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Abstract
Soft robotics is an emerging scientific field well known for being widespread employed in several applications where dexterity 
and safe interaction are of major importance. In particular, a very challenging scenario in which it is involved concerns bio-
medical field. In the last few years, several soft robotic devices have been developed to assist elderly people in daily tasks. 
In this paper, the authors present a new manufacturing approach for the fabrication of I-SUPPORT, a soft arm used to help 
needful people during shower activities. The proposed I-SUPPORT version, based on pneumatic and cable-driven actua-
tion, is manufactured using Fused Filament Fabrication (FFF), the most common and inexpensive Additive Manufacturing 
(AM) technology. The advantages offered by FFF technology compared to traditional manufacturing methods regard: (i) the 
possibility to increase the automation degree of the process by reducing manual tasks, (ii) the decrease of assembly opera-
tions and (iii) an improvement in terms of supply chain. Moreover, the constitutive I-SUPPORT elements have been printed 
separately to save time, reduce materials and optimize the waste in case of failure. Afterwards, the proposed soft robotic 
arm has been tested to evaluate the performances and of the chambers, module and the whole I-SUPPORT manipulator.

Keywords  Additive manufacturing · Fused filament fabrication · Soft actuator: soft assistive robot · Flexible filament · 
Airtight

1  Introduction

Additive manufacturing (AM) is an emerging manufacturing 
approach composed by 7 process groups [1], but the general 
manufacturing idea underlying all the groups is the same: 
fabricate objects layer by layer. The AM application fields 
are many, ranging from the aerospace one [2–4] to electronic 
fields [5–9], but at the state of art, Additive Manufactur-
ing (AM) is still underexploited in the soft robotic field. 
This new engineering discipline is characterized by several 
and complex features, the main ones are: the usage of soft 

materials (with a Young modulus lower than 10 9 Pa) or 
compliant structures, the high bio-inspiration degree, the 
usage of several actuation methods (including non-conven-
tional ones) and the possibility to modulate the stiffness of 
body parts [10–14]. The most common technique used to 
fabricate soft devices is moulding, in all its variants (e.g., 
vacuum casting or multi-step moulding). In authors’ opin-
ion, AM technologies aimed to the manufacturing of soft 
robots will result in several advantages, as explained in more 
detail some lines below. The possibility to use AM technolo-
gies to manufacture very complex geometries (difficult to 
fabricate using traditional manufacturing approaches such 
as elastomeric materials moulding), to better mimic animal 
and vegetable shapes and movements [12] is very attractive 
and challenging. A clear example of the close link among 
AM and soft robotic is represented by the Bionic Handling 
Assistance (BHA) developed by Festo Inc. using Selective 
Laser Sintering (SLS) technology [15]. In the last few years 
the number of soft robots manufactured with AM technolo-
gies grew up considerably [16], several AM technologies 
have been exploited to fabricate soft manipulators, such as 
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Fused Filament Fabrication (FFF) [17, 18] and Digital Light 
Processing (DLP) [19, 20].

In the field of assistive soft robotics, Manti et al. devel-
oped an innovative robotic system to help non-autonomous 
elderly people during bathing tasks within the EU funded 
I-SUPPORT project [21, 22]. I-SUPPORT is a soft robotic 
arm that can be safely used to reach target areas of the 
human body to assist needful people in taking shower. It 
is based on a hybrid actuation system: a McKibben-based 
flexible fluidic actuation system and a cable-driven system 
that are combined to achieve complex movements in the 
3D space. I-SUPPORT is a modular manipulator made up 
of three assembled modules: the first one is called proxi-
mal module and is actuated only by cable-driven system 
to compensate gravitational effects; the second and third 
modules are called, respectively, central and distal module 
both based on the same hybrid actuation (cable driven and 
fluidic actuations).

