amount of the desired material 
that is recovered in the fraction as a percentage of the 
total amount of that material in the original product. 

box 2:Explanation of the difference between the terms purity and recovery.



9

Electrostatic separation
Electrostatic separation resembles the magnetic 
separation methods visually, but is based on the difference 
in conductivity of different materials and is mainly used 
to separate metals from non-metals. Shredded particles 
are dropped on a downward rotating barrel, which is 
conductive and grounded, close to this barrel is an 
electrode that ionizes the particles. Non-conducting 
material will become statically charged and stick to the 
barrel while it rotates until it is brushed off at the bottom 
of the barrel, where all non-conductive particles are 
collected. Particles from conductive material, however, 
will discharge through the barrel and will fall from the 
barrel, or will be “shot” off due to the centrifugal and 
friction force, and will be separately collected from the 
non-conductive materials (Veit et al, 2005). 

This separation method is a low capacity process because 
it requires a feed of a small layer of particles to the barrel, 
with fine particles smaller than 0,6mm (Wu, Li & Xu, 
2008). Guo et al (2011) even conclude that a particle size 
between 0,15 and 0,3 millimetre is optimal for both the 
recovery and purity of the metal fraction (box 2 explains 
the difference between these two terms). Particles of 
combined conductive and non-conductive materials 
that are not well separated (“middlings”) can cause 
impurities in the separated fractions as the composition 
will determine the balance between the Coulomb force 
and the gravity and thus where the particle will fall from 
the barrel.

Magnetic
A broad spectrum of magnetic separation methods exists 
with distinctions that range from low to high volume 
processing, wet or dry processing, and small to big 
particle separation (Svoboda & Fujita, 2003). For the 
recycling of consumer electronics a method of dry high 
intensity separation is used. A mix of particles is fed over 
a rotating magnetic barrel. Non-magnetic particles will 
not adhere to the barrel and will be separated from the 
magnetic fraction that sticks to the barrel. The magnetic 
fraction releases from the barrel due to centrifugal forces 
and gravity, see figure 7. In some cases the difference 
between the magnetic forces of different materials is 
used to further separate strong and weak magnetic 
fractions. However, the main application (of dry high-
intensity processing) is the recovery of ferromagnetic 
metals from non-ferrous metals and non-magnetic waste 
(Veit et al, 2005). The particle size does not affect the 
efficiency of the separation, as the size influences the 
gravity as much as it influences the magnetic force. 

Figure 7: Magnetic separation (Svoboda & Fujita, 2003)

In the recycling of 3D printed electronics the use 
of magnetic separation is limited to the separation of 
ferrous metals, from for instance embedded components, 
from the rest of the fraction.

Figure 8: Electrostatic separator (Veit et al, 2004)

In the recycling of 3D printed electronics the use of 
electrostatic separation is complicated. The low volume 
process conflicts with the spread of the small volume 
percentage of the metal fraction over the big volume of 
the printed substrate.
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Eddy current separation
Eddy current separation is another method based on 
the conductivity of materials, but it also depends on the 
density of the materials. Non-ferrous particles will be fed 
over a conveyor belt with a rotating roll of alternating 
oriented magnets at the end. This roll causes a changing 
magnetic field that in turn causes magnetic fields in all 
the conductive particles in the fraction. A Lorentz force is 
created as a reaction between the magnetic field of the 
rotor and the magnetic field in a particle, this deflects the 
particle away from the rotor, see figure 8.

Because different materials vary in conductivity and 
have a unique density, the fed material can be sorted in 
fractions per metal by the distance that they are deflected 
away from the magnetic rotor, provided that they are 
of equal size and shape. This unique combination of 
properties per material is called the deflection coefficient, 
noted as σ/ρ (Yazici, Deveci, and Alp, 2010). Table 3 
shows the deflection coefficient of common materials 
found in electronics. The bigger the contrast between the 
coefficients of the various materials in a feed fraction, the 
higher the purity of the resulting fractions becomes.

As mentioned, both homogeneous particle composition 
and a near uniform particle size is important, as 
increased particle size will result in an increased Lorentz 
force, affecting the deflection. A feed of consistently 
larger sized particles will result in a bigger contrast in 
deflections, thus better separation between fractions 
(Zhang et al, 1998). Zhang, Rem and Forssberg (1999) 
reported that rectangular, sheet-like particles will be 
better deflected than sphere shaped particles. From 
this can be concluded that for better separation (higher 
purities) a feed of uniformly shaped particles is preferred.  
Reported numbers regarding the optimal size of the 
granulated feed vary. Both Cui & Forssberg (2013) and 
Lungu (2009) note 5 mm as minimal workable particle 
size, Zhang et al (1998) reported a range of 2-7 mm 
as optimal for a high recoveries rates with the highest 
purities.

Non-conductive materials will not be affected by the 
magnetic field and will fall from the conveyor belt. Ferrous 
metals will heat up in the eddy current field (through 
magnetic hysteresis losses), this can lead to damages to 
the conveyor belt. Thus, the presence of ferrous metals 
in the fraction that is fed to the eddy current separator 
must be prevented. 

Figure 8: Eddy current separator (Yazici, Deveci, Alp, 2010)

Material Deflection coefficient, 
σ/ρ  (103. M2/Ω.kg)

Aluminium 13,0
Copper 6,7
Silver 6,0
Zinc 2,4
Gold 2,1
Tin 1,2
Lead 0,45
Plastics 0

Table 3: Deflection coefficient of some common materials found in WEEE recycling 
fractions. (Yazici & Deveci, 2009)

In the recycling of 3D printed electronics, the method 
of eddy current separations seems inapplicable. The 
requirements of a near uniform particle size as well as a 
minimal work size of 5 mm do not match the tests results 
(see appendix IV) that show that the silver is not liberated 
from the substrate when shredded at this size.
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Pyrometallurgy
Pyrometallurgy is the most common method of recovery 
and purification of metals. “The main advantage of 
pyrometallurgical treatment is its ability to accept any 
forms of scrap” as Kaya (2016) puts it, and the fast reaction 
rates (Kumar et al, 2017). This means that mixed metal 
fractions that are not further mechanically separated are 
processed together. In some facilities PCB’s and small 
electronics are not even shredded but directly sent to 
smelters (Namias, 2013; Buchert et al, 2012). Currently 
the main goal, based on economical grounds, of this 
form of purification is to recover copper and gold. Copper 
because it accounts for the highest content in the metal 
fraction of waste PCB’s, and gold because it accounts 
for the highest value in the fraction (Yu et al, 2009, as 
cited in Akcil et al, 2015). Other valuable metals such as 
silver, platinum, or palladium can be recovered too in a 
pyrometallurgical route, while metals such as tin and zinc 
will compound to flue dusts or slag which can be further 
refined in hydrometallurgical processes but this is limited 
by economic efficiency (Reuter et al, 2013).
First the fractions are melted at high temperatures with 
copper concentrate, the metals are divided in a mix of 
copper with smaller amounts of noble metals (Au, Ag, 
Pt, Pd), and a slag containing the other metals (Al, 
Fe, Pb, etc). Pure copper is extracted from the copper 
solution in an electrorefining process. Depending on the 
composition of the rest of the precious metals bullion, 
further refining processes are applied, usually through 
electrorefining too.

Purification
The final fractions that result from the mechanical 
separation processes are chemically treated to be 
purified to materials that can be sold to be reused for 
production. This is mostly used to recover and purify 
copper, gold, silver, and palladium (Kumar et al, 2017). 
The most widely used processes are pyrometallurgy and 
hydrometallurgy, and more recently extensive research 
has been done into bio-metallurgy (Namias, 2013; Kaya, 
2016; Zhang & Xu, 2016).

Bio-metallurgy
Bio-metallurgy fits best with the circular economy 
principles as it is an environmentally friendly process 
in which microbes are used to leach specific metals 
out of the fractions. This is a promising technique that 
is currently in development to be used for the recycling 
of metals, but is not economically viable on industrial 
scale (Yang et al, 2014; Zhang & Xu, 2016). It is already 
commercially used for metal extraction from sulphide 
ores in the mining of gold and copper (Namias, 2013). 
The microbes are used to create acids that dissolve the 
metals in water, the metal atoms are singled out and 
extracted through electro-winning (Zhang & Xu, 2016).

The use of bio-metallurgy is not yet applicable in 
the recycling of 3D printed electronics, for this project 
specifically, because no method to recover silver is found 
and in general because it is not yet economically viable 
on an industrial scale.

The use of pyrometallurgy is applicable in the recycling 
of 3D printed electronics. Small electronics with a 
sufficient metal to substrate ratio can be sent to the smelter 
integrally, for bigger products the spread of circuitry and 
components throughout the product will require a form 
of concentration of the metal fraction. Disassembly is 
needed for products containing hazardous substances, 
or for the refinement of non-compatible metals such as 
aluminium.
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Summarizing conclusions
A summary of this review of the conventional process 
of recycling of electronics and how this matches with a 
possible recycling of 3D printed electronics can be found 
in table 4. In the table a distinction is made between 
the recycling of 3D printed electronics in the form of the 
available samples used for this project (discussed on 
page 15), and recycling of possible future 3D printed 
electronics manufactured and recycled on industrial 
scale.

Hydrometallurgy
Hydrometallurgy is a more selective refining process, in 
which specific metals (from a concentrated pre-sorted 
solid fraction) are dissolved in chemicals to be separately 
purified and recovered. For the recovery of precious 
metals (such as silver in this research) hydrometallurgy 
is preferred over pyrometallurgy (Cui & Zhang, 2008, as 
cited by Akcil et al, 2015). This is because of the higher 
recovery rate of these metals (Akcil et al, 2015), it is easier 
to control the reaction, and creates less environmental 
hazards (Kaya, 2016), and lower energy demand (Kumar 
et al, 2017).
For successful recovery the waste needs to be granulated 
and mechanically sorted to a concentrated mix of non-
ferrous metals (Lu & Xu, 2016), For a high metal yield 
the granulate should be of small grain size (Gramatyka, 
Nowosielski, and Sakiewicz, 2007). The granulate goes 
through a series of acids or other corrosive substances 
that each dissolve specific metals from the solid 
granulate, these solutions are concentrated to contain 
the desired metals and separate impurities (Namias, 
2013). Recovery of the metals from the leachate 
(solutions) is done via electrowinning, solvent extraction, 
and precipitation (Namias, 2013; Kaya, 2016). For silver 
the most common and currently economically most 
feasible method for leaching is with cyanide (Namias, 
2013; Akcil et al, 2015; Lu & Xu, 2016), and recovery 
through electrowinning. The obvious drawback of 
cyanide as a solvent is the high toxicity and the fact that 
the use generates large amounts of (toxic) waste water 
(Lu & Xu, 2016). Currently promising research is done 
to find substitutes that have proven to be successful in 
laboratory setting such as thiourrea (Cui & Zhang, 2008, 
as cited in Namias, 2013), iodine (Lu & Xu, 2016), and 
sulphuric acid (Akcil et al, 2015).

The use of hydrometallurgy is applicable in the 
recycling of 3D printed electronics. The requirements set 
by this method are that the metals are exposed and for 
a high yield need to be granulated to a small size. For 
efficient treatment, concentration of the metal fraction in 
the granulate is required.
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Step Current Samples Future 3D printed electronics
Liberation 
Dismantling No dismantling is needed. The cur-

rent manufactured samples have 
exposed circuits and no embedded 
components. 

Components and circuit will be spread 
throughout a product instead of con-
centrated on a PCB. 3D printed elec-
tronics with embedded components 
will require a method to be selectively 
opened for the removal of components.

Shredding Tests (appendix IV) show that 3D 
printed silver does not fully release 
from the PLA substrate at shred siz-
es of 8, 6, and 4 mm. 

Circuits and components will be em-
bedded between printed substrate lay-
ers, further complicating the release of 
materials.

Sorting 
Density  Applicable. Middlings of silver 

stuck to shreds of substrate require 
a trade-off between recovery and 
purity. 

 Applicable. But embedded circuit 
and incorporation of various metals 
further complicate density separation. 
Improper liberation of dissimilar 
materials requires small shred size.

