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Abstract
We present a new method—fused pellets printing—to print any thermoplastic materials by converting a screw extruder 
into a direct source for feeding material into fused deposition modeling (FDM) style 3D printer. We achieve this by feeding 
thermoplastic pellets into a stand-alone single screw system that melts and pushes the material through a flexible heated 
hose to the print head. The material is finally deposited through the print head onto the print bed to construct the 3D object. 
This heated hose decouples the large mass extruder from an FDM print head which can then move with high speed and 
precision. The result is a very simple 3D printing tool that can take raw input pellets or even recycled thermoplastic scrap, 
and directly print parts without the need to produce an intermediate, high-quality filament. This technique has been suc-
cessfully used for pellets of both soft and hard thermoplastics. Using pellets of styrene–ethylene–butylene–styrene, airtight 
pneumatic soft robotic actuators have been printed in a single process. In theory, this technique should be suitable for any 
thermoplastic material regardless of their flexibility, stretchability, and hardness which is not possible with currently avail-
able commercial FDM systems.

Keywords  Fused deposition modeling · Additive manufacturing · Fused pellet printing · Thermoplastic elastomer · Pellet 
extruder

1  Introduction

Fused deposition modeling (FDM) is an additive manufac-
turing (AM) technique where a molten material is extruded 
through a nozzle to develop two-dimensional (2D) layers. 
Each layer is deposited onto the previously deposited layer, 
thus constructing the whole three-dimensional (3D) object 
[1]. In general, in FDM, the feed material is provided as 
a previously formed filament from a roll, with full control 
over the feed rate by virtue of a motor-roller feeder assem-
bly. Then, the filament is liquefied inside a melt chamber 
and then extruded through a nozzle. The melt chamber and 
the nozzle assembly are commonly known as the hot end. 

The filament between the spool and roller assembly is in 
tension, whereas, between the roller and melt chamber, the 
filament is in compression [2]. Three major factors control 
the operation of a motor-roller feeder assembly—the maxi-
mum torque supplied by the feeder motor, the amount of 
force transferred from the motor shaft to the solid filament, 
and the column strength of the filament before entering the 
melt chamber [3].

The main driving force is the torque (τ) supplied by the 
feeder stepper motor. Here, the solid filament acts as a piston 
to push the highly viscous polymer melt through the print 
nozzle. The required motor power ( Pmotor ) can be estimated 
from Eq. 1 [4–6]:

where ΔP is the pressure drop in the melt chamber, A is the 
cross-sectional area of the filament, and �r and Rr are the 
angular speed and radius of the toothed gear of the driving 
motor. The coefficient of friction (f) between counter-rotat-
ing wheels and the filament determines how much force can 
be transferred to the filament from the motor shaft. Elkins 

(1)Pmotor =
1
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et al. showed that, due to the larger coefficient of friction, 
use of a soft rubbery wheel resulted in higher force trans-
ferred to the filament when compared to a hard epoxy wheel 
[3]. While serving as a piston under compression, the fila-
ment must also have enough column strength (also known 
as axial rigidity) to avoid buckling between the motor-roller 
assembly and the melt chamber. A higher viscosity of the 
polymer melt increases the force on the solid filament that 
is required to push the molten polymer through the nozzle. 
This force cannot be supplied by the solid filament if the 
column strength is insufficient. The column strength can be 
estimated from the critical buckling pressure ( Pcritical load ) 
using Euler’s buckling theory as follows [7, 8]:

where, E , d , and L are the elastic modulus, diameter, and 
length of the solid filament between the rollers and the melt 
chamber. Hence, the solid filament must have high E or 
small L to overcome resistance within the hot end while not 
buckling or otherwise failing to feed. All of these require-
ments by the motor-roller feeder assembly limit how soft 
an input filament can be, and the majority of FDM printers 
are optimized for rigid filament materials like acrylonitrile 
butadiene styrene (ABS), polylactic acid (PLA), and high 
impact polystyrene (HIPS).

Specific applications such as soft robotics require 3D 
printing of soft elastomeric materials, which is challeng-
ing, because the column strength of their filament is often 
lower than the limit imposed by the rollers. Researchers 
have printed thermoplastic elastomers with a hardness 
of approximately 70 Shore A using a modified version 
of the feeder-roller assembly [3]. Commercially avail-
able semi-flexible FDM filaments, such as NINJAFLEX® 
[9], PolyFlexTM [10], and FlexSolid® [11], can be used 
in feeder-roller assembly, but are relatively stiff and may 
not be appropriate for certain low pressure or high defor-
mation applications. If softer materials are to be used in 
FDM processing, alternatives to the filament feed system 
are required. There are at least one patented technique, 
some commercial solutions, and published reports where 
a mini-extruder mounted on the print head was exploited 
to 3D print directly from pellets [12–19]. However, having 
a pellet extruder directly attached to a print head increases 
its size and weight, requiring stronger components, and 
limiting the use of this feeding system in multi-material 
FDM printing. The direct mount pellet extruder also has 
issues with clogging the print material in the screw [15] 
and difficulty in immediate ON/OFF control of the melt 
flow [16]. Hence, it is of great interest to design a custom 
feeder system for FDM printers which can function for 
any thermoplastic materials, regardless of their hardness, 
and minimizes the extra loads placed on the linear stages 