Each module is composed of three McKibben pneumatic 
actuators positioned at 120° around a circle with a radius 
equal to 3 cm, and three cables. The manufacturing steps 
underlying pneumatic chambers fabrication are reported in 
[21], but here we recall the main components to underline 
the advantage of the proposed approach:

1.	 a braided sheath (Pro Power PETBK3B10, Farnell 
Components) is expanded and inserted into a metallic 
cylinder and thanks to a mechanical deformation and a 
thermal treatment a permanent cylindrical bellow shape 
is created;

2.	 a balloon of latex is introduced into the braided sheath 
to create the internal chamber;

3.	 both extremities are sealed by means of two end-caps, 
one needful to house the air connector and the other used 
as anchoring point.

After the pneumatic chambers are manufactured, they are 
arranged around a circular base and several custom-made 
helicoidally shaped supports are placed among the chambers 
to house the cables.

The whole manufacturing process underlying I-SUP-
PORT is multi-phase and it requires several manual assem-
bly steps and different components such as braided sheath, 
balloon, air connector, end-caps and supports.

In this paper it is shown that the fabrication of a re-
engineered version of the I-SUPPORT device is possible 
using an AM approach: the proposed I-SUPPORT version 
manufactured through Additive Manufacture is called “AM 
I-SUPPORT”.

Fused Filament Fabrication (FFF) technology, well 
known for being one of the most common and inexpensive 
AM technology, and two commercial filaments have been 
employed. More in detail, the use of FFF in manufacturing 

the soft assistive manipulator brings several advantages, 
such as: (i) most assembly operation are avoided by manu-
facturing more components in a single-step printing cycle 
since the pneumatic chambers are equipped with embedded 
air connectors, (ii) the manual tasks are reduced, (iii) from 
a supply chain point of view only two commercial filaments 
are required to produce the whole device, (iv) repeatable 
results have been obtained fabricating identical pneumatic 
chambers with separate cycles.

Finally, the whole AM I-SUPPORT has been tested to 
characterize its behaviour in terms of bending capabilities 
and covered workspace.

Although this approach is validated on a specific soft 
robotic arm, we believe that the reported results can be a 
useful example of advantages introduced by AM in fabricat-
ing soft robotic arms in general, thus widening the interest 
and the impact of the proposed methodology.

2 � Materials and methods

2.1 � AM I‑support design

AM I-SUPPORT has been re-engineered maintaining modu-
larity with two identical modules, called proximal and distal 
module, connected each other to obtain complex movements. 
As well as in the previous version, every AM I-SUPPORT 
module is equipped by air connectors and cable seats to 
combine pneumatic and cable-driven actuation: while pneu-
matic chambers are inflated by means of compressed air to 
obtain several manipulator movements, cables are pulled via 
DC motors to provide an antagonistic action to the fluidic 
actuators that results in a stiffening of the modules.

As shown in Fig. 1, each AM I-SUPPORT module is 
composed of the following elements: (i) three pneumatic 
chambers arranged with an angular distance equal to 120° 
and with embedded air connectors and (ii) two (bottom and 
top) terminals named, respectively, end plate and base plate, 
that allow direct and fast connections, both between the two 
modules and between external elements as support frame 
and (iii) six rings arranged along the actuator chambers to 
keep the correct working position and to house the cables.

Furthermore, commercial nuts and bolts have been used 
to assemble all the components and finally the cables were 
placed in appropriate seats to provide the cable-driven 
actuation. The size of the single module (see Fig. 1) is 
60 × 202 mm, while overall weight is 183 g.

The main innovative aspect of the AM I-SUPPORT con-
cerns the elimination of the manual steps in assembling 
the actuators and in coupling pneumatic chambers with 
air connectors, as a matter of fact the pneumatic chambers 
have been manufactured with embedded air connectors 
in the same single-step printing cycle. The embedded air 
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connectors ensure airtightness at the interface between pneu-
matic chambers and pneumatic pipe.

Pneumatic chambers have been designed using the same 
shape as I-SUPPORT: a bellows-like shape to obtain huge 
deformations; in Fig. 2, the design of the chambers and 

internal micro-chambers is reported. The new actuator 
chambers have been designed following Design for Addi-
tive Manufacturing (DfAM) approach, a collection of tech-
niques based on the idea that design optimization is crucial 
to take more advantages from AM technologies [23–25]. 