Magnetic  Not applicable as the samples do 
not contain ferrous metals.

Only applicable to separate ferrous 
fraction. 

Electrostatic Complicated due to small volume 
percentage of silver on substrate. 
Middlings cause problems.

Not applicable. This is a low capacity 
process, which does not match with 
the spread of components and circuit 
through the product  instead of concen-
trated on a PCB.

Eddy Current  Not applicable. A near uniform particle size is require as well as a minimal 
work size of 5 mm. Tests (appendix IV) show that the silver is not liberated 
from the substrate when shredded at this size.

Purification 
Bio metallurgy  Not applicable to recover silver. Not economically viable on industrial 

scale. 
Hydrometallurgy  Applicable. A fine grain size is 

required for high yield.
 Applicable. Does require exposed 
circuit. A fine grain size is required 
for high yield, which in turn requires a 
preceding mechanical concentration 
(through density separation for 
instance).

Pyrometallurgy  Applicable  Applicable. Small electronics can 
be sent to the smelter integrally. 
For efficient treatment of metals in 
non-concentrated fraction, products 
containing hazardous substances, or 
refinement of non-compatible metals, 
pre-processing is needed.

Design requirements
These conclusions can be extended to the research into the design of recyclable 3D printed electronics. The main 
concerns that should be addressed to improve recyclability are the following:

• Embedded components should be accessible for removal.

• Metallurgical incompatible metals should be kept separated in the product, or separation of the incompatible materials 
should be enabled by design.
• Fine shredding is needed to liberate dissimilar materials and to be able to separate metals from non-metals in the 
sorting stage. Release of bonds between metals and substrate should be enabled to improve release of dissimilar 
materials before the sorting stage.

• To allow for the efficient hydrometallurgical refining, circuitry should be made accessible in the recycling process.

Table 4: summarizing conclusions of literature research
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figure 9: examples of samples of 3D printed electronics as used in the practical experiments in this thesis.
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While the technique develops further, designers should 
be supported in the design of recyclable 3D printed 
electronics. This thesis aims to deliver this support in 
the form of design guidelines. The guidelines will steer 
designers towards practices that will improve the access 
to the components and circuit and increase the liberation 
of the dissimilar materials in a recycling process. The 
ultimate goal of enhancement of the design of 3D printed 
electronics for recycling is to improve the efficiency of 
the recycling process and preserve the utmost value 
embedded in the created products. 

Establishing the guidelines will be approached in twofold: 
new methods to improve the liberation of metals from the 
substrate will be evaluated and iterative experiments 
will be performed to improve the design of 3D printed 
objects to fit the conventional and newly found recycling 
methods. 

Practical limitations and opportunities
In the faculty of Industrial Design Engineering of the TU 
Delft research into 3D printed electronics is conducted 
(Song et al, 2017; Boekraad, 2017; Maas, 2017). Samples 
and prototypes for these studies are manufactured with 
a Voxel8 multi material printer. This 3D printer combines 
fused deposition modelling (FDM) of PLA substrate with 
direct write (DIW) printing of a liquid silver paste that can 
form an electronic circuit when cured (Voxel8 printers, 
2017).

In the practical experiments conducted for this thesis that 
require circuitry, samples will be used that are produced 
with the Voxel8 printer. These samples are obtained 
as result from simultaneously performed graduation 
research (Maas,2017) and come in various shapes, 
figure 9 shows a few examples of these samples. Shared 
characteristics for these samples are the use of PLA as 
substrate and exposed circuitry made from silver. 

From literature studies and preliminary field studies it can be concluded that, with the production technique of 3D printing of electronics 
still in development, enabling the recycling of the valuable metals and components in the products should be the approach to fit this 
novel manufacturing method in a circular economy.

Vision
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Materials & method
In this part of the research constructions were devised 
to guide the manner in which 3D printed products 
fracture in a shredder by varying the strength of the local 
structure of an object. The envisioned constructions were 
incorporated in the design of simple, small (<10 cm3), 
objects, which were printed and tested with a bench 
vice and a modified granulator. Eventually, methods that 
proved successful were combined to test how breaks can 
be steered in a way to liberate specific parts of an object.

The tested objects were manufactured through 
Fused Deposition Modeling from PLA and did not 
contain embedded electronics. Discoveries based on 
observations made in these experiments, together with 
guidelines and characteristics of the current practice 
of 3D printed electronics, are integrated to draw up 
guidelines for the design of 3D printed electronics for 
improved liberation of materials in a recycling process.

Bench vice testing
Samples were first subjected to a test in a bench vice (see 
figure 10). In a bench vice a sample can be placed so that 
the leverage points of the applied forces is controlled and 
the forces will be concentrated in a specific part of the 
structure, to see if the structure behaves as expected in 
this specific condition. If this test gave a satisfying result, 
the same sample was printed multiple times and tested 
in a modified granulator.

Shredding
Due to the unavailability of a shredder on industrial scale 
for the experiments, a modified granulator was used. A 
Zerma GSL 250 granulator (Zerma, 2018), commonly 
used to grind thermoplastic scrap, was adapted to 
simulate a shredder by removing the sieve. Without the 
sieve the granulator consists of nine staggered blades 
on a rotor that allow chunks with a diameter up to 30 mm 
to pass through. Figure 11 shows the granulator and its 
inside.
The magnitudes and leverage points of the forces on 
the objects in the shredder depend on how the objects 
fall between the rotating blades. In practice this means 
that the incorporated measures make the breaking 
predictable, but not guaranteed. To account for the 
unpredictability of an object’s orientation in the shredder, 
each model was printed and shredded at least three 
times.

Design for Liberation is a term used to describe the design of products incorporating measures to enable the liberation of components 
in the recycling process (Van Schaik, 2013), usually the release of parts of dissimilar materials in a shredder. In the Design for 
Recycling guidelines (appendix III) several guidelines can be triggers for improving of the liberation of parts in a shredder. However, 
these instructions are developed for conventional production methods, while the production technique of 3D printed electronics 
complicates liberation of materials at the end of life, as embedded parts and materials are locked in between fused layers of substrate. 
The production technique also enables designed weak points in the structure, those weak points will not influence the daily use of the 
product, but facilitate solutions to improve liberation at end of life. Moreover, the printed outer shell printed around all the integrated 
parts can also hide design for liberation measures from the user during the regular use of the product before recycling.

3D print design for liberation

Figure 10: sample in bench vice

Figure 11: modified granulator and staggered blades
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Assessment 
Samples  were ranked on four scales: visibility, strength, release, and simplicity. When samples passed the first test with 
the bench vice and were shredded, they were scored on their success rate in the shredder too.

Visibility
The visibility scale (figure 13) is used to indicated how good the local adjustments were visible regarding the external 
shape of the model. The visibility was only an issue for objects that had variations in the printer settings over several 
layers in the z-direction to influence layer adhesion.

Strength
The functions of 3D printed products and parts should not be influenced by the adjustments made to improve recyclability. 
Nor should these adjustments lead to a shortened lifespan of the part or product. Therefor the samples were ranked 
on strength (figure 14), this was not scientifically tested, but rather the author trying to break the objects manually: 
exercising torsion, bending, and compression stresses on the objects by hand as can be seen in the illustrations in 
figure 17.

Description of alteration Shape of the test model. Were the models tested 
with a shredder?

How many models broke 
at the intended spot.

Four scales from 1 to 5 that 
the model is ranked on.

A printed model, 
with lines to indicate 
where the alterations 
were made.

A model tested in a 
bench vice, clearly 
split at one point and 
ruptured at another.

A model tested in a 
shredder clearly split 
at one point.

Figure 12: examples of results of samples and ranking scale.

1 2 3 4 5

clearly visible invisibleunobtrusivly visible
Figure 13: explanation of visibility scale

1 2 3 4 5

easily broken by hand cannot be broken by handcracks when pushed hard

Figure 14: explanation of strength scale
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Release
Release (figure 15) describes the extent to which the structure breaks in the expected way when tested in a bench vice. 
In contrast to the aforementioned strength this scale describes whether the object breaks as it is intended to break (over 
a fracture line for instance) when a controlled force is applied in a bench vice. The strength scale just indicates if the 
object breaks (when it is not supposed to break) due to manually applied forces.

Simplicity
Simplicity (figure 16) accounts for the ease with which the construction can be made and incorporated in an object. The 
ideal solution would take the least effort to implement as it shortens the timespan between iterations in a design process. 
Due to a lack of options in the software used to prepare 3D prints, most tested objects required manual adjustments in 
the G-code of the printed objects. G-codes are the lines of code that are send to a 3D printer to directly command the 
actions of the printer. For the preparation of the samples for this thesis that meant adjusting thousands of lines of code, 
however, with the further development of 3D printing as a manufacturing technique, it is expected that more advanced 
software will facilitate easier incorporation of the local adjustments in printed objects.

1 2 3 4 5

breaks over intended linebreaks randomly or folds partially cracked

Figure 15: explanation of release scale

1 2 3 4 5

easily incorporatedTakes a lot of time and e�ort

combining infill delete infill

Figure 16: explanation of simplicity scale



Figures 17: illustrations of manual strength tests:
a bending
b compression
c torsion.

a b

c



20

To test averting breaks, samples were made featuring 
double walls with space in between, varying in wall 
thickness and width of the spacing. Another tested 
method was the incorporation of infill patterns that are 
known as strong patterns in a bigger shape filled with 
weaker infill patterns, for example: a honeycomb filled 
cube in a grid filled hexagonal tube, as show on the right 
in figure 22.

As a final step, constructions that proved successful in 
previous experiments were combined in larger shapes 
to liberate specific embedded parts. These combinations 
were made in an iterative way: proven methods were 
implemented and changed according to the success of 
the previous tested combination.

Samples
Ideas to selectively create weaknesses in 3D printed parts 
were derived from knowledge on how common faults 
occur in a 3D print process. This knowledge was found 
on internet fora and blogs (Jennings, 2017; Simplify3D, 
2018; Brockotter, 2018) where 3D print techniques, tips 
and tricks are discussed by so called makers, 3D printing 
enthusiasts with both professional and amateur interests 
in the subject.

Essentially, all weaknesses in the x or y direction (see 
figure 18) of the tested prints in these experiments rely 
on the absence of material or the deposition of less 
material relative to the surrounding structures to create 
smaller contact areas and, consequently, concentrating 
shear stresses at these points. For weaknesses in the 
z-direction the same approach can be used, as well as 
decreasing the adhesion between subsequent printed 
layers by varying in thicknesses of the extruded lines of 
filament, or by varying in extrusion pattern to decrease the 
contact area between the layers, effectively increasing 
shear stresses at these points too.

Using those practices in the experiments, samples were 
made which were altered in extrusion heights for a small 
number of layers to either double, triple, or half in height, 
e.g. two layers were extruded with a height of 0,1 mm 
while the rest was extruded at 0,2 mm. In other samples, 
patterns of the infill were altered to change from patterns 
that are known as strong in the maker community to 
weaker infill patterns, e.g. three layers (0,6 mm total) 
change from “triangle” to “concentric” infill pattern. 
Examples of the infill patterns are shown in figure 19. 

In other samples the infill pattern, the inner body of the 
printed part, was not printed for one, two, or three layers 
(0,6 mm maximum). The last method to selectively trigger 
fracture in the z-direction was to reduce wall thickness in 
the targeted layers by 33%, 50%, and 66%. 

To test the guided fracture in the x- and y-directions, 
small cuts were created on the inside of the walls of 
the samples, varying in angle, depth, and width. For 
instance, a 0.6 mm deep cut in a 1.2 mm wide wall with 
an angle of 45 degrees, as shown in figure 21. Other 
samples were created with voids over a cross section of 
the object, varying in shape of the voids and either with 
or without inner walls (see figure 20).

Figure 18: xyz-directions in a 3D printer



Figure 19: different infill patterns, from left to right: honeycomb, wiggle line, concentric, grid, triangular.

Figure 20: three different cross sectional cuts, from left to right: 1mm diagonal with hollow corners, 1 mm cross sectional with walls, 2 mm cross sectional without walls.

Figure 21: cuts in walls schematic slicer preview and photo’s:  left only in the bottom, right in the bottom and walls.