(2)Pcritical load =
�2Ed2

16L2
,

and motors. Using such a feeder system, a multi-material 
FDM system would be able to directly print soft robots 
with different components made of materials with varying 
hardness, all in a single step.

Using a custom flexible heated hose, we demonstrate 
the newest 3D printing technology, fused pellets printing 
(FPP), a novel feeder system to print almost any thermoplas-
tic material if it melts at a temperature below the maximum 
temperature rating of the thermistor/heater used in the sys-
tem, i.e., 400 °C in this case. The following sections focus 
on the design and development of the heated hose feeder 
system and fine-tune the process parameters to achieve qual-
ity prints.

2 � Experimental setups

An inexpensive FDM style 3D printer (Model: M201) was 
purchased from Geeetech, China. The original print head 
of this printer was a 2-in-1-out type hot end, which inputs 
two filaments to co-extrude them in a side-by-side manner 
or change the composition of the print in each new layer to 
be deposited. The original printer head was replaced by a 
custom tri-extruder system described in the following sec-
tion. The pre-installed firmware of this printer also allows 
users to change the composition of the print at any time by 
regulating the relative feed rate of both polymers.

2.1 � Materials

Soft thermoplastic elastomer pellets of Kraton G1657 (sty-
rene ethylene butylene styrene (SEBS)) purchased from 
Kraton Corporation, USA were used as received. SEBS is 
a triblock copolymer composed of styrene end blocks and 
ethylene/butylene interior blocks. Kraton G1657 is optically 
transparent, which has a hardness of approximately 47 Shore 
A, and in its bulk form, it can stretch up to approximately 
600% [20, 21]. In addition to elastomeric pellets, rigid pel-
lets of MM3520 shape memory polymer (SMP) purchased 
from SMP Technologies Inc., Japan, were also successfully 
used in our system. This SMP has a hardness of 77 Shore D 
in its glassy state; however, by heating well above its glass 
transition temperature (35 °C), its hardness can be lowered 
to approximately 80 Shore A in its rubbery state.

2.2 � Design of the print head

Direct printing from pellets comprises three major compo-
nents: a pellet extruder, a flexible heated hose, and print 
head. The schematic diagram in Fig.  1a shows all the 
major components of FPP technology. The actual system is 
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presented in Fig. 1b, and the exploded 3D model of the print 
head is shown in Fig. 1c.

2.2.1 � Pellet extruder

The original pellet extruder [22] was bought from Filas-
truder, USA as a Do-It-Yourself (DIY) kit. This extruder 
uses a single screw (15.5 mm in diameter and 18 cm in 
length) with hex shank coupled with a GF45 series 12 VDC 
gearmotor (max 8 rpm and 15.6 Nm torque). The voltage 
and current supplied to the gearmotor can be regulated 

using a closed loop PWM controller to control the speed and 
torque of the gear motor, respectively. It enables the user to 
adjust the extrusion speed which mainly depends on extru-
sion temperature. The extrusion temperature was controlled 
using a collar heater on the barrel, a K-type surface mount 
thermocouple, and a PID controller.

2.2.2 � Flexible heated hose

The 2-foot (0.61 m)-long flexible, heated hose is the major 
component which connects the pellet extruder with the 