Fig. 1   CAD design of the AM 
I-SUPPORT single module

Fig. 2   Actuator pneumatic chamber a cross section of the actuator chamber; b dimensions in mm of the micro-chambers
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When objects that will be 3D printed are designed, sev-
eral considerations concerning the AM process must be 
considered (such as printing orientation, supports utiliza-
tion, printing parameters to set, materials to use etc.…) to 
obtain improved manufacturing results:

	 (i)	 The internal micro-chambers have been designed and 
manufactured (see Fig. 4), to avoid irremovable sup-
ports inside the chambers.

	 (ii)	 Pneumatic chambers have been fabricated using 
a nozzle diameter equal to 0.4 mm, and particular 
attention has been payed to the Line width parameter 
that affects the width of the extruded filament (see 
Fig. 3) and consequently affects the total number of 
adjacent extruded lines deposited by nozzle on each 
slice.

	 (iii)	 After setting the extrusion width to 0.4 mm, equal to 
the nozzle diameter, using a trial-and-error approach, 
it has been found that, under specific conditions, the 
lower wall thickness of the chamber ensuring air 
tightness and the flexibility required by the applica-
tion is 1.4 mm. So, the wall thickness of the pneu-
matic chambers (see Fig. 2a) depends both on extru-
sion width parameters and on further parameters 
affecting air tightness, as discussed in Sect. 2.2.

Fig. 3   Line width and air gap parameter

Table 1   Printing process parameters

Process parameters Actuator chambers Rings Terminals

Material TPU 80A TPU 80A PLA
Printing speed (mm/s) 20 20 80
Layer height (mm) 0.1 0.15 0.25
Extrusion width (mm) 0.4 0.4 0.5
Wall line count 2 5 2
Infill density (%) 100 100 15
Infill pattern Concentric Lines Grid
Printing temperature 

(°C)
235 235 205

Heated bed temperature 
(°C)

60 60 40

Flow (%) 105 105 100
Printing time (hours) 60 (20 for each one) 3.2 3.5

Fig. 4   3 constitutive components of AM I-SUPPORT in slicing 
software (the red arrow indicates the building direction): a actuator 
chambers, b terminals and c rings (in white constitutive material, in 
yellow supports)
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2.2 � AM I‑support manufacturing

The Raise3D Pro2 3D printer has been employed in this 
study. It is a dual-extruder FFF printer with a direct extru-
sion system, most suitable for the printing of soft filaments 
than its counterpart (bowden-based machine). The slicing 
software used to communicate with the 3D printer was Idea 
Maker 3.4.3. Two commercial materials have been chosen 
to create the manipulator: (i) actuator chambers (equipped 
with embedded air connectors) and rings have been fab-
ricated using a thermoplastic polyurethane with Shore A 
hardness equal to 80 (TPU 80A LF), by BASF™; (ii) the 
terminals have been manufactured in polylactic acid (PLA), 
by Raise3D™.

The TPU 80A LF is characterized by a tensile modulus of 
17 MPa and elongation at break of 471%, for accommodat-
ing the huge deformations expected on the chambers. On the 
other hand, PLA is a harder material with a tensile modulus 
of 2.6 GPa. It has been chosen to print the two terminals 
with a low value (15%) of infill density without sacrificing 
neither stiffness nor light weight. All the materials data come 
from their respective technical data sheet.

Despite the 3D printer ensures the possibility to simul-
taneously use two materials, with the theoretical possibil-
ity to print the whole manipulator in a single-step printing 
cycle, printing each I-SUPPORT element separately has 
been preferred, due to the following considerations: (i) to 
avoid issues related to multi-material printing (for instance 
cross-contamination or low materials affinity) [26–28]; (ii) 
to minimize both the material usage and printing time; (iii) 
to reduce waste in case of errors; and (iv) to keep the pos-
sibility to replace single elements with spare parts instead 
of the whole module.

In Table 1, the printing parameters set for each compo-
nent are shown. Another advantage related to the separate 
manufacturing consists in the possibility to create different 
printing configurations, including printing parameters and 
orientation (see Fig. 4), for each component. Each compo-
nent has been fabricated with a 0.4 mm nozzle.