Figure 22: averting breaks; 0.6 mm double walls with 0.7mm space, 0.4 mm double walls with 0.4mm space, combined infill of 15% honeycomb cubel in 5% grid hexagon.
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layer height and some intermediate layers of 0,1 mm in 
between.

Table 5 shows all the results of the samples with variations 
in layer height. It can be observed that the samples with 
halved layer height gave the best results in terms of  
release in both the bench vice and shredder.

Results
In this section the results from the experiments with 
the described samples in both the bench vice and the 
shredder are shown per category. Tables show the results 
of each tested sample and pictures of results are shown 
as examples with a description of how the alterations 
lead to the observed results. A summary of these results 
can be found on page 30.

Layer Heights
Variations in layer height cause variations in thickness 
of extruded filament. When the layer height is halved 
for a number of layers, the contact areas between the 
consecutive lines of filament is decreased, resulting 
in concentrations of shear stress in those areas. The 
illustration in figure 23 shows the decrease in contact 
area between subsequent layers in a cross section.

Figure 24 shows the result of a sample with double layer 
height (0.1 to 0.2 mm) pressed in a bench vice. The 
sample did not split over the intended line.

In figure 25 the result of a sample with four layers of 
half the normal layer height (0.2 to 0.1) is shown after 
being pressed in a bench vice. The sample has clearly 
cracked in the middle, where the smaller layer heights 
were incorporated.

Figures 26 and 27 show the result of halved layer heights 
in shredded samples. The sample in figure 26 had four 
layers of 0,15 mm high incorporated in a cube with layers 
of 0,3 mm and is clearly split in two halves. The sample 
in figure 27 shows two parts of a cube with 0.2 mm 

layer adhesion (z-direction) shape visibility strength release simplicity shredded shred result
double height        

0.1 to 0.2 x1 cube 5 5 1 5 no  
0.15 to 0.3 x1 cube 5 5 2 5 yes 0/3
0.2 to 0.4 x1 cube 4 4 3 5 no  
0.3 to 0.6 x1 cube 2 3 3 5 no  

triple height        
0.1 to 0.3 x1 cube 3 4 2 5 no  
0.2 to 0.6 x1 cube 3 5 2 5 no  

half height        
0.2 to 0.1 x1 cube 5 5 2 5 yes 0/3
0.2 to 0.1 x2 cube 5 5 2 5 yes 0/4
0.2 to 0.1 x4 cube 4 5 3 4 yes 2/4
0.2 to 0.1 x8 cube 3 5 4 4 yes 2/3
0.3 to 0.15 x2 cube 5 3 1 5 yes 0/3
0.3 to 0.15 x4 cube 3 2 3 4 yes 1/3
0.4 to 0.2 x1 cube 5 1 2 5 no  

Table 5: results of samples with variations in layer height.

Figure 23: illustration of cross section of fused filament lines. Normal (L) and with two 
layers of halved layer height (R).
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Figure 24

Figure 26

Figure 27

Figure 25

Figures on this page: results of tested samples with variantions in layer height: (24). Double layer height for one layer tested with a bench vice. (25) Half layer height for four layers 
tested with a bench vice. (26) Half layer height for four layers tested in a shredder. (27) Half layer height for eight layers tested in a shredder.
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Changing infill
By changing the infill pattern for a small number of 
layers, misalignment between these adjusted layers and 
the layers above and below it is created. Misalignment 
causes decreased contact area between subsequent 
layers, resulting in stress concentrations in the remaining 
contact areas. In contrast with removed infill layers, the 
varying infill pattern maintains the stiffness in the xy-
plane, preventing the sample from buckling and creating 
fracture in the z direction. Figure 30 clearly shows a 
straight cut in a sample tested with a bench vice, where 
figure 31 shows the same result for a sample tested with 
a shredder. Both samples had a three layer variation of 
grid pattern in a sample with honeycomb pattern.

Combined measures for fracture in y-direction
Figures 32 and 33, respectively, show the results of a 
bench vice test and shredder test with a sample that 
has a combination of decreased layer height (0.2 to 0.1 
mm), variation in infill pattern (honeycomb to concentric), 
and decreased shell thickness (50%) for six layers. 
Clear horizontal cuts over the intended lines can be 
observed. Table 6 shows the results for all the mentioned 
experiments, and shows successful results were 
obtained in three out of four combinations of incorporated 
measures.

Removing infill layers
Removed infill layers will create samples that are only 
held together by the outside shell for a small height 
(ranging between 0,15 and 0,6 mm in these tests). 
Depending on the orientation of the sample, that will 
cause concentration of shear stresses on the outer walls 
in these layers, in theory breaking the sample in a plane 
over these layers. In the tests with the bench vice, partial 
fracturing over the intended line was observed before 
buckling of the sample, as can be seen in the middle of 
the sample in figure 28. However, these initial results did 
not persist in consistent satisfying results in tests with the 
shredder.

Decreasing shell thickness
A decreased shell (outer wall) thickness leads to stress 
concentrations in the layers with the thinnest shell, as 
the cross sectional area in the xy-plane is decreased. 
The results, which can be found in table 6, show that a 
50% decrease in shell thickness amounts to a significant 
release in the tests with the bench vice. Figure 29 shows 
the result of the bench vice test with a sample with 33% 
decreased shell thickness; it did not break over the 
intended line.

remove fill layer shape visibility strength release simplicity shredded shred result
0.15 -1 round tube 5 5 1 5 no  
0.2 -2 round tube 5 5 3 5 no  
0.2 -3 round tube 5 5 3 5 yes 1/3
0.2  x2: -1,1,-1 round tube 5 5 1 5 no  
0.2  x3: -1,1,-1,1,-1 round tube 5 4 3 5 yes 0/3

change fill layers        
triangle to grid x3 round tube 2 5 2 3 yes 0/3
triangle to concentric x3 ^ round tube 3 5 5 3 yes 2/3
honeycomb to grid x3 round tube 5 5 4 3 yes 3/5
honeycomb to grid x4 round tube 5 5 5 3 yes 2/5
honeycomb to concentric x3 ^ round tube 5 5 4 3 yes 3/5
grid to line x3 round tube 3 5 2 3 yes 0/3
grid to concentric x3 round tube 5 5 4 3 yes 2/3

shell lines        
3 to 2 *^ cube 5 5 2 4 no  
3 to 1 *^ cube 4 3 4 4 no  
2 to 1 *^ cube 4 5 3 4 no  

combined        
L0.2to0.1, honeyc to grid, S2to1 x6 octagonal tube 3 5 5 3 yes 2/3
L0.2to0.1, honeyc to conc, S2to1 x6 octagonal tube 3 5 5 3 yes 3/3
L0.2to0.1, grid to conc, S3to1 x3 ^ octagonal tube 4 5 - 3 only 0/3
L0.2to0.1, grid to conc, S3to1 x6 ^ octagonal tube 3 5 - 3 only 2/3

Table 6: results of samples with variations in layer height.
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Figure 28 Figure 29

Figure 30 Figure 31

Figure 32 Figure 33

Figures on this page: results of tested samples with variantions in layer height: (28). Three removed infill layers tested with a bench vice. (29) 33% decreased shell thickness tested 
with a bench vice. (30) Changed infill pattern for three layers tested in a bench vice. (31) Changed infill pattern for three layers tested in a shredder. (32) Sample with a combination 
of decreased layer height, changed infill pattern, and decreased shell thickness tested in bench vice. (33) Sample with a combination of decreased layer height, changed infill 
pattern, and decreased shell thickness tested in a shredder. 
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Vertical fracture lines (x-or y-direction) shape visibility strength release simplicity shredded shred result
in walls        

30 degree 80% cut inner walls in 1 plane flat triangle 5 3 5 4 no  
45 degree 50% cut inner walls in 1 plane flat triangle 5 4 4 4 yes 3/6
45 degree 50% cut inner walls in 2 planes flat triangle 5 4 4 3 yes 2/6
1mm straight 50% cut inner wall in 2 planes ^ cube 5 5 4 3 yes 1/3
2mm straight 50% cut inner wall in 2 planes ^ cube 4 4 5 2 yes 2/3

cross sectional        
1mm cross sectional cuts with walls. cube 5 5 4 5 yes 2/4
2mm cross sectional cuts without walls ^ cube 5 4 5 2 yes 3/3
2mm cross sectional airgaps with walls. octagonal tube 5 5 - 4 only 0/3
curved cut (max. 3mm) with walls in 1 plane octagonal tube 5 4 - 5 only 2/4
1mm diagonal cut + hollow corners ^ cube 5 5 - 5 only 1/3
8x 2mm cross sectional cuts with walls ^ octagonal tube 5 3 - 5 only 3/3
        
averting breaks shape visibility strength release simplicity shredded shred result

double walls        
2x 0.4 mm walls with 0.4 mm space cube in hexagonal tube 5 5 - 3 only 0/3
2x 0.6 mm walls with 0.4 mm space cube in hexagonal tube 5 5 - 3 only 1/3
2x 0.6 mm walls with 0.7 mm space cube in hexagonal tube 5 5 - 3 only 0/3
2x 0.4 mm walls with 0.7 mm space cube in hexagonal tube 5 5 - 3 only 2/3

infill        
15% honeycomb cube in grid 5% cube in hexagonal tube 5 5 - 1 only 0/3
15% honeycomb cube in concentric 10% ^ cube in hexagonal tube 5 5 - 1 only 0/3
15% triangular cube in concentric 10% ^ cube in hexagonal tube 5 5 - 1 only 0/3

 (as illustrated in figure 35), from which can be observed 
that the object has split in one straight plane, but that the 
walls around the other cuts keep the structure together 
instead of facilitating breaking in those planes.

Averting breaks
Breaking of an imbedded object can be averted by 
creating structures around it that will break and absorb 
the forces in the shredder. It was found that a balance 
between thickness of a double wall and spacing between 
this wall and an imbedded object was required to keep 
the object from breaking and make it releasable from the 
outer structure after shredding. Figures 40 and 41 show 
the results of two different shredded samples in which a 
cube was imbedded in a hexagonal tube.

The results in table 7 further show that varying in infill 
pattern and density between the outer structure and the 
inner embedded object does not yield the desired effect.

Fracture lines in walls
The fracture lines in walls cause the same effects as 
decreasing the shell thickness for a number of layers, 
but it can be applied in more directions than just in the 
xy-plane. The cross sectional area of the wall is locally 
decreased, creating stress concentrations. The fracture 
lines that have angled cuts (see figure 34) create the 
stress concentrations in the point of the cut, creating 
more predictable fractures.

Figure 36 shows the result of shredded sample with a 
50% cut under a 45o angle in the wall of the object. It 
is broken and opened, but still partially attached in one 
wall. Figure 37 shows remains of samples with similar 
cuts in two planes, the samples are broken in smaller bits 
but it can be observed that they are broken mainly in the 
plane with the largest cross sectional area.