Fig. 1   a The schematic diagram 
of the fused pellets printing 
technology showing all three 
major components (i.e.) pellet 
extruder, flexible heated hose, 
and the print head, b the actual 
fused pellet printing system, and 
c the exploded 3D model of the 
tri-extruder print head
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print head. A B-series 2-foot-long PTFE hose with 1/8 in 
(3.18 mm) nominal internal diameter (part number: SS-BT 
2 TA2 TA2-24) was purchased from Swagelok, Canada. 
This hose has a PTFE core with 304 stainless steel braided 
cover. The hose has a maximum limit of working pressure 
of 206 bar (2.06 × 107 Nm−2) rated at 20 °C and a maxi-
mum temperature of 230 °C, according to the manufacturer’s 
specification. This maximum temperature puts a limit on 
input material choice for this system, but is sufficient for 
demonstrating the concepts. The hose has a 1/8 in (3.18 mm) 
Swagelok tube adapter on both ends, whereas both the pel-
let extruder and print head have M6 × 1 mm female thread 
opening. To fulfill the assembly requirement, ¼ in NPT 
(6.35 mm) male tube fittings were purchased and swaged 
to M6 × 1 mm male fitting. To ensure that the polymer melt 
remains in the molten state while being transported from the 
pellet extruder to the printing head, the hose must be kept 
above the melting temperature of the polymer at all time. 
For this purpose, the hose was first wrapped with a 4-foot 
(1.22 m) long, 120 VAC, 78 W flexible heat cable (part 
number: 4550T162) purchased from McMaster-Carr. Then, 
a K-type surface mount Ni probe thermocouple (part num-
ber: 9251T93) from McMaster-Carr was attached, so that it 
never touches the heat cable directly—rather, it maintains 
contact with the braided metal surface of the hose. Finally, 
a 3 mm-thick fiberglass insulation was wrapped around the 
tube and secured with an extra layer of Kapton tape. Using 
a separate PID controller, the temperature of this flexible, 
hot tube was controlled independently.

2.2.3 � Print head

A custom tri-extruder, reported elsewhere [23, 24], was 
employed here which has three inputs. One input channel 
was attached with a regular motor-roller feeder assembly to 
feed filaments of rigid polymers. Another input channel was 
connected to the flexible heated hose to feed soft thermo-
plastic pellets using the FPP technology. The third input of 
this tri-extruder was kept inactive and is intended for future 
use.

2.3 � Flow analysis

This system involves two major melt flows: single screw extru-
sion flow inside the barrel and laminar pipe flow through the 
heated hose. The physics of the single screw extrusion is well 
developed in the literature which consists of three types of 
flows [25], as shown in Fig. 2a. They are a drag flow, caused 
from the interaction of the rotating screw and stationary barrel, 
an opposing pressure flow due to the pressure gradient devel-
oped along the screw length, and a leakage flow through the 
clearance between screw and barrel, which reduces the overall 
output of the extruder. This leakage flow may be negligible 

if the screw is not significantly worn [26]. Apart from these 
flow components inside the extruder, there is another opposing 
pressure flow resulting from the pressure gradient developed 
within the heated hose. From the literature [27], the drag flow, 
Qd , can be estimated using the following equation:

where the diameter of the screw D = 15.5 mm, helix angle 
ϕ = 35°, flight width e = 11 mm, channel depth of the auger 
H = 5.25 mm, and N = screw speed in rpm. Hence, for our 
system, drag flow (Qd) reduces to the following:

(1)Qd =
1

2
× (�D tan� − e) ×

(

�D
N

60
cos2 �

)

× H,

(2)Qd = (3.3 × 10−8N) m3∕s.

Fig. 2   a Illustration of three melt flows inside the screw system, b the 
flow curves of SEBS at 210 °C and 220 °C temperatures in a log–log 
scale, and c the variation in actual print speed using 0.5 mm nozzle at 
different screw speeds
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The mathematical model for pressure flow inside the 
extruder has also been developed in the literature as follows 
[25, 27]:

w h e r e  t h e  ch a n n e l  w i d t h  o f  t h e  s c r ew, 
w = (�D tan� − e) cos� = 18.92 mm, η = viscosity of the 
polymer melt, and 

(

dp

dL

)

Extruder
 = the pressure gradient along 

the screw length inside the pellet extruder. This equation was 
derived for a Newtonian fluid which follows the simple lin-
ear viscosity relation, i.e., 𝜏 = 𝜂𝛾̇ . However, polymer melts 
are highly non-linear viscoelastic fluids. Thus, it is reason-
able to consider the power-law fit equation for the melt vis-
cosity, assuming that the temperature is uniform throughout 
the extruder. Hence, we get the viscosity relation as follows 
[4]:

Here, K = consistency index and n = power-law index. 
These power-law fit parameters can be estimated from the 
viscosity curve (viscosity vs. shear) of the polymer melt. 
Therefore, using Eq.  (4) in conjunction with the model 
developed by Crawford [26], the pressure flow equation has 
been re-formulated as follows. The detailed derivation can 
be found in the supplementary information:

Using an HAAKE™ Minilab twin screw micro-com-
pounder, the viscosity curves for SEBS and SMP were 
obtained, from which power-law fit parameters (K, n) can 
easily be estimated. In this work, for demonstration pur-
pose, only the SEBS data have been presented. Figure 2b 
shows the flow curves of SEBS at 220 °C temperature with 
the power-law fit parameters estimated as K = 1560 and 
n = 0.8254. Using these power-law fit parameters and the 
geometric parameters of the screw system into Eq. (5), the 
pressure flow equation of SEBS can be reduced to Eq. (6), 
assuming that the pressure gradient is linear over the screw 
length (LA = 0.18 m):

Since the screw system does not have any wear and has a 
very small clearance (δ = 0.0005 m) between the flight sur-
faces and the barrel surface, the leakage flow will be very 
small and be neglected in this study.

