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-is work describes the development of a new miniature extruder, essential to cavity-free 3D printing of silicone-based smart
materials. -is makes the 3D printing of magnetoactive and electroactive polymer soft robotic components and devices directly
from CAD data possible. -e special feature of such an extruder is that it is designed for use with addition-crosslinking RTV-2
silicones, including solid particulate additives. -e extruder merges the respective components automatically during extrusion
which obviates the need for premixing and vacuum evacuation. Problems associated with inhomogeneities and unwanted cavity
production are consequently eliminated. Rheological details necessary to the design, together with some preliminary performance
results, are presented.

1. Introduction

Additive manufacturing, otherwise known as “3D printing,”
describes a process in which a component based on digital
3D design data is manufactured through layer-by-layer
structuring of a material [1, 2].

Smart materials exhibit parametric changes resulting
from external stimuli such as thermal, magnetic or electric
fields, mechanical loads, or changes in pH value or humidity
[3]. -ese often require an active supply of energy [4], as in
the case of piezoelectric and electrostrictive materials,
functional fluids, shape memory alloys, and polymers. For
the purposes of sensing, control, and actuation, smart
materials are used to design smart structures and devices [5].

Elastomeric materials such as magnetoactive polymers
(MAPs) and electroactive polymers (EAPs) represent some of
the most recent forms of smart composites to be developed.
MAPs consist of a polymer matrix, typically an elastomer, in
which magnetic particles such as carbonyl iron powder (CIP)
are embedded by means of specific manufacturing processes
[6]. As a result, their mechanical and magnetic properties are
coupled with one another [7]. In a similar manner, electro-
active polymers (EAPs) may contain additional dielectric
particles [8] and in some cases electrically conductive particles
[9]. -e 3D printing of thermoplastic polymers is an estab-
lished technology. -e extension to silicones is somewhat

newer, and 3D printing systems, which permit the inclusion
of different ferromagnetic and/or ferroelectric materials, are
currently not yet commercially available. Such a systemwould
increase fabrication repeatability whilst minimizing time and
material consumption.

In order to achieve this, the mixing and cavity-free
extrusion of viscous compounds is required. For small-
scale fabrication, problems associated with rapid vulcani-
zation are somewhat mitigated, but no such microextruder
exists commercially. -e simple scaling down of larger sized
industrial extruders is technically difficult as the rheological
factors effecting extrusion are highly dependent on specific
dimensions. -e objective of this work is the development
and fabrication of a microextruder prototype for the au-
tomated cavity-free 3D printing of MAP and EAP elements.

In addition, the system can be enhanced for 6D printing
where graduated diffusion of particle distribution and ori-
entation isotropy are necessary [10].

2. Materials

-roughout this work, two component addition-curing RTV-2
silicones are utilized. One component contains the polymer
and the crosslinker, while the other component includes the
polymer and a platinum catalyst. Vulcanization commences on
the contact between crosslinker and catalyst. During the
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mixing of the two components A and B under normal at-
mospheric conditions, a certain amount of air is inevitably
trapped within the mixture. To achieve completely cavity-free
mixtures, the compounds must be degassed (evacuated) under
reduced pressure (10–20mbar) in a desiccator or vacuumoven.

-e rate and degree of cavity generation depends largely on
the mixing method and the additives involved. Cavity sizes are
typically in the order of 80μm to 120μm diameter with rising
velocities typically of the order of 0.1m/s throughmediumwith
a dynamic viscosity of μ� 1500mPa·s at 23° (polymer prior to
curing). -ese results in a Reynolds factor much lower than 1
thus ensure laminar flow [11]. In contrast to condensation-
curing RTV-2 silicones, the vulcanization speed is controlled
exclusively by temperature. Furthermore, no secondary
products are generated, and weight loss during vulcanization is
not possible resulting in a very low shrinkage rate.