Cross sectional cuts
Cross sectional cuts cause the same effects as removing 
infill layers, but they can be applied in more directions 
that just in the xy-plane and the cuts do not have to run 
over the full width of the object. Figure 38 for instance 
shows a sample with a diagonal cut that is broken in 
the shredder. Figure 39 shows a part of debris from an 
octagonal tube with eight intersecting crossectional cuts

Table 7: results of samples with alterations to guide fracture in the x- or y-direction and measures to avert breaks

Figure 34: simplified 
illustration of 50% 
45o angled cut

Figure 35: cross 
section of octagonal 
tube with 8 cuts
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Figure 36 Figure 37

Figure 38 Figure 39

Figure 40 Figure 41

Figures on this page: results of tested samples with various alterations  (36) & (37) shredded samples with 50% 45o cut in outer walls. (38) shredded sample with diagonal cut.
(39) shredded octagonal sample with eight cross sectional cuts. (40) & (41) shredded samples to test averting fracture around embedded cubes.
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object in the outer watch shape. The results of these 
experiments can be seen in table 8 and a table with all 
the results of the experiments with design for liberation 
measures for 3D printed objects can be found in appendix 
V.

combining strengths and weaknesses to release inner shapes 
watch shapes shape visibility strength release simplicity shredded shred result

0.4 mm double walls + 0.4 mm space, 2x half 
layer height: 0.2 to 0.1 mm above & under.

pentagon in watch 
shape 5 3 3 3 yes 0/3

0.4 mm double walls + 0.7 mm space, 5x half 
layer height: 0.2 to 0.1 mm above & under.

pentagon in watch 
shape 5 3 - 3 only 2/3

rectangles with two cubes        
0.4 mm double walls + 0.7 mm space, 5x half 
layer height: 0.2 to 0.1 mm above & under.

rectangle with em-
bedded cubes 4 5 - 1 only 1/2

0.4 mm double walls + 0.7 mm space, 5x half 
layer height: 0.2 to 0.1 mm above & under, 
1mm cross sectional cut without walls in 1 pla-
ne, removed shell line: 2 to 1, fill: 

rectangle with two 
cubes 4 5 - 1 only 2/4

0.4 mm double walls + 0.7 mm space, 4x half 
layer height: 0.2 to 0.1 mm above & under, 
2mm cross sectional cut with walls in 2 planes, 
removed shell line: 2 to 1, changed fill honey-
comb to grid.

rectangle with two 
cubes 4 5 - 1 only 2/3

0.4 mm double walls + 0.7 mm space, 4x half 
layer height: 0.2 to 0.1 mm above, under & 
middle, 2mm cross sectional cut with walls in 
1 plane, removed shell line: 2 to 1, changed fill 
honeycomb to grid.

rectangle with two 
cubes 4 5 - 1 only 2/3

remarks:        
nozzle diameter is always 0.4, material is always PLA (jupiter series 123-3D), mostly white 2.85 mm, *= black 1.75mm, infill percentage 
mostly 10%, ^=15%
All cubes were 30x30x30mm cubes, the round and octagonal tubes were 40 mm wide by 60mm tall, the triangles were 10 mm high and 
had even sides of 50 mm.
In the test with the double walls, the Shred Result number is the amount of (almost) complete cubes that could be liberated in the sh-
redder.

Combining measures to release embedded shapes
When the aforementioned alterations to steer fracture 
in xy-planes were combined with the measures to avert 
breaking of an imbedded object, the results show that 
selective destructive liberation of parts is possible, as 
can be seen in the liberation of the cube in figure 42 from 
a larger rectangle.

With the incorporation of other measures to create 
fracture lines in the x- and y-direction, more complex 
shapes were successfully liberated. Figure 43 shows 
debris of a similar rectangle with two cubes connected 
with a rod (seen at the bottom of the image). Both the 
cubes and the rod are liberated, although not fully intact. 
In the rest of the debris the walls of the vertical fracture 
lines can be seen and thin layers of substrate that are 
broken off in the z-direction due to alterations in layer 
height. 

Figure 44 shows a sample in the shape of a watch from 
which a pentagon shape with small extending tubes 
was liberated. This result was obtained by incorporating 
double walls around the embedded object and creating 
bad layer adhesion in the layers under and above the 

Table 8: results of samples with alterations to liberate embedded shapes.
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Figure 42

Figure 43

Figure 44

Figures on this page: results of tested samples with combined measures to release embedded shapes. (42) cube successfully liberated from rectangle. (43) two liberated cubes 
(originally connected by a rod) among debris from a larger rectangle. (44) a 3D printed watch shape (l) and a succesful liberated combination of shapes (r) released from the watch.
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Locally strengthening objects
• When using double walls, balance between wall 
thickness and spacing between the walls is important. 
Walls which are too thick will not easily break to release 
the inner structure, spacing which is too small will not 
release the inner structure either.

• Locally alternating infill patterns will not increase 
strength sufficiently enough to deflect fracture of the 
structure in a shredder.

Combined implementation for the release of inner 
structures
• In combination, the interventions are more effective 
than applying different methods separately, raising the 
success rate of the shredder tests from 39% to 50%

• If weaknesses are created in three directions, the 
success rate is highest for the modifications in the 
z-direction;

• For flat shapes, a combination of weaknesses in the 
z-direction in combination with strengthening in the x- 
and z-direction around the object to be released, seems 
to have a better result than incorporating weaknesses in 
all three dimensions.

Summary of results 
The results of all the experiments with design 
interventions to improve liberation of 3D printed objects 
are summarized in the categorized bullet points below.

Release in z-direction
• Decreasing the layer height by half for multiple 
consecutive layers will improve the ease of release and 
the success rate of division in a shredder;

• Removing whole infill patterns in layers will decrease the 
strength of the printed object while it will not proportionally 
improve the release;

• Alternating the infill pattern for a number of layers will 
improve the ease of release and the success rate of 
division in a shredder;

• Combining a decreased layer height, changed infill 
pattern, and reduced wall thickness of the outer shell 
will significantly improve the release along these layers 
without sacrificing too much of the strength of the object.

Release in x- or y-direction
• Vertical cuts half way through the wall thickness of the 
outer shell will improve the release along these cuts 
without sacrificing too much of the strength of the object.

• Creating vertical break lines by implementing airgaps 
in the infill pattern will improve the ease of release and 
the success rate of division in a shredder, but having too 
many, or too wide gaps will decrease the strength of the 
object. 2 mm gaps seem to be optimal for the size of the 
tested objects.

• When creating internal voids to guide fracture in the 
x- or y-direction, having internal walls will increase 
both strength and stiffness in the object. This results in 
fracture of the object near the implemented structure, but 
not necessarily along the intended fracture lines.
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figure 45: residual debris of samples used in this part of the experimental work.
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Implications for design of 3D printed electronics
The implications of these findings for the design of 
recyclable 3D printed electronics depends on the chosen 
recycling process. For a hydrometallurgical solution, 
being able to expose all metal elements to the solvent 
is required. When considering the pyrometallurgical 
method, concentration of the valuable metals with the 
least amount of polymer substrate is desired, as noted in 
the chapter on electronics recycling (page 11). 

The results from the experiments show that successful 
division between consecutive layers can be obtained by 
combining alterations in layer height and infill pattern, and 
reduced wall thickness of the outer shell. For the design 
of printed electronics this means that where possible, 
(large parts of) the circuit should be printed in the x-y 
plane. When liberation of the circuit for pyrometallurgical 
refining is intended, having the circuit in a plane will allow 
breaking off of parts below and above that part of the 
product, concentrating the circuit’s metals in a smaller 
“sandwich” of substrate. An illustration of this principle is 
shown in figure 46b.

When preparing the electronics for hydrometallurgical 
treatment, having the circuit in a plane will allow splitting 
the product at the height of the head space above the 
circuit, and making the circuit accessible to solvent. This 
principle is illustrated in figure 46c.

The result further show that multiple methods can be 
used to steer how an object breaks in a shredder and that 
good results can be obtained by combining weakened 
structures with stronger, break deflecting structures to 
liberate specific parts from the rest of the object. These 
adjustments to avert breaks at certain points require 
extra space in the object and deposition of additional 
material to locally strengthen the product.
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Figures on this page:
46a: Example CAD design of a 3D printed bike light with embedded electronics, 
consisting of a push button, resistor, controller, batteries, and LED’s.
46b: “Sandwich” part of the bike light with most of the electronic components 
and circuitery concentrated in a smaller part of the substrate. Weaknesses are 
incorporated in the layers above and below this “sandwich” to break off the redundant 
parts in a shredder.
46c: Adjusted design of the bike light for hydrometallurgical treatment, with the 
circuitry made accessible. A large part of the circuitry is deposited in one plane; the 
number of LED’s is lowered to only one row in one plane, and the push button is 
placed so that the circuit can be deposited in the same plane. The layer above the 
circuit is weakened to break off in a shredder.

figure 46a

figure 46c

figure 46b
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 Furthermore, the thermal expansion coefficient of PLA is 
41*10-6 K-1 (SD3D, 2017), while silver has a coefficient of 
18*10-6 K-1 (Nave, 1999), indicating that PLA when heated 
will expand more than the silver, resulting in stresses in 
the contact layer between the two materials.
 
Ultrasounds
Following from the hot water experiments another 
tested method was added using ultrasounds. Ultrasonic 
cleaners have high frequency transducers on the bottom 
of a fluid filled tank that create pressure waves in the 
fluid, that in turn create cavitation bubbles When these 
bubble implode near objects immersed in the fluid, they 
exert powerful forces on the objects (Ensminger & Bond, 
2011). In these experiments the chosen fluid is hot water, 
to weaken the bond between the circuit and substrate 
as described before. The shock waves in the water can 
possibly be used to force the circuit from the substrate.

Methods
Induction
When an (electronic) conductor is placed in a changing 
magnetic field a voltage is generated, driving a current 
through the conductor. When current flows through the 
silver, resistive heating will cause it to heat up. This could 
possibly be used if products were to be sent through the 
middle of a coil with an alternating current, generating a 
current through the silver circuitry that dissipates enough 
power to melt the first contact layer between the circuit 
and substrate and not melt the PLA at depth.

Microwaves
Microwaves are a form of electromagnetic waves with 
high frequencies. The changing magnetic field can induce 
a current flow in conductive material (Morgan, 1949). 
This could possibly be used to induce eddy currents in 
the embedded circuits of the still closed products and 
generate a current that dissipates enough power to 
melt the first contact layer between the silver circuit and 
substrate and not melt the PLA at depth.

Hot water
The third method to be tested is weakening the substrate-
circuit bonding by heating the printed object as a whole in 
near-boiling water. The used PLA has a glass transition 
temperature (Tg) of 55-60oC, melting temperature of 
210oC, and heat distortion temperature (HDT) of 80-90oC 
(NatureWorks, 2016).
The Tg is the temperature range at which amorphous 
material becomes flexible, while the HDT is a measured 
temperature at which a certain deflection is measured 
in a standardized test, used as an indication of a 
temperature above which the material cannot be used 
for structural applications (Polymer Database, 2015). By 
immersing the printed object in hot water as a whole, the 
PLA substrate will become flexible while the silver does 
not change. This can possibly be used to weaken the 
bond between the silver and PLA.

From the review of current recycling processes (page 7) it can be concluded that methods are in place to sort and purify metals that 
are liberated when electronics are shredded in the process. An experiment in which 3D printed electronics were shredded showed 
that the silver traces did not release from the bigger substrate granulate, which will cause middlings in the sorting process and 
impurities in the purification, reducing the overall yield of the recycling process.

To improve the liberation of dissimilar materials in the recycling process, a method is required to detach the silver circuitry from 
the substrate. This method could either be used as a step prior to shredding, so that the material releases in the shredder, or as a 
treatment of the shredded product before sorting of materials. The method has to be applicable to treat products in a range of sizes 
in a cost and time efficient manner on an industrial scale.

Four methods were devised to achieve this goal, all relying on the difference in thermal properties and partially relying on electric 
properties of the two materials. In this part of the research these methods were tested on their feasibility, observations were used 
to draw conclusions on promising directions for further research, and the implications on product design were considered for the 
implementation of these methods.  In the conducted experiments for this study release from the silver also means liberation of the 
material from the product as the used samples had external circuitry, while in a recycling process of 3D printed electronics release of 
circuitry is a step towards liberation of the metals from the containing product.

Exploration of methods to release silver circuitry from PLA substrate.
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Method 1: Induction
The feasibility of the induction method is determined 
by the required conditions to induce this current in the 
circuit. First a FEM simulation is conducted in Ansys 
Workbench (Version 18.2, Ansys Inc, 2017) to find the 
required resulting current in the circuit for this goal. In 
the simulation a 50 mm long straight track of silver is 
modelled with a width of 0,4 mm and height of 0,25 mm 
on a 1 mm thick PLA substrate layer, as can be seen in 
figure 47. The single track enables an indication of the 
magnitude of the current per set distance to be found, 
so that the result can be validated with tests on physical 
samples. In the simulation a target temperature of 316oC 
was chosen as this is the decomposition temperature of 
PLA (Ohkita & Lee, 2005).

The dimensions of the track and thickness were chosen 
to match those of the available samples. The samples 
were obtained from graduation research (Maas, 2017)  
into 3D printed electronics and manufactured with a 
Voxel8 multi-material printer. Some of the samples can 
be seen in figure 48.