In addition to the flow components inside the screw-
barrel system, there is another melt flow that arises from 

(3)Qp =
wH3 sin�

12�
×

(

dp

dL

)

Extruder

,

(4)𝜂 = K𝛾̇n−1.

(5)

(

Qp

)

Extruder
=

2nw

(2n + 1)
× n

√

sin�

K

(

dp

dL

)

Extruder

×
(

H

2

)

(

2n+1

n

)

.

(6)
(Qp)Extruder(SEBS) = 3.33 × 10−14 × 0.8254

√

(ΔP)Extruder m
3∕s.

the pressure gradient developed inside the heated hose. This 
pressure gradient also reduces the overall melt flow and can 
be mathematically modeled using the fundamentals of pipe 
flow [28] applying to power-law polymer melt as derived in 
the supplementary information and given in the following 
equation for a hose with an internal radius of R:

Again, Eq.  (7) can be re-written for SEBS flowing 
through the heated hose. However, the temperature of the 
flexible tube is 210 °C for SEBS which is different than that 
of the pellet extruder. Therefore, a new set of power-law 
fit parameters (K = 2113 and n = 0.8384) for 210 °C esti-
mated from Fig. 2b must be used in Eq. (7) for 2-foot-long 
(LT = 0.61 m) hose with internal radius, R = 1.5875 mm. That 
reduces the Eq. (7) as follows:

Finally, the total melt flow can be expressed by the fol-
lowing single equation:

which can again be written for SEBS as follows:

This equation can be used to determine the screw speed 
in rpm for a desired flow rate or print speed. However, it 
requires an experimental measure of the pressure drop across 
both the extruder and the heated hose, for accurate estima-
tion. However, due to a relatively small pressure drop at 
lower screw speeds, by considering only the drag flow, the 
first term of the Eq. (10), one may get an approximate rela-
tion between desired print speed and required screw speed 
using the following equation:

2.4 � Pellet extrusion

The process of pellet extrusion requires setting and main-
taining temperatures of three major components of this sys-
tem. This set of temperatures may vary for different mate-
rials, i.e., SEBS and SMP, in this work. Some initial tests 
were conducted to fine-tune the process and identify this 

(7)

(Qp)Heated Hose =
n�

(3n + 1)
× n

√

1

2K

(

dp

dL

)

Heated Hose

× (R)

(

3n+1

n

)

.

(8)

�

Qp

�

HeatedHose
= 1.17 × 10−16 × 0.8384

√

(ΔP)HeatedHose m
3∕s.

(9)QTotal = Qd −
(

Qp

)

Extruder
−
(

Qp

)

Heated Hose
,

(10)

Q
Total

= (3.3 × 10
−8N) − 3.33 × 10

−14

× 0.8254

√

(ΔP)Extruder − 1.17 × 10
−16

× 0.8384

√

(ΔP)Heated Hose
.

(11)Print speed, S =
Qd

�
(

rnozzle
)2
.
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set of temperatures for both materials to obtain continuous 
defect-free extrudates. Table 1 lists the sets of temperature 
for both SEBS and SMP which resulted in high-quality 
extrusion. The temperature of the heated hose was kept at a 
lower temperature than the pellet extruder and print head, 
that is 20 °C below the maximum temperature limit (230 °C) 
of the PTFE core of the heated hose. Figure 2c shows the 
actual print speed or extrusion rate of the FPP system at dif-
ferent screw speed using a 0.5 mm nozzle diameter. This plot 
clearly shows that the extrusion rate tends to reach a plateau 
at higher screw speed due to the pressure-driven backflows 
developed which were not experimentally measured in this 
work. The maximum screw speed attainable with the pellet 
extruder setup was approximately 6 rpm where the suppli-
er’s specification of maximum screw speed was 8 rpm. This 
analysis was performed to identify the suitable screw speed 
for desired print speed. Hence, for accurate measurements, 
two pressure transducers installed across the pellet extruder 
and flexible tube would be highly recommended for future 
work. Based on these trials, a print speed of 30 mm/s was 
chosen for printing when using a 0.5 mm nozzle and setting 
the screw speed to 3 rpm.