Particles may be embedded into the polymermatrix at any
stage prior to vulcanization. A distinction is made here be-
tween magnetic, dielectric, and electrically conductive par-
ticles. Due to the interaction of magnetic particles embedded
in an elastic polymer matrix, the mechanical and magnetic
properties are coupled with each other and reversibly influ-
enced by external stimuli such as a magnetic field or tem-
perature [12]. -e particles may be magnetically soft (CIP),
hard (NdFeB), or bimodal [7]. -e application of an external
magnetic field causes temporary magnetization of soft
magnetic particles resulting in particle-particle and particle-
matrix interactions [13], whereas MAP containing hard
magnetic particles may be permanently magnetized [14]. In
addition to magnetic particles, electrically conductive parti-
cles such as graphite, aluminium graphite, or carbon black
may be included. High-permittivity particles may also be
included in combination with RTV-2 silicone [8].

In addition to the difficulties associated with 3D printing
of silicones, the integration of particles into the mixture is
another challenge. Excessive particulate can lead to the
mixture being no longer 3D printable. -is depends on the
particles used (carbon black, graphite, aluminium graphite,
etc.) [9]. In contrast to inert fillers such as chalk, kaolin, or
aluminium oxide hydrate, active filler particles such as
carbon black interact with the rubber matrix. Inert fillers
dilute the matrix and primarily serve to reduce costs and
weight. However, active fillers change the viscoelastic
properties through interaction with the matrix. Interactions
between the carbon black network and the bonds between
rubber and carbon black are based on van der Waals forces-
two-pole-dipole interactions between hydrogen bonds [15].
-e physical bonding of carbon black to the polymer reduces
chain mobility, and thus both the viscoelasticity of the
polymer and the elongation of the chain properties increase
[15]. -e advantage of 3D MAP and EAP printing is that
elastic, conductive, and/or magnetic elements can be in-
tegrated into components with higher precision than those
that are possible with simple moulding.

3. Rheology and Flow

In order to develop the necessary microextruder, the rhe-
ological behavior of the materials and their flow properties

must be understood. Viscoelastic fluid mechanical proper-
ties such as deformation and transient flow behavior of the
media must be described.

3.1. Structural Viscosity and Shear Rate. In the non-
crosslinked state, silicone base and catalyst are viscous
fluids. Viscoelasticity increases during crosslinking, and the
final crosslinked silicones are elastic with a wide range of
Young’s moduli (1 Pa–100 kPa) [16]. Consequently, a transi-
tion from a liquid to an elastic solid state takes place during the
crosslinking process. -e viscoelastic character of the liquid is
strongly dependent on the deformation time. Previous studies
have shown that the silicone polymer always returns elastically
on reduction of the deformation force [17]. Generally, most
silicones are referred to as structurally viscous prior to curing.
Dynamic viscosity η (Pa·s) is a measure of the resistance to
flow of a medium. Synthetic materials can have very high
viscosities resulting in correspondingly high flow resistance.
Due to the high viscosity of these materials, significant
pressure is required to inject the material into a mould. For
Newtonian media, the viscosity η is a pure material property
and depends only on pressure and temperature. In the case of
structurally viscous media, η is influenced by the deformation
rate. -is implies that the viscosity η of such a medium de-
creases with increasing shear rate (flow velocity). In contrast,
by reason of the structural viscosity of the liquid, the viscosity η
increases again with decreasing shear rate until (theoretically)
zero viscosity η0 is reached. A further reduction of the shear
rate does not lead to a further increase in η. Structural viscosity
is explained as follows: synthetic materials aremacromolecules
in the form of chains. At rest, the macromolecules attempt to
achieve the greatest possible entropy and are thus disordered
with the molecular chains entangled. As a result, considerable
energy is initially required to move this macromolecular
structure, i.e., to generate flow. -e flow process causes the
individual layers of the liquid to move relative to one another.
As a consequence of this process, shear stresses are transmitted
between the layers due to internal friction (dissipation) [17].
-ese shear stresses influence the individual molecular chains
causing alignment of the disordered chains in the direction of
flow.-emore themolecular chains are stretched, i.e., aligned,
the less the energy is required to cause them to slide past each
other. For this reason, the viscosity decreases with increasing
shear rate. If the molecular orientation becomes more pro-
nounced, the energy required to cause flow again increases. As
the viscosity rises at very high shear rates, the polymer
molecules are brought out of their most energetically favorable
positions and these effects are no longer significant. Restoring
forces are formed, as a result of which the polymer endeavors
to return to the state of greatest possible entropy. In turn, these
restoring forces counteract the shear forces in order to
maintain equilibrium.-is is dependent on the strength of the
molecular orientation/alignment and the temperature. High
temperature results in high activation energy and thus high
restoring forces.