In Ansoft Maxwell (Ansys Inc, 2015) two other simulations 
were performed to examine whether the required 
resulting current can be induced as proposed. In the first 
simulation a coil is modelled with a 50 mm long straight 
silver track in its core, as shown in figure 49. Parameters 
of this coil were chosen to match a small scale installation 
in ideal conditions.

To explore the full potential of inductive heating, a second 
simulation was performed with adjusted parameters. The 
diameter of the coil was decreased from 300 mm to 6 mm 
and the frequency increased from 57 kHz to 300 kHz, as 
shown in figure 50. The number of turns on the coil was 
not increased as the magnetic field strength does not 
significantly increase with a higher number of turns with 
these dimensions (Khazaal et al., 2016).

Initial temperature = 22°C
Time   =   1  s

PLA
Density   = 1240 kg/m³
Thermal Conductivity = 0,13  W/m/°C
Specific Heat Capacity = 1800 J/kg/°C

Silver
Density   = 11000 kg/m³
Thermal Conductivity = 420     W/m/°C
Specific Heat Capacity = 230     J/kg/°C
Electrical resistivity = 3*10 ⁷ Ω/m-

Coil
Turns  = 13
Diameter = 300 mm
Current  = 300 A
Frequency = 75   kHz

Silver
Height  = 0.5 mm
Width  = 0.5 mm
Length  = 50  mm

Figure 47: Ansys Workbench heat dissipation settings

Figure 48: examples of used samples, 3D printed PLA and silver manufactured with a 
Voxel8 multi-material printer. Not to scale.

Figure 49: setup of first induction simulation

Figure 50: setup of second induction simulation.

Coil
Turns  = 13
Diameter = 6     mm
Current  = 300 A
Frequency = 300 kHz

Silver
Height  = 0.5 mm
Width  = 0.5 mm
Length  = 50  mm
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The second simulation, a FEM analysis of the induction 
of a single track in a coil with a diameter of 300 mm, gave 
as result that a current of 6,3*10-4 A was induced in the 
track in these conditions, as shown in figure 54.

The last simulation, of a single track in a coil with 
improbable parameters, resulted in an induced current of 
0,26 A as shown in figure 55.

The resulting currents in both simulations are far below 
the required 11 A needed for the decomposition of the 
contact layer.

In the experiments with hot water (page 40) the goal is not 
to reach the decomposition temperature of 316oC but to 
heat the object to above the glass transition temperature 
(Tg), between 60oC and 100oC. Another simulation 
was run in Ansys Workbench to analyse whether the 
maximum current that could be induced according to the 
simulation with improbable parameters, could be used to 
heat the substrate near the circuit to temperatures above 
the Tg.

Figure 56 shows the result of a simulation in which 0,26 
A was applied for 10 minutes; the temperature rises from 
22 to 25,1oC. In the image the result of the simulation is 
shown as heat distribution over the cross section of the 
model. The current, power, and time of power dissipation 
are shown on the right.

Graph 1 shows the rise in temperature over these 10 
minutes, displaying that a rise to a temperature above 
the Tg, even in the ideal conditions of the simulation, 
would be too slow to be viable on any scale.
The conclusion can be drawn that for this goal induction 
will not be suitable either. 

Results: Induction
In figure 53 the result of the heat dissipation simulation 
is shown, it shows that a power of 24 Watt needs to be 
dissipated in one second in the resistive heating of the 
track to reach the desired temperature. 
This required power leads to a current of 12,6 A, 
calculated as follows: 

This current was applied to parts of circuit of approximately 
50 mm in length on the available samples, some of which 
are shown in figure 51. The intended result was obtained: 
the silver tracks detach from the PLA and seem to jump 
up off the substrate, the circuit is broken and current flow 
is interrupted. Incrementally the current was lowered to 
10 A, showing consistent satisfying results at 11 A.

After applying the current to the samples, the circuit and 
substrate were analysed with a microscope to determine 
whether the bond between the silver and PLA had 
indeed decomposed as expected. The decomposition 
was confirmed, the pictures and conclusions from 
this analysis can be found in appendix VI, one of the 
microscopy images is shown in figure 52.

P = I2 . R

R = ρ . l
   A

A = h . b

√ ρ.l.P.h.b

   ρ.l
I=

P = 24      W
l  = 50      mm
h = 0,25   mm
b = 0,4     mm
ρ = 3.10-7  Ω.m

Figure 51: samples before and after high currents (12,6 - 10 A) are applied with
contact electrodes.

Figure 52: microscopy image of test sample: a silver track still attached to the 
substrate on the left, an impression of molten substrate where silver was attached on 
the right.
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Graph 1: simulated temperature rise in circuit with 0,26 A applied over 10 minutes. 
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Initial temperature = 22°C 
Time  =   1  s
Maximum temperature = 316,91°C
Dissipated power = 24 W

PLA Density  = 1240 kg/m³ 
Thermal Conductivity = 0,13  W/m/°C 
Specific Heat Capacity = 1800 J/kg/°C

Silver
Density  = 11000 kg/m³ 
Thermal Conductivity = 420     W/m/°C 
Specific Heat Capacity = 230     J/kg/°C
Electrical resistivity = 3*107 Ω/m

Coil 
Turns  = 13 
Diameter  = 300 mm
Current  = 300 A
 Frequency  = 75   kHz

Silver
Height  = 0.5 mm 
Width  = 0.5 mm
 Length  = 50  mm

Maximum induced current
2,52*10³ * 5*10-4 * 5*10-4 = 6,3*10-4 A

Coil 
Turns  = 13
 Diameter  = 300 mm
Current  = 300 A
 Frequency  = 75   kHz

Silver
Height  = 0.5 mm 
Width  = 0.5 mm 
Length  = 50  mm

Maximum induced current
1,05*106 * 5*10-4 * 5*10-4 = 0,26 A

Dissipated power = 0,01 W
Time  = 800  s
Current   = 0,26 A
Maximum temperature = 25,1oC

Figure 53: result of the heat dissipation simulation.

Figure 54: result of the first induction simulation.

Figure 55: result of the second induction simulation.

Figure 56: result of the second heat dissipation simulation.
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Results: Microwaves
Table 10 shows the results of the experiments with the 
microwave oven, figure 58 shows some examples of the 
results. The microwaved samples were either very locally 
heated, removing the silver but making it unrecoverable 
(figure 58a), or melting the PLA along a track, warping 
the substrate and circuit combination (figure 58b), fusing 
these together more instead of separating them. 
 
To be able to draw conclusions from the results, a 
surface graph was made that shows the effects of power 
and time in these experiments. The size of the affected 
areas was ranked on a scale from 1 to 5, with 5 being 
the largest affected area. The vertical axis of the surface 
graph, shown in graph 2, indicates power, the horizontal 
axis shows time, and the affected area size is shown in 
colours.

It can be observed that the highest peaks (the largest 
affected surfaces) are on the right side of the graph, 
indicating that a longer exposure time results in further 
melting and warping of the substrate. The most peaks 
appear in the upper right corner of the graph, suggesting 
that increased power too will lead to larger affected 
areas. It should be noted that a larger sized affected area 
does not correlate to a higher release rate of silver in 
these experiments.

During the experiments it was observed that when only a 
very small area is affected, increasing the exposure time 
will not result in more reaction. A possible explanation for 
the behaviour can be found in the non-uniform shape of 
the cross sections of the track. As can be seen on the 
microscopy images (see appendix VI), the silver traces 
do not have a straight smooth surface, but have spikes 
and dents along their upper surface. The  microwaves 
induce high potential around the sharpest of these edges 
(Morgan, 1949), creating sparks that cause discharge 
through the air and break the circuit. When the 3D printer 
is able to deposit the silver more uniformly, this might 
improve consistency in the results. Another possible 
explanation can be sought in the non-uniform distribution 
of microwaves in the microwave oven. Despite the 
localisation of the optimal place in the oven to put the 
samples, the distribution of waves can be of a decisive 
factor in the results.

The results of these experiments with a microwave oven 
show that within the limitations of this study, microwaves 
do not give satisfying results for the intended goals. 
However, the limitations in this study were set by the 
use of a consumer grade microwave oven with limited 
customizability with regards to transmitted power, time 
of exposure, and distribution of the microwaves over the 
samples.

Method 2: Microwaves
The experimental feasibility of the use of microwaves for 
the intended goal was tested with a common microwave 
oven (a Sharp R-870A, as shown in figure 57), operating 
at 2,45 GHz providing 900 Watts. For these experiments 
similar samples were used as mentioned before, obtained 
from graduation research into 3D printed electronics 
at the faculty of Industrial Design Engineering at the 
TU Delft. To achieve consistent results the turntable 
plate was removed from the microwave oven and the 
optimal spot in the oven to place the samples was found. 
This place was found by repeatedly heating a wetted 
cardboard briefly and registering the dried areas.

Samples were placed in the same spot for all tests, 
power and time were varied. Power was changed in 
percentages of the maximum power output, as allowed 
by the microwave oven. Time was varied from 20 to 2 
seconds per test (as indicated in table 9), starting with 
long intervals and gradually working to lower timespans 
in an iterative way, stopping the microwave oven as 
reactions were observed.

figure 57: Microwave oven with optimal spot indicated.

Power (W) Time (s)
900 20 10 3
630 15 5 2
450 10 6 2
270 5 2
90 20 10 3

table 9: variantions in power and time in microwave experiments
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Power (W) Time (s) Result
900 20 1 spot silver gone, one arm warped.
900 10 1 spot silver gone, one arm warped.
900 3 melted and flexible PLA, not released.
630 15 PLA disintegrated, melted and warped. Silver tangled up.
630 5 melted and flexible PLA, not released.
630 2 1 spot silver gone
450 10 PLA molten and warped, silver partially loose.
450 6 Partially disintegrated, partially warped, PLA and silver tangled.
450 2 melted and flexible PLA, not released.
270 5 Substrate warped, 1 spot silver gone.
270 2 2 spots silver gone, flexible substrate.

90 20 PLA disintegrated, melted and warped. Silver tangled up.
90 10 1 spot silver gone, flexible substrate.
90 3 1 spot silver gone.

Table 10: results of microwave experiments.

Figure 58: examples of results of microwave experiments.

a:  270 W x 2 seconds:
Locally silver irretrievably removed from substrate, both bottom left 
and top right.

b:  630 W x 15 seconds:
Substrate melted and warped, tangeling silver.

c:  900 W x 10 seconds:
A combination of warping and melting of substrate (left) and removing 
silver locally (right).

d:  900 W x 3 seconds:
Substrate melted and warped, silver partially released 
(top right)

Graph 2: surface graph of results of microwave experiments. Time is shown on the horizontal axis, power on the vertical axis, the colours indicate the affected area size. 

time (s)

power (W)

Affected area rank
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Results: Hot Water
Of the four tested methods, heating the objects as a 
whole in boiling water gave the best results within the 
limits of these experiments. Figure 60 shows the results 
of the tests with samples 2, 4, and 8. The results of all 
performed tests are noted in table 11.  

The results show that keeping the samples stationary in 
hot water does not release the silver from the PLA, but 
that applying forces that make the circuit move relatively 
to the substrate will result in release of the silver. 
Successful methods to create this relative movement are 
bending of the flexible substrate, shaking the sample in 
the water, and brushing the surface of the sample lightly 
once with a finger after immersion. Pouring kettle water 
(with a varying temperature between 95oC and 90oC) 
over the surface of the sample to create movement did 
not lead to the intended result.

The results of these experiments justify further research 
in this direction. Methods that led to release of the silver 
in these tests did not yield consistent success rates in 
terms of released percentages of silver circuitry. No 
significant conclusions can be drawn regarding the best 
processing time or temperature based on these results. 
The results do indicate that release of the silver occurs 
above the Tg and is not limited to temperatures above 
the HDT, although it can be observed that the highest 
percentages of release and the shortest immersion 
times before release all occurred in the experiments with 
temperatures above 90oC. This also does not rule out 
that the release is the effect of stresses in the materials 
due to the differences in thermal expansion coefficient. 