2.5 � Dynamics of the heated hose

As the heated hose is the main element of this system for 
transporting the polymer melt from the pellet extruder to 
the print head, we also consider the flow of polymer melt 
inside this heated hose, because it may put an additional 
limit on the print speed and power requirements.

2.5.1 � Melt properties

Polymer melts have highly non-linear, shear rate-depend-
ent viscosity properties. The shear rate is determined by 
the flow rate and the geometry of the tube and the appar-
ent shear rate 

(

𝛾̇app
)

 for a power-law polymer melt can be 
estimated using the following equation [25]:

For a print speed of 30 mm/s with SEBS and using 
a 0.5 mm nozzle, the apparent shear rate at the channel 

(12)𝛾̇app =
4QTotal

𝜋(R)3

(

3n + 1

4n

)

.

wall of the heated hose was calculated as 1.875 s−1. This 
shear rate, at the temperature of 210 °C, corresponds to the 
viscosity of 1909 Pa s, estimated using the power-law fit 
equation from the viscosity curve given in Fig. 2b.

2.5.2 � Heat flux requirements

Since the polymer is in its molten state before entering the 
heated hose, ideally, it would be an adiabatic process to 
transport the melt to the print head, if there is no heat loss. 
However, in practice, though 3-mm-thick fiberglass insu-
lation was applied on the outer surface of the hose, there 
is still some heat loss to the environment. This heat loss 
is compensated for using an external band heater which 
supplies a variable heat flux to maintain the desired tem-
perature of the heated hose.

2.5.3 � Pressure drop estimation

From a momentum balance on the heated hose, the pres-
sure drop across it can be predicted as performed for an 
extrusion die [6]. By solving both momentum and energy 
balances, the pressure drop within the liquefier of a 3D 
printer was modeled by Ramanath et al. [5], which can be 
used for determining the pressure drop across the heated 
hose. Hence, the equation has been re-written as follows:

All the parameters are already discussed in the previ-
ous sections except T for the temperature of heated hose, 
α for activation energy, and Tα for a reference temperature 
where the temperature dependence of the melt viscosity 
disappears. This model was developed with some assump-
tions [29]: (a) the melt is incompressible, (b) the flow is 
laminar, fully developed and steady state, (c) shear rate 
dependence of the viscosity can be expressed using the 
power-law model, and (d) melt viscosity also depends on 
temperature and follows the Arrhenius model. We also do 
not consider any axial or radial expansion of the hose in 
this analysis.

2.6 � Printing of SEBS soft robotic actuator

FPP system has the potential to revolutionize the field of 
soft actuators through its capacity to directly print very soft, 
stretchable thermoplastic materials. Figure 3a shows a soft, 
flexible octopus printed with SEBS that has stretchable arms 
extensible over 300% without failure. The 3D model of the 
octopus was downloaded from thingiverse.com and designed 

(13)
ΔPHeated Hose =

2LTK

R3n+1
×

[

(3n + 1)QTotal

�n

]n

× e

[

�

(

1

T
−

1

T�

)]

.

Table 1   Printing parameters for SEBS and SMP extrusion

SEBS SMP

Temperature of the pellet extruder (°C) 220 200
Temperature of flexible heated tube (°C) 210 190
Temperature of printing head (°C) 220 200
Nozzle sizes (mm) 0.35, 0.5, and 1.0
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by Laurens kempjes. Commercially available flexible fila-
ments can be directly used to print objects with limited flex-
ibility, but are not as reversibly stretchable as the SEBS used 
here. This ability to print very stretchable devices opens up 
new possibilities in 3D printing applications such as soft 
robots where extreme deformations over many cycles are 
needed.

Inspired by the ability of soft-bodied biological sys-
tems to interact with the uncertain environment and 
achieve compliant motion without multiple mechanical 
joints, many recent works focus on soft robotic actuators 
[30, 31]. Therefore, to demonstrate the performance of 
the FPP system, we choose to print soft robotic actua-
tors made of SEBS. In this work, the pneumatic network 

Fig. 3   a A stretchable octopus with 300% stretchable arms without 
any mechanical failure. The 3D model (b) of the soft actuator with 
dimensions presented in (c). The photograph of the actual actuator 

shown in (d). e The 3D model of the auxetic structure with dimen-
sions presented in (f). The printed structure is depicted in (g). All 
dimensions in 3D models are in mm
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(PneuNet)-based soft robots were designed inspired by 
work done by the Whitesides Group at Harvard University 
[32]. This actuator has channels and reservoirs embedded 
into the elastomeric materials which can be inflated using 
pressurized air to achieve mechanical actuation. The 3D 
model of the soft robotic actuator is shown in Fig. 3b, and 
c, whereas its actual printed version is shown in Fig. 3d.