3.2.Memory andDeformationTimes. It should be noted that
a memory time can be assigned to the raw mixture of the
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silicone [17].�is is described as the time required to form or
dissolve long and entwined macromolecule chains. Now the
question arises as to the typical deformation time in the
processing of silicones. Two adjacent elastomer particles
moving in parallel paths along a wall at a distance Δy, speed
u, and u + Δu are separated from one another. Consequently,
the gravitational angle, caused by y � Δut/Δy, grows in-
de�nitely, but the temporal change in the shear angle, the shear
rate _c � Δu/Δy, remains constant. If the particles now  ow
near the axis of symmetry, the velocity di�erence Δu is small
resulting in a low shear rate _c, and in the center of a capillary,
the shear rate is zero. In general, viscous  uids tend to adhere
to walls. As a result, the shear rate along the wall is at its
maximum. It is not di�cult to calculate the order of mag-
nitude of the shear rate along the cannula walls [17]:

_c �
U

d
. (1)

�e cannula used in this work has a diameter of 1.5mm
and an average  ow velocity of about 0.15m/s which gives a
shear rate of 100 s−1.

If the deformation time is now much longer than the
molecular memory time, it will be su�cient to loosen the
entanglements, i.e., the elastic part of the module is small. �is
molecular memory e�ect is responsible for some important
phenomena in the manufacturing process, e.g., normal stresses,
swelling during extrusion, and expansion pressure losses during
 ow due to reduction in conduit cross section and wall slippage.

3.3. Impact of Temperature. If the temperature in the ex-
truder is high enough to activate the crosslinking reaction,
the network prevents the molecules from sliding as the
degree of crosslinking increases. If the shear amplitude
remains unchanged, the shear stress in the material increases
and thus also the measured torque. However, at the same
time, the phase angle δ between shear and direct stress
decreases. �e typical course of events for throughput as a
function of time when using a vibrating rheometer is de-
scribed by Pelz [17], illustrated in Figure 1.

At a given temperature, the speed of the crosslinking
reaction can be determined by evaluation of the throughput
curve. However, the temperature of an elastomer particle does
not remain constant over time and each particle has its own
local temperature-time characteristic. Increase in torqueM is
directly proportional to the crosslinking density, i.e., the
number of crosslinking locations per unit volume. �eoret-
ically, it is now possible to calculate the energy dissipation
against time, which can be utilized to determine the speed of
the crosslinking reaction at a given temperature. Table 1
contains the values for the crosslinking time with the cor-
responding temperatures for the silicones used in this work:

α � M(t)−Mmin

Mmax −Mmin
�

crosslinking density
max crosslinking density

. (2)

A further phenomenon can be observed with structurally
viscous liquids. Under shear loading, the liquid attempts to
move perpendicularly to the direction of force, i.e., shear
direction.