One of the most important requirements for the actua-
tor chambers is air tightness, especially when relatively 
high pressure values (4 bar in this case) are required. In 
authors’ opinion AM of airtight structures is a challenging 
and attractive topic itself with the potential of increasing 
the contribution of AM processes in the soft robotics field. 
Previous studies point out that the printing parameters affect-
ing tensile strength of FFF components are: layer height, 
extrusion width, printing temperature and air gap [29–32]. 
The tensile strength of the pneumatic chambers must be 
increased to avoid any possible breakages (which involves 
air leakage) when a pressure of 4 bar is reached. Low values 
of layer height and extrusion width, respectively, 0.1 mm 
and 0.4 mm (the same value of the used nozzle diameter) 

and temperature values higher then suggested by supplier, 
namely 235  °C instead of 225/230  °C have been set to 
improve interlayer adhesion and consequently the tensile 
strength.

Air gap, defined as the space among two adjacent 
extruded lines of filament (see Fig. 3), is a further parameter 
affecting air tightness. If the air gap value is positive, there is 
a distance between adjacent lines, if it is negative there is an 
overlap between adjacent lines. As demonstrated in [29], the 
lower air gap is, the higher the tensile strength, so we have 
set the parameter “maximum shells overlap percentage” as 
50% to achieve a negative air gap.

By printing separately each component, the total print-
ing time, computed as the sum of printing time of each 
component, is less than the printing time required by the 
AM I-SUPPORT module in a single and non-stop printing 
cycle (about 66.7 h in the first case against 120 h for the 
second one) for a cost estimation of 19.4 €. The manufactur-
ing choice of a separate printing involves a time reduction 
because of the support optimization: in this way the required 
supports are less than in the other case resulting in a reduc-
tion of used materials and, therefore, saving time. Moreover, 
the advantage of reduced waste in case of printing failure 
has been considered.

Fig. 5   a Manufactured soft actuator chamber in 3D printer; b assem-
bled module
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In Fig.  4, printing orientation for each I-SUPPORT 
component is shown, highlighting in yellow the required 
external supports. Figure 5 shows the actuator chamber 
after the manufacturing process, into the 3D printed build 
construction room, and the assembled module made up of 
three pneumatic chambers, terminals and rings. The com-
ponents have been assembled with the same cables used in 
the I-SUPPORT soft robotic arm.

3 � Characterization tests

In this section, the characterization tests performed to under-
stand the behavior of (i) the single pneumatic chamber, 
(ii) the single module and (iii) the whole manipulator are 
reported. For greater clarity, it has been decided to sepa-
rately describe the measurement protocols and setup used 
for the characterization (in Sect. 3) and the respective results 
and comparison between the two versions of the manipulator 
(in Sect. 4).

3.1 � Pneumatic chambers elongation

As regards the pneumatic chambers, the dependence of 
elongation on the pressure input and repeatability over the 
chambers have been investigated. The measurement setup 
consisted of (i) an air compressor (Hyundai KWU750, Pmax 
8 bar); (ii) a rigid frame to which the chamber was fixed by 
means of a 3D printed customized PLA support, equipped 
with a square millimeter grid; and (iii) a Canon EOS D400 
digital camera to capture the elongation.

To avoid the Mullins effect impact during experimental 
test, once printed and treated to remove supports, all cham-
bers have undergone the same load–unload cycle under 
growing pressure inputs up to 4 bar before testing.

Six chambers have been tested as follows: starting from 
0 bar the pressure has been increased, step by step, with 
0.5 bar steps, up to 4 bar. At each step one image has been 
captured to compute the related elongation (∆L) of the cham-
ber (Fig. 6). The mean elongation value (μ), for each pres-
sure input of the six chambers and the error bars have been 
calculated.

3.2 � Single modules elongation and bending

After pneumatic chambers characterization, three different 
modules have been assembled and tested to quantify: (i) sin-
gle module elongation and variability and (ii) single module 
bending and variability between the three modules.