Inherently, FDM parts have poor surface quality due to 
the staircase effect and chordal error while slicing the object 
[33]. FDM parts are not usually airtight in their 3D volume, 
and air gaps between deposited fibers and layers contribute 
to fluid leakage throughout the printed body. This limits the 
feasibility of FDM technology in printing PneuNet-based 
soft robotic actuators. However, this issue may be overcome 
by selecting proper layer height, layer width, and printing 
temperature to enhance the fusion between deposited fibers 
and layers. An additional annealing process may also con-
tribute in relieving the residual thermal stress if heated suf-
ficiently higher than glass the transition temperature (Tg) to 
allow the material to re-flow, filling the voids between fibers 
or layers. As a result, an airtight 3D printed part may be 
realized with substantially reduced voids in its 3D volume. 
Hence, after printing the soft robotic actuators of SEBS, if 
required, they were also heat treated at 135 °C for 30 min.

2.7 � Printing of SMP auxetic structure

In addition to the pellets of soft materials, the FPP system 
is also capable of printing pellets of rigid polymers if the 
pellets are less than 5 mm in size in any of the dimensions 
[22]. To demonstrate this capability, rigid pellets of SMP 
were used to print functional devices like re-entrant struc-
tures. Such structures are getting increasing attention for 
their ability to unlock “4D” printing capabilities and mor-
phable metamaterials, but have mainly been prototyped 
via proprietary resins or more expensive additive manu-
facturing processes [34]. Re-entrant structures have aux-
etic behavior due to their negative Poisson’s ratio, which 
is of great interest due to their counter-intuitive behav-
ior under deformation [35]. Using SMP materials, their 
thermo-mechanical coupling is utilized in re-entrant aux-
etic structures for controllable one-way actuation [36]. The 
degree of auxeticity is determined by the particular geom-
etry of the material system and its deformation mechanism 
when loaded. Higher auxetic performance often requires 
complex geometry [37]. Complex auxetic structures gener-
ally involve time-consuming and complicated fabrication 
techniques; hence, rapid prototyping technologies may be 
useful to fabricate such material systems [35]. A re-entrant 
auxetic structure with sinusoidal connectors inspired by 
the design used by Dolla et al. for drug diffusion [38] has 
been printed with SMP to demonstrate proof-of-principle 

for our system to be used for this purpose. Figure 3e 
shows the 3D model of the sinusoidal auxetic structure 
with dimensions of its unit cell in Fig. 3f, and the actually 
printed structure is shown in Fig. 3g.

3 � Results and discussion

3.1 � Thermal simulation of the heated hose

The insulated, heated hose was assumed to be a hot verti-
cal tube having a uniform diameter of 20 mm. The tube 
was further considered to be in a free convection situation 
where the temperature of the heating element is kept fixed 
at 210 °C. The connectors on both ends of the hose were 
assumed to have a uniform fixed temperature of 220 °C. 
Since a 4-foot (1.22 m)-long heater band (15 mm wide) 
was wrapped on to the 2-foot-long hose, it is reasonable 
to assume the heater as a continuous annular tube fitted on 
the hose. With these assumptions, first, the constants of the 
Hilpert correlation (C, m) were estimated for laminar free 
convection over a slender circular cylinder as developed by 
Cebeci [39]. Finally, the convective film coefficient (h) of 
22.0 W/m2 °C was estimated using the following equation:

where Nu, GrL , and Pr are the Nusselt number, Grashof 
number, and Prandtl number, respectively, of the air flow 
around the heated hose. L and k are the characteristics length 
and thermal conductivity of the flexible tube. Then, the ther-
mal analysis was performed in ANSYS, as shown in Fig. 4a, 
b. In this steady-state thermal simulation, the temperature 
of the surrounding environment was assumed to be 25 °C. 
Figure 4a shows temperature distribution along the radial 
direction (cross-sectional) of the heated hose. It indicates 
that the core Teflon tubing is nearly 220 °C and the tem-
perature of its outer surface is just more than 120 °C which 
was experimentally measured as ~ 110 °C. From the ther-
mal simulation, the temperature distribution along the axis 
of the heated hose was found to be approximately uniform 
except a slight temperature variation near the ends of the 
tube. Figure 4b illustrates the temperature distribution in 
the tri-extruder, which required the estimation of convec-
tive film coefficient (h) of the forced convection around the 
heat-sink of one input of the tri-extruder, as performed in 
previous work [24].