4. Effects of Dissipation

During processing, the raw mixture of silicone is subjected
to shear stress. As already described, shearing leads to a
frictional process between the individual layers of liquid.
�is frictional process between the molecular chains is called
dissipation, which results in heating of the medium. �e
energy equation is as follows [18]:

ρCp
δθ
δt
+ vx

δθ
δx

( ) � λ
δθ
δy
− τxy

δvx
δy

( ). (3)

If the heat conduction (adiabatic process) and the heat
transport in the  ow direction are neglected, the relevant
parameters in expression (3) can be repeated in the following
simpli�ed forms:

ρCp
δθ
δt
� −τxy

δvx
δy
,

with τ � η _c,

δvx
δy

� _c,

(4)

ρCp
δθ
δt
� −η _c⟶−Δθ �

1
ρCP

η _c2Δt,

δvx
δy

� _c.

(5)

Equations (4) and (5) illustrate how the development of
heat in the medium is strongly dependent on the shear rate.
Consequently, if the shear rate is very high (boundary layers),

Torque M

Mmax

Mmin

Phase angle δ

Incubation
time

t0.10
t1

t0.25 t0.75 t0.90 t0.95
Vulcanization

time

Figure 1: Typical torque M and phase angle δ curve at constant
temperature for an elastomer compound [17].

Table 1: Crosslinking time as a function of temperature, SF00 and
SF13 (Silikonfabrik).

RTV-2 silicone SF00 RTV-2 silicone
SF13

Temperature Crosslinking time Temperature

<10°C �e crosslinking process is almost
nonexistent <10°C

∼23°C 1.5 h1 ∼23°C
∼50°C Ca. 15min1 ∼50°C
∼150°C Ca. 30 sec1 ∼150°C
1Depending on the thickness of the sample.
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a high thermal dissipation results and heat is generated. Since
the viscosity is also a function of temperature, the viscosity
will increase due to the higher temperature in the boundary
layers. In accordance with the first law of thermodynamics,

dU + dEa � δQ + δW. (6)

If the process is adiabatic, then

Δp _V � mCpΔθ. (7)

-e simplified relationship between temperature in-
creases due to raising pressure, which is given as follows:

Δθ∝
1
ρcp 
Δp,

withm � ρV.

(8)

From this, a rough estimate of the change in temperature
as a function of pressure can be derived.

5. Normal Stress

If the media demonstrate viscoelastic flow behavior, as do
silicones, shear forces causes normal strains in addition to
shear strains. -ese strains run perpendicular to the direction
of shear stress and are present on all surfaces of the volume
element in the viscoelastic media. In practice, a distinction
must be made between shear stresses in the direction of flow
and normal stresses perpendicular to the direction of flow.-e
occurrence of normal stresses can lead to certain effects. -e
Weissenberg effect or rod climb effect describes the behavior of
viscoelastic liquids under shear strain rates and relatively low
temperature. If a rotating rod is placed in a vessel containing a
viscoelastic fluid, normal stress is generated and in particular,
tensile stress in the direction of flow. If this force effect is
greater than the radial acceleration acting in the opposite
direction, material accumulates and the liquid level rises in the
direction of the axis of rotation (rotating rod). -e quality of
the flow depends on the dominance of the radial acceleration
or the normal stresses. Furthermore, the pressure and flow
conditions change in such apparatus. In a viscoelastic liquid,
the rotating rod in the center of the vessel leads to a pressure
gradient between the center and the edge.-is behavior can be
helpful in the development of an extruder. Considering a fluid
jet passing out through a circular, vertical tube (e.g., a cannula),
it is possible to determine a number of parameters. In a vis-
coelastic medium, gravity causes the fluid to accelerate and thus
the velocity increases as the distance from the outlet increases.
In addition, the shear deformation near the outlet causes a
tensile stress in the direction of flow and a compressive stress
(normal stress) in the transverse direction. -is leads to an
expansion of the jet compared to the nozzle diameter.-is effect
is also referred to as strand or extrudate threshold and the
resulting strand shape as onion formation [18]. -is effect
becomes more pronounced the smaller the nozzle dimensions
and the higher the flow velocity. In this work, the cannula has a
diameter d� 1.5mm and length l� 10mm. -is must be taken
into account as the strand expansion is stronger at the center
between the wall surfaces than it is in the corners where the

velocity gradients and thus the elastic deformation are lower.
One solution is modification of the nozzle geometry.