Inconsistent success rates in these experiments might 
be ascribed to the variety in shape of the used samples, 
irregularities in the production of the samples due to the 
immaturity of the novel production technique, or slight 
variance in the reproduction of procedures during the 
experiment by the author.

Method 3: Hot water
The experimental feasibility of the method with hot water 
was tested by submerging samples in near-boiling water. 
Variations were made in immersion time and in how the 
sample was handled in and out of the water. A part of 
the samples was just submerged in the water, others 
actively budged by shaking them in the water, a share of 
samples was bent after immersion, some were flushed 
with hot water from a kettle, and from others the tracks 
were brushed after submersion.

The experiments were performed by heating 
(approximately) 200 ml water on an electric stove. 
The temperature of the water was measured with 
a conventional thermometer (see figure 59), the 
temperature varied over the time of the experiments as 
samples were immersed in the water in sequence. To 
examine whether the desired effect displays above Tg or 
HDT, a share of the samples was submerged in water at 
a temperature above the Tg but below HDT of PLA.

The samples were held in the water with pinchers. 
For these experiments similar samples were used as 
mentioned for the other experiments. In total 16 samples 
were used for these experiments. 

Figure 59: materials used for experiments.
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sample t (s) T (°C) action result secondary action result
1 15 95 shaking 80% released   
2 5 90 shaking warped, not released   
 +5 90 shaking 100% released   
3 5 92 static warped, not released   
 +5 91 static warped, bits loose Brushed 50% released
4 10 91 static warped, not released   
 +30 91 static loose, not released Bent 100% released
5 10 98 static barely warped   
 +10 95 shaking 50% released   
6 10 93 shaking 30% released Bent 80% released (total)
7 240 98 static warped, not released brushed 80% released
8 120 89 static warped, not released   
 +60 90 shaking 80% released   
9 30 89 shaking 60% released   
10 20 96 static - flushed with kettle water warped, not released
 +20 96 static - flushed with kettle water warped, not released
11 60 90 static - flushed with kettle water warped, not released
 +60 92 static - flushed with kettle water warped, not released
12 60 91 static - flushed with kettle water warped, not released
 20 91 shaking 30% released brushed 100% released (total)
13 120 68 shaking flexible not warped Bent 60% released
14 60 66 shaking flexible not warped Bent 98% released
15 30 69 shaking 70% released   
16 60 68 shaking 20% released   

Table 11: results of hot water experiments.

Figure 60: examples of results of hot water experiments
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Results: Ultrasounds
Table 12 shows the results of the experiments per 
sample. Examples of the results can be seen in figure 
62, where samples are shown before and after treatment 
in the ultrasonic cleaner.

The results indicate that silver is released from the 
samples in the ultrasonic cleaner. Although no consistent 
results were obtained per batch, the results show that 
higher temperatures increase the rate of release.

The shallow and open tank of the ultrasonic cleaner lead 
to a decrease in temperature during the experiments. The 
noted temperatures are the temperatures as indicated by 
the thermostat of the apparatus at the start of each batch.

The highest released percentage of silver in these 
experiments was 50%. Drawbacks of the machine used 
were the fixed frequency of induced sonic waves at 42 
kHz and the inability to maintain a high fluid temperature. 
A suggestion for future research (page 48) is a repetition 
of these experiments with higher temperatures and 
lower frequencies, as this might improve the released 
percentage of silver.

It was not recorded at what time the circuit released from 
the substrate and whether this was time dependent. The 
results do not show an increase in release percentage 
over time, but this might be ascribed to the decreased 
fluid temperature over time. 

Method 4: Ultrasounds
As the experiments with hot water yielded promising 
results but showed that forces need to be applied 
to make the circuit move relatively to the substrate 
before it releases, ultrasonic cleaning was suggested 
to induce this movement. The experimental feasibility 
of this method was validated with the use of a Branson 
ultrasonic cleaner model 1510E-DTH (Branson Ultrasonic 
S.A., 2007), as shown in figure 61. This cleaner has an 
internal thermostat that can heat the water up to 69oC 
and induces sonic waves at a fixed frequency of 42 kHz. 
Water was externally heated in an electric water heater 
before being used in the cleaner. Four consecutive 
batches of 3 samples were immersed in the cleaning 
bath. The samples used are similar to the samples used 
in the experiments described before. For each batch the 
time of immersion was increased and the temperature 
was lowered.

Figure 61: Bransonic model 1510E-DTH.

sample T (oC) t (s) % released
1 82 360 20
2 82 360 50
3 82 360 15
4 72 390 5
5 72 390 5
6 72 390 50
7 67 420 0
8 67 420 2
9 67 420 5

10 61 480 0
11 61 480 30
12 61 480 0

table 12: results of the ultrasound experiments.
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The use of contact electrodes to apply high current to 
the silver tracks did partially achieve the desired result. 
It was assumed that this approach could not be used in 
an economically feasible way on an industrial scale, and 
thus was not further investigated as a method on its own. 
Perhaps this decision can be reviewed, or other methods 
of application of high current can be investigated in 
further research.

Based on the results of experiments with microwaves 
it can be argued that microwaves cannot be used 
for the intended purpose within the limitations set in 
this explorative research. With advancements in the 
technology that lead to uniform deposition of the circuitry 
and improved control over the power and distribution 
of the microwaves, this method might prove better 
applicability in the future.

Discussion of methods and results
In this explorative research four methods were 
investigated on their suitability to release silver circuitry 
from PLA substrate. The goal of the release of the silver 
is to improve the liberation of metals from 3D printed 
electronics in a recycling process. This explorative 
research raises a lot of questions too, which might be 
answered by follow-up researches. These questions are 
discussed on page 48. Implications on the design of 3D 
printed electronics to facilitate the incorporation of these 
methods in the recycling process are discussed on page 
44.

The results of this exploration of methods suggest that 
the most promising method to release silver circuitry from 
PLA substrate is to heat the substrate and circuitry by 
submerging the object in near-boiling water and moving 
the circuitry and substrate relatively to each other.

Ultrasound was investigated as a method to induce this 
relative movement in the product while it is submerged 
in hot water. This method shows promising results, but 
needs further investigation before conclusions can be 
drawn on applicability of this method.

The simulations showed that electromagnetic induction of 
currents through the silver tracks, within the limits of this 
study, would be far too low to be able to let them release 
from the substrate in the proposed way. The current was 
so low that can be concluded that inductive heating of 
embedded circuitry will not be a feasible method even 
with adjusted dimensions and different materials. 

Figure 62: Samples before and after treatment in the ultrasonic cleaner. Samples shown:11, 4,5, and 6.

sample 11 sample 4

sample 6

sample 5
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Another possible way to enable this relative movement 
is by allowing the substrate layers on which the silver 
is deposited to bend when the material is softened. 
This can either be achieved by avoiding structures that 
remain rigid when the material is softened by heat, 
allowing the structure to bend under its own weight, or 
by incorporating structures in the product that will deform 
when heated through for instance differences in thermal 
expansion. 

The results of the experiments with microwaves and 
induction in this research were, in terms of successful 
released silver, unsatisfactory to such an extent that no 
vision on the implications on the design of 3D printed 
electronics can be given, because the results do not 
forecast a successful implementation of one of these 
methods in any form.

Implications for design of 3D printed electronics.
The promising results of tests with samples submerged 
in the hot water, can lead to implementation of a similar 
process in practice. To be able to be treated like this in 
a recycling process, requirements need to be met in the 
design of 3D printed electronics, but different approaches 
can be taken to enable the use of the discovered principle. 

To be able to implement the heat based method, heat 
needs to be able to reach the substrate near the circuit. 
This can be achieved by exposing the circuits, for 
instance by integrating design for liberation measures 
as discussed earlier in the report (page 32). As noted in 
that chapter, printing large parts of the circuit in an x-y 
plane facilitates the exposure of the circuits, as fracture 
in the x-y plane realized the best results with the tested 
alterations. Measures to guide selective fracture in other 
directions of the products can be used to expose (parts 
of the) circuit too. Although the success rate of those 
alterations was lower in the experiments in this study, 
they do allow for more freedom in the design of 3D 
printed electronics.

In the conducted experiments samples with external 
circuits were treated with hot water. However, the heat 
can be applied through hot air too, and applications 
can be designed in which the heat is enabled to reach 
internal parts of the product. Heat can also reach the 
required parts of the product if they are not exposed, for 
instance through liquid that can flow through the product 
and is allowed to reach all parts of the circuit. This can for 
instance be enabled by optimizing the size of the head 
spaces above the circuit, integration of channels that can 
act as flow leaders through the product, or the integration 
of capillary structures in the voids around the printed 
circuit. Selective fracturing in a consecutive shredding 
process will still be needed to liberate the released silver 
from the product.

Another requirement that follows from the implementation 
of such a process in practice is that the 3D printed 
electronics should allow for relative movement between 
the substrate and circuit after heating. When exposing 
of the circuit is enabled, this relative movement can be 
induce by external sources such as a brush that sweeps 
over the circuit, or several pieces of substrate with 
circuitry attached that slide over each other as they are 
submerged in the hot liquid together. 

The explored method of ultrasound treatment can be 
used to induce this relative movement. This method does 
require the circuit to be exposed, which can be achieved 
through incorporation of the aforementioned design 
for liberation measures in the design. This method of 
inducing relative movement with ultrasounds combines 
well with the submersion of a products in hot liquid.

Figure 63: Silver bits retrieved from the samples used in the experiments. 
Approximately 2,1 grams.
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Based on the results of the both the explorative study into methods to release silver circuitry from a PLA substrate and the study on 
design for liberation measures for 3D printed objects, a flow diagram has been derived to offer guidelines to improve recyclability. The 
flow diagram in figure 64 leads a designer to one of five recycling scenarios based on key characteristics of the designed product. 
This scenario is a description of the recycling process that leads to the highest yield of metal recovery with the lowest amount of 
steps in the process, to account for economical viability of the process. For each scenario a set of guidelines is drafted based on the 
results of this project.

Preliminary schematic guidelines for recyclable 3D printed electronics
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Figure 64: Flow diagram directing to recycling scenarios with design guidelines.



46

Scenario 1:
Valuable, reusable components or components of the 
product that contain hazardous substances that should 
not be shredded, as discussed on page 7, should be taken 
out in the dismantling stage of the recycling process.

To facilitate dismantling by design, the measures 
proposed to enable liberation of materials in a shredder 
should be adapted to make break-away structures for 
(manual) disassembly that enable the selective removal 
of components, as discussed on page 30. For instance 
creating weaknesses in the layers above voids where the 
components are placed in.

Besides the guideline to facilitate dismantling, the 
designer should incorporate other guidelines based on 
other product characteristics by continuing through the 
flow diagram.

Scenario 2:
Small products with a high volumetric density of 
metallurgical compatible metals, or small products with 
a low volumetric density of metals, will probably most 
economically be processed when they are integrally 
send to a smelter for pyrometallurgical refining.
No specific guidelines for 3D printed electronics have to 
be taken into account, but limit the amount of metal that 
are lost in the slag.
When the designer knows the product will be processed 
through the hydrometallurgical route, continue to 
scenario 5.

Scenario 3:
Products with a high volumetric density of metallurgical 
incompatible metals will most economically be processed 
by liberating the dissimilar materials in a fine shredding 
process after which the metals can be separated by 
electrostatic separation, or magnetic separation when 
ferrous metals are involved, to have the separate 
fractions pyrometallurgically refined, or when a fraction 
of only Ag, Au or Pt is left hydrometallurgically refined.

When a significant amount of a metal is (economically) 
unrecoverable in the chosen metallurgical process, 
separation of the concerned metals should be 
incorporated in the design of the product. This is 
facilitated by incorporating spacing or break-away 
structures between the deposited metals that will make 
them separate in a shredder, as discussed on page 32.

Another solution is to enable hot liquid treatment of 
the circuitry locally in the part of the product where the 
metallurgically incompatible metals meet as described 
on page 44. To facilitate this treatment the circuits should 
be exposed by integrating design for liberation alterations 
as discussed on page 32, or by facilitating flow of hot 
liquid through the product near the circuits as discussed 
on page 44.

The above described guidelines allow both 
pyrometallurgical as hydrometallurgical refining.