3.2 � Ultimate strength of extrudates

When the materials were successfully extruded using the 
FPP system, the extrudates were characterized to analyze 

(14)Nu =
hL

k
= C(GrLPr)

m,
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their mechanical properties. The printer was allowed to 
extrude the material from a height of approximately 10 cm 
above the print bed, so that when the free extrudate touches 
the bed, it is already solidified. These extrudates were then 
tested in a custom test setup reported elsewhere [24] to 
measure ultimate tensile strength (UTS) and elongation 
at break. Since elongation at break of the SEBS extru-
dates was significantly higher than the elongation range 
of the reported test setup, they were tested in a different 
approach. First, a specified length of the SEBS extrudate 
was hung from an analog mass balance and the other end 
of the extrudate was pulled down until the extrudate failed. 
The whole process was video recorded, which was later 
used to estimate the elongation at break and the length of 
extrudate when the failure occurred. Table 2 summarizes 
the extrudate diameter, UTS, and elongation at break for 
both SEBS and SMP extrudates. Each measurement was 
repeated five times. The SEBS extrudates could stretch to 
more than 800% which is higher than the reported stretch-
ability (~ 600%) of bulk SEBS [20]. This phenomenon may 
be explained by the increased linearity of the polymeric 
chains from an extrusion process [25].

3.3 � Effect of printing parameters on airtight SEBS 
structure

The major printing parameters affecting the size and number 
of inter- and intra-layer voids were found to be layer height 
and layer width. These settings are defined in the slicing step 
when the 3D model is converted to a number of 2D layers. 
In this work, an open source slicing program, Slic3r [40], 
was used for the slicing step. A number of small actuators 
with only three hollow chambers, as shown in Fig. 5b, were 
printed with different layer widths and heights. Then, pres-
surized air was applied to inflate them until they ruptured 
to measure the air pressure (gage) which causes pneumatic 
failure. The microscope images of chamber walls of the sam-
ples were also examined to study the voids present in those 
samples. Figure 5c shows the printing parameters needed to 
achieve airtight SEBS walls when using a 0.5 mm nozzle. 
There are three distinct regions in the plot; printing of SEBS 
structures in the first region deposits the material with a 
“squashed” cross-section rather than a more typical circular 
cross-section. It also causes a degree of over-extrusion to 
help to fill the possible voids between the deposited fibers. 
These phenomena contribute to airtight FDM parts with 
minimal voids in their 3D volume. Because the SEBS is 
a clear material, the boundary effect of the internal layers 
also disappears, leading to a more transparent printed part. 
Figure 5e shows a part with 20 mm depth, still transparent 
enough to read text through this thickness.

The second region in Fig. 5c represents the print settings 
that result in an object which is mostly airtight except for 
some random air-leaking locations. These printed parts 
require an additional heat treatment process to allow the 

Fig. 4   The temperature distribution across the a cross-section of the heated hose and b at the end connector with the tri-extruder, from the ther-
mal simulation using ANSYS

Table 2   Experimental results from tensile testing of the extrudates

Materials Nozzle 
diameter 
(mm)

Extrudate 
diameter 
(mm)

Tensile 
strength 
(MPa)

Elongation 
at break (%)

SEBS 0.35 0.33 ± 0.01 12.5 ± 2.2 850 ± 70
0.50 0.52 ± 0.02 11.1 ± 1.8 875 ± 78

SMP 0.35 0.36 ± 0.01 33.2 ± 2.3 32 ± 1.4
0.50 0.54 ± 0.03 35.0 ± 3.6 34 ± 2.1
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materials to re-flow—filling up the unwanted voids or seal-
ing up the cracks. It was experimentally determined that 
if an SEBS part printed with parameters defined by the 
region B undergoes a heat treatment at 135 °C for 30 min, it 
becomes airtight, suitable for pneumatic applications. The 
third region has too many voids for the part to become air-
tight even with the heat treatment step.

Five small actuator samples printed with SEBS were 
tested to determine the maximum air pressure before rup-
turing. Once a sample was ruptured it went through an 
additional heat treatment process (135 °C for 30 min) 
to seal the crack and tests were repeated five times. Fig-
ure 5c also shows the average air pressure which caused 
the actuator chamber to rupture. It shows that the samples 

Fig. 5   a Microscope images 
of two representative SEBS 
extrudates from 0.5 and 
0.35 mm nozzles; a metric 
scale is in the background. b A 
small actuator with only three 
chambers printed with SEBS 
was used to determine the 
effect of printing parameters on 
airtightness of soft robots; c a 
graphical representation of the 
effect of printing parameters on 
airtightness of printed walls. 
Three distinct regions print-
ing parameters which result in 
as-printed airtight structure, 
heat-treated airtight structure, 
and not airtight structure. Data 
points represent the air pressure 
which causes rupturing leading 
to fluid leakage through the 
chamber walls. d Microscope 
images of the cross sections of 
samples printed with 0.6 mm 
layer width and (i) 0.25 mm 
layer height, (ii) 0.35 mm layer 
height (before heat treatment), 
(iii) 0.35 mm layer height 
(after heat treatment), and (iv) 
0.45 mm layer height (Scale 
bars are 1.5 mm). e The base 
of the SEBS actuator printed 
with 0.25 mm layer height and 
0.5 mm layer width, resembling 
the bulk SEBS material with 
high optical transparency



207Progress in Additive Manufacturing (2019) 4:197–209	

1 3

printed with parameters corresponding to the first region 
(without heat treatment) and the second region (with heat 
treatment) have statistically indistinguishable rupturing 
pressure.