6. Calculation of Design Parameters

In order to obtain an approximation for the design and
construction of the extruder, it is necessary to consider
thermodynamics and fluid mechanics for which a few as-
sumptions must be made:

(i) -e medium is incompressible
(ii) Laminar flow prevails
(iii) Wall adhesion
(iv) Acceleration and gravitational forces are neglected
(v) Isothermal conditions
(vi) Validity of temporally and locally averaged con-

servation equations

With the help of these simplifications and using the mass
and momentum conservation, Hagen–Poiseuille’s law for a
cylindrical conduit geometry can be derived [19]. With ad-
dition of the continuity equation, the volumetric flow rate _V

for a conduit of radius r and length l can be obtained as follows:

_V �
zV

zt
�
πr4Δp
8ηl

. (9)

What is often required is the pressure gradient in the
conduit, Δp:

zV

zt
� 4πr

2
v. (10)

Substituting (10) into equation (9) for a given flow ve-
locity and replacing r with D for conduit diameter results in
the following expression:

Δp �
32ηlv

D2 . (11)

A kinematic viscosity of 20×10−6m2/s (20 cSt) is typical
for uncured polydimethylsiloxane fluid, and uncured sili-
cone has a density of 950 kg/m3 at room temperature (295K)
[20]. In this case of the silicones used in this work (Silikonfabrik
SF00), the density is somewhat higher at 1060 kg/m3, and the
dynamic viscosity is about 1.5 Pas.

A volumetric flow rate of 16ml/min (actual measured
data) equates to 2.7E− 7m3/s. A diameter D of 1.5mm has a
cross-sectional area of 1.77E− 6m2 giving a flow velocity of
0.15m/s. A conduit length l is given as 10mm.

Applying actual dimensions to expression (11) yields a
pressure gradient of 32000N/m3 (0.32 bar).-is represents a
manageable pressure drop given the screw power provided
(60W). Consequently, the mechanical/hydraulic power re-
quired is approximately 8.5mW.

Entering the derived values into formula (12) yields the
Reynolds factor Re:

Re �
ρvD

η
. (12)

Such a very low Reynolds number (0.16) confirms
the prerequisite of laminar flow. As a consequence, the
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Hagen–Poiseuille’s law, which applies only to laminar flow,
can be used.

7. Conveying the Material

Conveying the material in a conventional smooth tube ex-
truder is achieved by frictional forces between the material
particles and the cylinder wall and/or screw surfaces together
with the particles themselves. If this friction is zero, the
material slides along the cylinder wall and simply rotates with
the screw without forward movement. Conversely, if the
material adheres too strongly to the cylinder wall, this impedes
the axial conveying of the material [21, 22]. -erefore, the
screw rotation conveys the material against a resistance which
depends on the dimensions of the cylinder, the viscosity of the
mixture, the mass flow rate, the screw geometry, and other
boundary conditions. As already mentioned, the viscosity of
PDMS depends on shear rate and temperature. Conveying
against resistance causes an increase in cylinder pressure
which is necessary for optimal homogenization. Due to the
material adhering to the cylinder wall as well as to the screw
and moving relative to each other, a drag flow occurs from the
inlet to the nozzle. -is is proportional to the rotational speed
and the thread depth (h). In general, this is independent of the
flow properties of the medium [23]. In addition to the drag
flow, the backup flow or pressure flow is described, which
results from the pressure buildup caused by unequal flow rates
of different screw sections together with a mass backlog in
front of the extrusion head. Depending on the pressure profile
along the extruder, this is equal to or opposite to the drag flow.
Another flow component is the leakage flow.-is describes the
part which flows through the gap between the extruder screw
and the cylinder wall. Since this gap is extremely narrow, the
material is subjected to high shear stress at this position. -e
result of these complex flow conditions is a thorough mixing
and homogenization of the material in the extruder. -e
superimposition of the flows results in a pressure maximum.
-e position of this pressure maximum depends on the
screw geometry, the process parameters (e.g., speed and
temperature), and the material behavior [24].