Scenario 4: 
Bigger products with a high volumetric density of 
metallurgical compatible metals will most economically 
be processed by removing the redundant substrate parts 
by coarse shredding and refining the leftover parts with 
concentrated metal density through the pyrometallurgical 
route. When the metals are concentrated and have a 
volumetric percentage above 7% the metal containing 
parts can be separated from the non-metal containing 
parts by density separation (as calculated in box 1 on 
page 8). To improve efficiency of the refining process 
concentrate the metals in parts of the product that can 
be liberated by breaking off redundant substrate parts in 
a coarse shredder.

Liberation of specific metal containing parts is facilitated in 
design by incorporating measures for guided fracturing in 
a shredder as discussed on page 32. When the designer 
knows the metals will be refined in a hydrometallurgical 
process, continue to scenario 5.

Scenario 5: 
Big products with a low volumetric density of metals will 
most economically be recycled by liberating the metals in 
a shredding process after which the dissimilar materials 
can be separated by density separation, or magnetic 
separation when ferrous metals are involved, to have the 
metals hydro- or pyrometallurgically refined.

To facilitate density separation, the metals must be well 
liberated from the substrate. Treatment with hot liquid 
can be used to weaken the bond between circuitry and 
substrate as described on page 44.

To facilitate this treatment the circuits should be 
exposed by integrating design for liberation alterations 
as discussed on page 32, or by facilitating flow of hot 
liquid through the product near the circuits as discussed 
on page 44. 



47

An additional flow chart (figure 65) is made that shows the suggested recycling processes that have led to the guidelines as proposed 
in this chapter. In the diagram the product characteristics used in the first diagram lead to recycling methods shown in rounded 
rectangles with the corresponding design guidelines shown in hexagons. Recycling methods proposed in the diagram are chosen to 
lead to the highest yield of metal recovery with the lowest amount of steps in the recycling process. In the diagram the focus is on the 
recovery of metals, after shredding fractions of liberated (plastic) substrate are left out of the diagram.
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Figure 65: summarizing flow diagram that proposes the most economical recycling processes and corresponding design guidelines, as discussed in this chapter.
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Ultrasounds
The tests with an ultrasonic cleaner show promising 
results in inducing relative movement between the 
circuitry and substrate and releasing silver. This method 
could be used relatively easy on a larger scale but the 
yielded percentages of released silver lack behind on the 
results of the other experiments with hot water but without 
ultrasounds. These experiments showed that the best 
results were obtained at higher temperatures that could 
not be reached in the experiments with ultrasounds. The 
used ultrasonic cleaner was limited in its frequency to a 
fixed 42 kHz, while a lower frequency could be used to 
generate more powerful forces in the fluid (Ensminger & 
Bond, 2011). In a future study the results of higher fluid 
temperatures, lower frequencies, or a combination of the 
two, could be investigated.

It was not recorded at what time the circuit released from 
the substrate in the ultrasonic cleaner and it could not 
be concluded whether the release percentage was time 
dependent. In a future research optimization of treatment 
time could be investigated. 

Microwave
For the experiments to determine the feasibility of the 
use of microwaves to liberate silver from PLA, a common 
consumer grade microwave oven, limited in adjustability 
and accuracy, was used. A follow-up study committed to 
the feasibility of the use of microwaves for this purpose, 
should be able to find more accurate results when 
transmitted power, time of exposure, and distribution of 
the microwaves through the sample are controlled.

Induction
Although ruled out as a method applicable on larger 
scale early in this explorative research, the use of contact 
electrodes can be further investigated: are there possibly 
ways to apply high current to partially opened tracks in a 
large scale operation? 

Design for liberation of 3D printed electronics
In the performed research on liberation measures in 3D 
printed objects, the focus was put on how the objects 
would break and only slightly on how the alterations 
impact the strength of the structures. A more extensive 
strength analysis of the proposed structures should be 
performed to determine how these impact the lifespan of 
products during normal, day-to-day, use.

Conclusions drawn from the experiments focus on the 
fracture of the objects in planes mainly. One of the key 
benefits of 3D printing as a production technique is the 
advanced freedom in design to create oddly shaped 
structures. More research could be done in the guided 
fracture of 3D printed objects around oddly shaped forms.

This project focussed on the liberation of circuitry off of 
a substrate, more specifically the release of silver from 
PLA. Electronics involve more than just circuitry, future 
studies could look into the dismantling of electronics to 
release components for reuse or further processing.

A decision was made to look into the destructive 
disintegration of products in the recycling process to 
liberate materials. Another study could look into the 
non-destructive disassembly of 3D printed electronics 
to retain more value in products and components in a 
circular economy.

To the best of my knowledge, the two-part explorative research discussed in this thesis are the first studies on the specific topic of 
recycling of 3D printed electronics. The results of the two studies show possible solutions to solve the identified problems, but raise 
questions too. Questions prompted but left unsettled by these studies can be the used as the inception for further research that might 
lead to elaboration of the guidelines for recyclable 3D printed electronics or new methods that will aid in the recycling process. In this 
chapter several potential subjects for further research are discussed.

Recommendations for further research
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Boiling tests:
During the experiments in which samples were 
submerged in hot water, the temperature of the water 
varied between 66 oC and 98 oC. The results of this small 
number of experiments did not indicate a significant 
relation between a higher temperature and higher release 
rate. When a similar method is applied on an industrial 
scale, for economical reasons a trade-off will need to be 
made between a lowest possible temperature, shortest 
possible processing time, and highest yield of retrieved 
silver. A study should be conducted to find the most 
optimal conditions.

In this explorative study it was found that the substrate 
and silver had to be moved relative to each other during 
or shortly after the immersion in hot water. A follow-up 
research can look into methods to reach this goal that 
are suitable to be used on industrial scale in a recycling 
facility.

Moreover, it might be possible to design measures that 
allow for the spreading of hot liquid or movement of the 
substrate in this part of the recycling process into the 
3D printed products. These measures could be studied, 
in the same way as measures to allow for improved 
liberation in a shredder were studied in this project.

The results of this study show that submerging samples 
in hot water yields the best results between the compared 
methods. However, others methods to uniformly heat 3D 
printed objects above the glass transition temperature 
of the substrate material can still be researched for 
comparison, for instance heating the objects with hot air.

The method proved successful for the material 
combination of the chosen samples, PLA and silver. 
However, consumer electronics are commonly not 
produced from these materials, or not in the combination 
of just these two materials. Plastics commonly used in 
the embodiment of electronics tend to have a higher 
glass transition temperature and melting point, and other 
thermal properties, see graphs 3 & 4. For application in 
the recycling of consumer grade 3D printed electronics, 
studies should be done into the behaviour of other 
material combinations treated in a similar way, and 
whether other hot liquids should be used for this. 
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Graph 3: A comparison of thermal properties of PLA and the four most commonly 
used thermoplastics in electronics: HIPS, ABS, PPE, and PC (Kang & Schoenung, 
2005; Babu, Parande, and Basha,2007; Wäger & Hischier, 2017). The compared 
properties are glass transistion temperature (Tg), heat distortion temperature (HDT), 
and melting temperature (Tmelt). Values are retrieved from the Cambridge Engineer 
Selector (version 17.1.0, Granta Design Limited, 2017).

Graph 4: A comparison of thermal expansion coefficients of PLA, HIPS, ABS, PPE, 
and PC. Values are retrieved from the Cambridge Engineer Selector (version 17.1.0, 
Granta Design Limited, 2017).
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Figure 66: 3D printed turtle shaped samples 
used in the experimental work of this thesis 
arranged: the top three samples are unaffected, 
the next four have been used in the microwave 
experiments (see page 38). The next one has 
lost some silver in the ultrasonic cleaner (see 
page 42), from the last five samples almost all 
circuitry was released in the experiments with 
hot water (page 40). Some of the retrieved 
silver circuitry has been laid out on the left of 
the samples.
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Furthermore, in the design guidelines for disassembly, 
which can be found on page 56, it is advised to split up 
products into separate subassemblies for maintenance to 
limit liability of the electronic system. However, breaking 
up the electronic system into subassemblies cancels the 
benefits of advanced integration of the electronics into 
the product. As the required design interventions for 
non-destructive disassembly oppose the core benefits of 
the production technique, it was decided to focus on the 
recycling of 3D printed electronics in the continuation of 
this project.

During the literature research into 3D printing of embedded 
electronics, benefits of this new production technique 
were found, as described on page 2. These benefits are 
unique strengths of this production technique that will 
guide in which direction this production technique will 
further develop and for what future applications it will be 
used. The defining benefit of this production technique 
is the advanced design freedom that is brought to the 
production of electronics. It allows for the fabrication 
of electronic circuitry in three dimensions, as opposed 
to the 2D planes in conventional circuit boards, and 
the integration of electronic components in those three 
dimensions and into the product (part) it is printed into. 
Along with this advanced integration of the electronic 
systems in products, this technique can be used to 
optimize the weight of products and product parts, or to 
optimize their fitting in conventionally produced products.

During the design of 3D printed objects with modifications 
that enable non-destructive disassembly, it was found 
that fasteners and local reinforcements that take up 
space need to be designed into products. This conflicts 
with the benefits of 3D printing for the miniaturization of 
electronics.

Design for non-destructive disassembly was considered as an option for the overall direction of this master thesis. Non-destructive 
disassembly allows the product to be repaired, refurbished, or remanufactured, retaining more value in the product than when it is 
recycled for its materials (Ellen MacArthur Foundation, 2013a). 3D printed objects were designed with modifications that allow for 
controlled manual disassembly to access parts of an object and in some cases reassembly of the object. In figures 67 & 68 two 
examples are shown.

Appendix I: Preliminary Field study of non-destructive disassembly

Figure 67: a 3D printed object containing an embedded screw that allows for opening and closing of the object.

Figure 68: a 3D printed casing for a bike light with covers that can be printed over to seal the product, but can be broken open to retrieve the parts.
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Materials
• Limit the amount of different materials used in a product.
• Make sure that these materials do not release toxic substances when taken apart.
• Do not mix different materials in a non-separable way (e.g. overmoulding, gluing, fusing).

Subassemblies
• Split a product up in subassemblies, to allow for repair or replacement of one subassembly without jeopardizing the 
components in other subassemblies.
• Do not use too many subassemblies. Each one adds to the assembly and disassembly time.

Fasteners
• Use standard fasteners such as screws with common heads to fasten parts of the product. 
• Limit the number of fasteners per part to shorten assembly and disassembly time.
• Use releasable snapfits where possible to allow for shorter assembly time and (destructible) disassembly.

Information
• Indicate the used materials through markings on the parts. 
• Give instructions for the proper disassembly of the product through use cues on the product.
• Give disassembly, repair, and maintenance information through written manuals.

The following list of guidelines to improve the disassembly of conventionally produced products was compiled from literature by Rifer 
et al (2009), Diener (2010), Webster (2013), and Movilla et al (2016).

Appendix II: Existing guidelines for design for disassembly.
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Materials
• Limit the amount of different materials in the product.
• Prevent the release of toxic substance in the disassembly and shredding process.
• Do not mix different materials in a non-separable way (e.g. over-moulding or metallization)

Metals:
• Metals that are non-compatible in remelting and refining should not be fastened together. 

Plastics:
• Indicate materials through markings on plastic parts.
• Do not paint small (<25 gram) plastic components, to minimize effects of the paint on the recycled material in aesthetics 
and mechanical properties. 
• Prevent (where possible) the use of filled plastics.

Connections and fasteners
• Limit the use of mechanical fasteners such as screws, pins, and rivets. 
• Use snap fit connections as fasteners where possible. 
• Minimize the use of glues, adhesives, and welds when connecting electronic components to structural components in 
the product.

Reinforcements
• The following guidelines are aimed at creating pieces of uniform composition and size when shredding for post-
processing.
• Limit the incorporation of local reinforcements (such as gussets and bosses for screw threads).
• Stiff, brittle structures are preferred, as strong flexible structures tend to fold around other components in shredders.

Electronics
• Integrate as much of the electronics as possible in one piece that can be taken out of the product in pre-processing 
before shredding.
• SMD (surface mounted device) connections are preferred over wire connections.