3.4 � Performance of SEBS soft actuator

Once the SEBS soft robotic actuator has been directly 
printed, it was characterized to measure the actuator force 
and the tip deflection induced for a range of air pressure 
(gage) applied to its PneuNet. The custom setups in Fig. 6a, 

Fig. 6   The custom setups for measuring the a actuation force and b 
tip deflection of the SEBS soft robotic actuator. c Different states of 
actuation of a representative SEBS soft robot. d The dependences of 
the actuation force and deflection angle plotted against the air pres-

sure applied. e Time-lapsed photos of sinusoidal re-entrant structure 
showing its shape recovery and f the  % recovery of the as-printed re-
entrant structure over the period of recovery



208	 Progress in Additive Manufacturing (2019) 4:197–209

1 3

b with acrylic holders were used to characterize the actua-
tor. A National Instrument data acquisition (DAQ) hub (NI 
USB-6289) along with a Windows Presentation Foundation 
(WPF) application written in C# and a load cell (Transducer 
Techniques, MLP-10) was used to measure the actuation 
force. To measure the tip deflection of the actuator, a cam-
era was used to take photos of the deflected actuator. These 
photos along with image processing software were used to 
measure the angle of deflection of the actuator tip. Figure 6c 
shows the different states of actuation of the soft robotic 
actuator displaying corresponding air pressure (gage). A 
graph showing the dependence of actuation force and tip 
deflection of the actuator on the air pressure applied is pre-
sented in Fig. 6d.

3.5 � Recovery of SMP auxetic structure

Previous 3D printing of SMP was recently reported where 
researchers first used a pellet extruder to fabricate SMP fila-
ment, which was then used in FDM systems to print SMP 
devices following with an annealing process before utilizing 
the shape memory property [41]. However, in this work, 
the SMP auxetic structures were printed directly from its 
pellets using the FPP system and did not require a post-
processing heat treatment step. Figure 6e shows time-lapsed 
photos of the sinusoidal re-entrant auxetic structure (size: 
8 cm × 8 cm × 5 mm) depicting its shape memory property. 
First, the as-printed structure (Tg = 35 °C) was heated to 
40 °C under hot water and stretched 2 cm along both length 
and width direction (deformed size: 10 cm × 10 cm × 5 mm). 
Then, it was cooled down to room temperature and kept for 
2 min while maintaining the deformed shape. To observe 
the recovery, the object was then put again under hot water 
of ~ 50 °C, (Tg + 15 °C) recommended by Raasch et al. [41]. 
The % recovery was calculated based on the overall length 
of the auxetic structure, as shown in Fig. 6e and using the 
following equation:

where Ldeformed = the length of the deformed and cooled 
down structure, Loriginal = the original as-printed length of the 
structure and Lcurrent length = the current length of the struc-
ture. Figure 6f shows the % Recovery of the auxetic structure 
over a period of time, where it is clearly shown that the 
structure returns to around 8.1 cm on both length and width 
directions which is equivalent to 95% recovery. In addition 
to the auxetic structure, a number of prototypes were also 
printed using this system. The movie file in the supplemen-
tary information shows recovery of a “UofA” object under 
50 °C hot water.

(15)%Recovery =

(

Ldeformed − Lcurrent length
)

(

Ldeformed − Loriginal
) × 100%,

4 � Conclusions

To the authors’ best knowledge, this is the first time that 
material extrusion-based 3D printing has been demonstrated 
directly from pellets using a flexible heated hose as the feed 
mechanism. Since the pellet extruder is fixed, while the print 
head moves, it decouples the power/heating limitations from 
the speed/resolution needs of the printer hot end. Using this 
FPP technology, industrial-scale extruders coupled to FDM 
printers could deposit materials, in future, with properties 
and deposition rates previously impractical. While the moti-
vating drive for the development of this technology was to 
solve the issue of working with extremely soft elastomers 
partially, the effective feed speeds achievable and economic 
savings of direct pellet extrusion can make the heated hose-
based extrusion a very valuable improvement to all FDM-
type printers.
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