Two additional flow parameters must be considered with
the flow of viscoelastic liquids-shear flow and expansion
flow. Assuming laminar flow in the gap, in accordance with
(12), the medium is subjected to a shear load due to the flow
process. If the wall adhesion according to Stokes [24] and the
maximum flow velocity are included, a velocity gradient
forms in the flow channel, the shear velocity. -e maximum
shear velocity is near the conduit wall; therefore the shear
stress is at its highest in this area. -is shear stress results in
friction between the polymer chains and a subsequent
dissipation of thermal energy. Consequently, most of the
heat is generated along the conduit wall. At the flow front,
the medium cools, resulting in a deflection of molecules
from the center of the flow channel to the outside in the
direction of the wall. -is flow process, known as the ex-
pansion flow, leads to an alignment and expansion of the
volume element. Both the expansion flow and shear flow
effects influence the molecular orientation in the extruded
3D print mixture. In the case of synthetic materials

containing fibres, particles, or other fillers, the flow effects
also have an impact on the orientation of the additives.

8. Individual Components of the 3D
Printing System

-e entire 3D printing system, illustrated in Figure 2 and
subsequently described in more detail, employs an extruder
developed during this work.

8.1.DosageApplication. A special dosing unit is required for
automatic dosage of the 2-component silicones and re-
spective additives. It is necessary that the products be dis-
pensed precisely per unit volume by the dosing system
regardless of volume and mixing ratio. -e most important
parameters, the mixed dosage volume and the dosage cycle
time, must be adjusted and monitored by a suitable control
system. In addition, a distinction is made between static
mixing cartridges, which are suitable for a variety of ap-
plications and dynamic dosing systems.

8.2. Pump System. -e pumping system (modified Ismatec
Ecoline ISM1078B peristaltic pump) transfers the 2 uncured
liquid silicone components A and B from their respective
tanks to the hopper. Component A contains the base-
forming material, and component B contains the catalyst.
Optionally, it is possible to include particulate additives to
one or other of the components. In addition, inhibitors,
catalysts, or silicone oil may also be injected into the hopper.

8.3. Extruder. -e main focus of this work concerns the
development of the extruder shown in Figure 2.-e extruder
contains the hopper, screw conveyor, and degassing valve
and forms the core of the silicone (MAP or EAP) 3D printing
process. In the hopper, component A and component B are
merged for the first time.-e hopper is designed to allow the
components to come into contact quickly.-e volume of the
hopper is maintained as small as possible, but the feed rate
must be large enough to fill the conduit within a short time.

As illustrated in Figure 3, the individual components of the
screw conveyor are mounted on a stainless steel shaft, which is
driven by using a microcontroller- (Arduino-) controlled
stepper motor (QSH 4218-35-10-027). To ensure that the
individual components are rotated, they are connected to the
shaft by a feather key connection. In addition to the feather
key, there are both a shaft seal and a radial deep groove ball
bearing on each side of the shaft.-e function of the shaft seals
is to protect the interior from external influences and to
prevent leakage of the mixture. Radial deep groove ball
bearings smoothly transmit torque at high rotational velocities
whilst absorbing axial and radial forces [25, 26].

-e continuous material transport and pressure buildup
required to overcome the ejection resistance is carried out by
a two-stage rotating screw mounted on the stainless steel
shaft by a feather key connection. -e height and width of
the threads are the same, screw 1 has a smaller pitch in order
to generate a higher pressure and homogenize components
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A and B, whereas the pitch of screw 2 is slightly larger as it is
primarily intended for material transport.