This list of guidelines was compiled from literature by Masanet et al (2002), Rifer et al (2009), Diener (2010), Hultgren 
(2012), and Balkenende (2013).

As is discussed on page 7, several methods for the recycling of electronics are put in practice. Recycling methods are adopted to 
effectively recycle the electronics that enter the recycling stream. Generally, the recycling methods are adapted to suit the production 
methods and not the other way around. However, some design interventions can be taken into account to improve the recyclability 
of electronics. Prior to reducing the electronics into shreds, (manual) disassembly of valuable or hazardous parts is needed in 
the recycling process. Therefore some design guidelines that apply to Design for Disassembly (page 56), are valid for Design for 
Recycling too.

Appendix III: Existing guidelines for design for recycling
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It shows that with decreased sieve size, the percentage 
of middlings decreases too. However, a percentage of 
almost 40% of middlings shows that with the smallest 
tested sieve size the release of silver is not sufficient.

It should be noted that the samples per batch were 
chosen at random without documenting their specifics. 
Variations in percentages of silver used on the samples 
could have influenced the result of the absolute released 
silver, but not the percentages of middlings to released 
silver.

Small traces of silver could still have been attached to 
the substrate separated in the substrate fraction. These 
traces must have been so small in weight percentage 
that they ended up in this fraction, but will count as losses 
in a recycling process.

After shredding the silver and PLA shreds were 
separated using a two stage salt water density separation 
method. The density of the used PLA is 1,24*10³ kg/m³ 
(NatureWorks, 2016) and the density of the silver was 
estimated to be 10,49*10³ kg/m³ as this is the density of 
regular silver (WolframAlpha Knowledgebase, 2018), thus 
water with an approximate salinity of 26% was chosen 
as this has a density of 1,26*10³ kg/m³. The mixture of 
shreds was immersed in this water, this separated the 
fraction of the mixture consisting of large shreds of PLA. 
The sunken rest of the shreds was immersed  again 
in a salt water mixture with a salinity of approximately 
32%, and stirred. This separated the shred mixture in 
two parts: one consisting of the smallest debris, and 
one of middlings of PLA and silver, and the released 
silver debris. This last mixture of shreds was separated 
manually. The final result were four separate fractions: 
substrate shreds, silver traces, middling shreds, and a 
mixture of small PLA and silver debris. An example of 
these four fractions is shown in figure 69. The mixture of 
each batch was separated, and each resulting fraction 
was weighed. The scales used had a resolution of 0,1 
gram. The result can be found in table 13.

From the numbers in the table it can be observed 
that liberation of materials is not satisfactory in any of 
these cases. The goal is to retrieve the silver from the 
samples and it is presumed that traces of silver are 
left in all fractions except the substrate fraction. The 
middlings are in the fraction in which the silver did not 
release from the substrate, the fraction of mixed debris 
seems to be liberated and might be further separated 
in a more controlled process. The weight percentage 
of the middlings in the silver containing fraction can be 
calculated per used sieve size, the results are shown in 
table 14

Liberation of silver tracks off of the PLA substrate in a shredder was tested by shredding three batches of randomly chosen samples in 
a cutting mill with three different sieves. The sieves had holes of respectively 8, 6, and 4 mm, determining the maximum diameter size 
of the shreds that are allowed to pass. Samples were obtained from graduation research (Maas, 2017)  into 3D printed electronics 
and manufactured with a Voxel8 multi-material printer.

Appendix IV: Preliminary shredder tests

Size  < 8 mm
< 6 
mm < 4 mm

Fraction ↓ Weight in grams
Substrate 4,1 3,2 3,8
Middlings 1,3 1,6 0,6
Silver 0,1 0,2 0,2
Debris mix 0,6 0,8 0,8

Table 13: results preliminary shredder tests.

 < 8 mm < 6 mm < 4 mm
% middlings in silver 
containing fractions 65,0 61,5 37,5

Table 14: percentage of middlings in the silver containing fraction per sieve size.
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Figure 69: separated fractions of shredding with a <4 mm sieve: a) substrate, b) middlings, c) debris mix, d) silver.
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Appendix V: Results design for liberation tests

layer adhesion (z-direction) shape visibility strength release simplicity shredded shred result
double height        

0.1 to 0.2 x1 cube 5 5 1 5 no  
0.15 to 0.3 x1 cube 5 5 2 5 yes 0/3
0.2 to 0.4 x1 cube 4 4 3 5 no  
0.3 to 0.6 x1 cube 2 3 3 5 no  

triple height        
0.1 to 0.3 x1 cube 3 4 2 5 no  
0.2 to 0.6 x1 cube 3 5 2 5 no  

half height        
0.2 to 0.1 x1 cube 5 5 2 5 yes 0/3
0.2 to 0.1 x2 cube 5 5 2 5 yes 0/4
0.2 to 0.1 x4 cube 4 5 3 4 yes 2/4
0.2 to 0.1 x8 cube 3 5 4 4 yes 2/3
0.3 to 0.15 x2 cube 5 3 1 5 yes 0/3
0.3 to 0.15 x4 cube 3 2 3 4 yes 1/3
0.4 to 0.2 x1 cube 5 1 2 5 no  

remove fill layer shape visibility strength release simplicity shredded shred result
0.15 -1 round tube 5 5 1 5 no  
0.2 -2 round tube 5 5 3 5 no  
0.2 -3 round tube 5 5 3 5 yes 1/3
0.2  x2: -1,1,-1 round tube 5 5 1 5 no  
0.2  x3: -1,1,-1,1,-1 round tube 5 4 3 5 yes 0/3

change fill layers        
triangle to grid x3 round tube 2 5 2 3 yes 0/3
triangle to concentric x3 ^ round tube 3 5 5 3 yes 2/3
honeycomb to grid x3 round tube 5 5 4 3 yes 3/5
honeycomb to grid x4 round tube 5 5 5 3 yes 2/5
honeycomb to concentric x3 ^ round tube 5 5 4 3 yes 3/5
grid to line x3 round tube 3 5 2 3 yes 0/3
grid to concentric x3 round tube 5 5 4 3 yes 2/3

shell lines        
3 to 2 *^ cube 5 5 2 4 no  
3 to 1 *^ cube 4 3 4 4 no  
2 to 1 *^ cube 4 5 3 4 no  

combined        
L0.2to0.1, honeyc to grid, S2to1 x6 octagonal tube 3 5 5 3 yes 2/3
L0.2to0.1, honeyc to conc, S2to1 x6 octagonal tube 3 5 5 3 yes 3/3
L0.2to0.1, grid to conc, S3to1 x3 ^ octagonal tube 4 5 - 3 only 0/3
L0.2to0.1, grid to conc, S3to1 x6 ^ octagonal tube 3 5 - 3 only 2/3

remarks:        
nozzle diameter is always 0.4, material is always PLA (jupiter series 123-3D), mostly white 2.85 mm, *= black 1.75mm, infill percentage 
mostly 10%, ^=15%
All cubes were 30x30x30mm cubes, the round and octagonal tubes were 40 mm wide by 60mm tall, the triangles were 10 mm high and 
had even sides of 50 mm.
In the test with the double walls, the Shred Result number is the amount of (almost) complete cubes that could be liberated in the sh-
redder.
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Vertical fracture lines (x-or y-direction) shape visibility strength release simplicity shredded shred result
in walls        

30 degree 80% cut inner walls in 1 plane flat triangle 5 3 5 4 no  
45 degree 50% cut inner walls in 1 plane flat triangle 5 4 4 4 yes 3/6
45 degree 50% cut inner walls in 2 planes flat triangle 5 4 4 3 yes 2/6
1mm straight 50% cut inner wall in 2 planes ^ cube 5 5 4 3 yes 1/3
2mm straight 50% cut inner wall in 2 planes ^ cube 4 4 5 2 yes 2/3

cross sectional        
1mm cross sectional cuts with walls. cube 5 5 4 5 yes 2/4
2mm cross sectional cuts without walls ^ cube 5 4 5 2 yes 3/3
2mm cross sectional airgaps with walls. octagonal tube 5 5 - 4 only 0/3
curved cut (max. 3mm) with walls in 1 plane octagonal tube 5 4 - 5 only 2/4
1mm diagonal cut + hollow corners ^ cube 5 5 - 5 only 1/3
8x 2mm cross sectional cuts with walls ^ octagonal tube 5 3 - 5 only 3/3
        
averting breaks shape visibility strength release simplicity shredded shred result

double walls        
2x 0.4 mm walls with 0.4 mm space cube in hexagonal tube 5 5 - 3 only 0/3
2x 0.6 mm walls with 0.4 mm space cube in hexagonal tube 5 5 - 3 only 1/3
2x 0.6 mm walls with 0.7 mm space cube in hexagonal tube 5 5 - 3 only 0/3
2x 0.4 mm walls with 0.7 mm space cube in hexagonal tube 5 5 - 3 only 2/3

infill        
15% honeycomb cube in grid 5% cube in hexagonal tube 5 5 - 1 only 0/3
15% honeycomb cube in concentric 10% ^ cube in hexagonal tube 5 5 - 1 only 0/3
15% triangular cube in concentric 10% ^ cube in hexagonal tube 5 5 - 1 only 0/3

combining strengths and weaknesses to release inner shapes 
watch shapes shape visibility strength release simplicity shredded shred result

0.4 mm double walls + 0.4 mm space, 2x half 
layer height: 0.2 to 0.1 mm above & under.

pentagon in watch 
shape 5 3 3 3 yes 0/3

0.4 mm double walls + 0.7 mm space, 5x half 
layer height: 0.2 to 0.1 mm above & under.

pentagon in watch 
shape 5 3 - 3 only 2/3

rectangles with two cubes        
0.4 mm double walls + 0.7 mm space, 5x half 
layer height: 0.2 to 0.1 mm above & under.

rectangle with em-
bedded cubes 4 5 - 1 only 1/2

0.4 mm double walls + 0.7 mm space, 5x half 
layer height: 0.2 to 0.1 mm above & under, 
1mm cross sectional cut without walls in 1 pla-
ne, removed shell line: 2 to 1, fill: 

rectangle with two 
cubes 4 5 - 1 only 2/4

0.4 mm double walls + 0.7 mm space, 4x half 
layer height: 0.2 to 0.1 mm above & under, 
2mm cross sectional cut with walls in 2 planes, 
removed shell line: 2 to 1, changed fill honey-
comb to grid.

rectangle with two 
cubes 4 5 - 1 only 2/3

0.4 mm double walls + 0.7 mm space, 4x half 
layer height: 0.2 to 0.1 mm above, under & 
middle, 2mm cross sectional cut with walls in 
1 plane, removed shell line: 2 to 1, changed fill 
honeycomb to grid.

rectangle with two 
cubes 4 5 - 1 only 2/3

remarks:        
nozzle diameter is always 0.4, material is always PLA (jupiter series 123-3D), mostly white 2.85 mm, *= black 1.75mm, infill percentage 
mostly 10%, ^=15%
All cubes were 30x30x30mm cubes, the round and octagonal tubes were 40 mm wide by 60mm tall, the triangles were 10 mm high and 
had even sides of 50 mm.
In the test with the double walls, the Shred Result number is the amount of (almost) complete cubes that could be liberated in the sh-
redder.
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As can be seen on the microscopy images in figure 70, 
a small trail in the substrate right under the circuit has 
melted, loosening the adhesion between PLA and silver. 
No PLA is left on the loose strings of silver, and no bits 
of silver stay attached to the molten substrate. Other 
samples show the effect of increased power dissipation: 
the PLA has locally disintegrated. Possible explanations 
for the spring-like movement of the silver are the 
thermal expansion of silver caused by the sudden rise in 
temperature, or stresses in the (silver) material caused 
by the drying after deposition being suddenly released 
when it detaches from the substrate. The cause of this 
behaviour was not further investigated.

After silver tracks were liberated from samples (see page 36), the tracks were analysed with a microscope to verify whether the heat 
had decomposed the contact layer, or that the circuitry was loosened due to another reason.

Appendix VI: Microscope analysis of liberated silver tracks.

Figure 70: microscopy images of silver tracks and test samples.
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