�e distance ring shown in Figure 3, comprising a spacer
ring and a subsequent conical cylinder, is alsomounted on the
shaft by means of a feather key connection.�e throttle gap is
now formed by the distance (about 0.8mm) between the
spacer ring and the conduit wall.�e two component mixture
is conveyed under high pressure through the narrow throttle
gap. In the immediately following degassing part, the distance
to the conduit wall decreases and the material expands. As a
result, gaseous products are released and allowed to escape
through a degassing valve (FLUXX® SABEU F17 degassing
valve; TRAKETCH® membrane). By mixing the two com-
ponents A and B, a certain amount of air is inevitably in-
troduced into the silicone mass. �e degassing valve

membranes are hydrophobic and oleophobic. �ey are re-
sistant to moisture, including liquids with very low surface
tension, and therefore remain permanently breathable. With
the help of the drip slope, liquids can drain o� immediately
after contact, thus maintaining the membrane contamination
free and air-permeable. Since the pressure at the point of the
throttle gap is higher than that in the remaining cylinder, it is
necessary to seal the gap between screw 1 and the conical
spacing ring, for which an O-ring is employed. �is should
prevent the mixture of the two components from passing
through the gap to the shaft.�e extrusion head is in the form
of detachable cannulas and their retainer making it possible to
change nozzle sizes easily and quickly after each 3D print.

With the exception of the shaft, all components are made
from aluminium whose good thermal conductivity ensures

Extruder

Infrared source

Printing/heat bed

Refrigeration

Pump systemDosing
system

Motor control

Pump system 
control

Dosing system 
control

Control

Control

Motor

Hopper

Figure 2: Overview of the entire 3D printing system.

Hose coupling

Hopper/injection area

Bearing Shaft
seal

Bearing

Degassing valve

Distance ringScrew 1 Screw 2

Coupling

Motor

Shaft
seal

Figure 3: Final extruder prototype, screw conveyor.
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better heat transfer than other metals such as brass and
stainless steel. Other materials may also be suitable, but it is
important that none are ferromagnetic in cases where MAP
production is concerned.

8.4. Printing/Heat Bed. -e printing bed, shown in Figure 2,
comprises a high-quality square (210mm× 210mm) flexible
self-adhesive silicone heating mat. In conventional 3D
printing, the heat generated serves to increase adhesion which
results in improved printing results. In addition, for 3D
printing of silicones, the heating mat is indispensable to the
crosslinking process. As already mentioned, the vulcanization
speed of addition-curing 2-component silicone systems (RTV-
2) is exclusively controlled by temperature. A rough rule of
thumb is to halve the pot life time for each temperature riseΔT
of 7°C (Wacker Silicones), as given in the following equation:

τc �
1

1.1ΔT
. (13)

-e reverse applies analogously to cooling. Incipient
vulcanization is noticeable by an increase in viscosity. As an
alternative, infrared radiationmay be employed.-is has the
advantage of making layer-by-layer control of the cross-
linking process possible.

8.5.Maintenance. Nonvulcanized residues of RTV-2 silicones
can easily be removedwith solvents such as gasoline or acetone.
Already vulcanized material can only be removed by me-
chanical action. It is therefore advisable to wash through with
one of the two components (A or B) after completion of the 3D
printing process, prior to cleaning with acetone.

8.6. Key Data of the Extruder. -e most important extruder
data are the containment volume, conveying volume, and
conveying velocity. -e following data are dependent on
different factors and are merely intended as a guideline. If
the volume of the screw conveyor is subtracted from the
volume of the cylinder, the capacity of the extruder (in this
case 10.9ml) is obtained. -e conveying volume describes
the transported volume per revolution which reaches the
printing bed through the cannula.-is, in turn indicates that
the 3.0mm pitch b and the 2.85mm thread depth of screw 2
are decisive. -e conveying volume may be calculated
according to the following equation:

Vc � 2πrhb � 429.8mm3
, (14)

where h� 2.85mm and r� 8mm.
-e conveying capacity depends on the pumping system

and stepper motor rotor speed. Typically a pump rotor speed
between 3.5 and 350 rpm, adjustable in 1% steps, suffices.
Resulting flow rates lie between 13ml/min and 4600ml/min.
In the above design, the 40 rpm rotational velocity of the
stepper motor results in a conveying capacity of approxi-
mately 16ml/min.

8.7. Preliminary Performance. -e current design is pres-
ently in operation and preliminary results show significant

improvements over traditional manual or machine mixing.
In addition to mechanical testing (rheometry, indentation,
etc.), X-ray tomography can be used to evaluate 3D-printed
objects. Where particle additives are included in the 3D
printing process, the shedding of particles during cavity
ascension during the degassing process leads to the for-
mation of ring structures. -e deliberate introduction of
cavities can have advantages [11], though in most cases such
inhomogeneities are a major problem.

Figure 4 shows 3D X-ray tomographic images of mag-
netoactive polymers containing 3wt.% CIP, containing rings
resulting from cavity ascension (Figure 4(a)) and ring free
due to the absence of cavities (Figure 4(b)).

9. Conclusions

A miniature extruder capable of cavity-free mixing of ad-
dition-curing RTV-2 silicones, with or without particulate
additives, has been developed, built, and successfully tested.
-e extruder is capable of direct inclusion in automated 3D
and 6D printing systems and overcomes many of the
problems associated with conventional mixing, such as
cavity inclusion, sedimentation of particulate, limited
printing time, and postprocess intensive cleaning. Design
parameters are given, and the basic formulas necessary for
relevant rheological calculations are derived.

Additional components are required for full integration
into a 3D printing system, but these are individual to specific
3D printer designs. -e necessary materials are readily

(a)

(b)

Figure 4: X-ray tomographs of MAP (a) containing rings and (b)
ring-free MAP.
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available making the miniature extruder a cost-effective
component of any 3D printing system. Although this
work deals specifically with silicones, the miniature extruder
is extremely versatile and applicable to the extrusion of other
two part materials.
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möglichkeiten, risiken,” Chemie in Unserer Zeit, vol. 52, no. 1,
pp. 42–50, 2018.

[2] W. Sommer, A. Schlenker, and C.-D. Lange-Schönbeck,
Faszination 3D-Druck: Alles zum Drucken, Scannen, Mod-
ellieren, Markt+Technik Verlag GmbH, Burgthann, Germany,
2016.

[3] M. V. Gandhi and B. S. -ompson, Smart Materials and
Structures, Springer, London, UK, 1992.

[4] H. Hanselka and J. Nuffer, Intelligent Materials: Principles-
Applications-Trends, Springer, Berlin, Germany, 2009.

[5] W. Cao, H. H. Cudney, and R. Waser, “Smart materials and
structures,” Proceedings of the National Academy of Sciences,
vol. 96, no. 15, pp. 8330-8331, 1999.

[6] N. Prem, Spectroscopic Analysis of Magnetoactive Polymers
(MAPs)–Master Project Report 1, Technical University of
Applied Science Regensburg, Regensburg, Germany, 2017.

[7] P. Saxena, J.-P. Pelteret, and P. Steinmann, “Modelling of
iron-filled magneto-active polymers with a dispersed chain-
like microstructure,” European Journal of Mechanics-A/Solids,
vol. 50, pp. 132–151, 2015.

[8] G. J. Monkman, D. Sindersberger, A. Diermeier, and N. Prem,
“-e magnetoactive electret,” Smart Materials and Structures,
vol. 26, no. 7, article 075010, 2017.

[9] N. Prem, J. C. Vega, V. Böhm, D. Sindersberger,
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