To evaluate the elongation, the three pneumatic cham-
bers that make up the single module have been pres-
surized at the same time and with identical pressure 
input. The measurement protocol is the same used for 

Fig. 6   Pneumatic chamber elongation

Fig. 7   Module elongation
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the characterization of the pneumatic chambers. Fig-
ure 7 shows how the elongation of the module has been 
calculated.

Finally, the bending capability of the three modules has 
been quantified by calculating the bending angle θ, as shown 
in Fig. 8. To obtain bending movement of the module, only 
one pneumatic chamber has been inflated, while the other 
two were left unpressurized.

3.3 � Manipulator performance

Two modules have been connected each other using nuts 
and bolts to obtain more complex movements of the whole 
manipulator and to evaluate its workspace. Several tests have 
been performed on the assembled manipulator using the 
experimental setup reported in Fig. 9. The proximal module 
was fixed to a custom made 5 mm thick Plexiglass frame. 
Since the AM I-SUPPORT is conceptually equivalent to the 
previous version, the same control system developed for the 
latter was used, changing only some elements of the pres-
sure input system. The control system allows to set the pres-
sure value of actuator chambers by controlling six propor-
tional pressure regulator valves (Camozzi, K8P-0-D522-0) 
to modulate separately for each actuator the input pressure 
supplied by the compressor (Junior 30 Werther international 
S.p.A.) settled at 6 bar. Moreover, the control system allows 
to change the cable stroke, in a range between + 200 mm 
(pull) and − 450 mm (release) with respect to the rest posi-
tion, by controlling six servomotors (Hitec HS-785HB) at 
which cables have been connected. A USB interface and a 
purpose-built Matlab code were used to communicate with 
the manipulator. Figure 10 shows the labels assigned to each 
actuator chamber and cable.

Several tests have been performed to assess the manipu-
lator performances. The tests have been performed using 

both pneumatic and cable-driven actuation in separate and 
combined configuration, then the displacement have been 
measured as explained in Sect. 3.1.

Fig. 8   Module bending

Fig. 9   Manipulator configuration used for characterization tests
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3.4 � Elongation and bending of distal and proximal 
module

At first, the manipulator overall elongation has been evalu-
ated activating all chambers of the two modules at the same 
pressure input. Subsequently, the bending performances of 
the two modules have evaluated separately in terms of bend-
ing angle. While the distal module has been activated by 
means of the fluidic actuation only, in the proximal module 
activation both fluidic and cable-driven actuation have been 
used. The activation protocol follows:

–	 Pattern 1: Activation of all actuator chambers (A1:A6) at 
the pressure input from 0 to 4 bar, without cable actua-
tion, to obtain elongation of the whole manipulator.

–	 Pattern 2: Activation of a single actuator chamber (A4) 
at the pressure input from 0 to 4 bar, without cable actua-
tion, to obtain bending of distal module.

–	 Pattern 3: Activation of a single actuator chamber (A1) 
at the pressure input of 2 bar, with activation of the cable 
in entirely opposite position (C1), to obtain bending of 
proximal module.

3.5 � Bending of the distal module in the principal 
planes

Finally, keeping the proximal module at rest position, the 
distal module bending performances have been evaluated in 
the three principal planes. The activation protocol follows:

–	 Pattern 4–6: Activation of the pneumatic chambers useful 
to obtain counterclockwise bend in the principal planes 
(A4, A4-A5, A4-A6) at the same pressure input from 
zero to 4 bar.

–	 Pattern 7–9: Activation of the pneumatic chambers useful 
to obtain clockwise bend in the principal planes (A5-A6, 
A6, A5) at the same pressure input from zero to 4 bar.

4 � Results and discussion

4.1 � Pneumatic chambers elongation

The mean elongation value of the six chambers at each pres-
sure input is reported in Fig. 11 together with error bars. The 
maximum variability (σ) value of 23.5 mm occurs when the 
maximum pressure of 4 bar is reached, although the μ/σ ratio 
increases when the provided pressure increases too. This 
behavior depends on manufacturing disturbances such as 
vibrations, room conditions, filament conditions and high-
lights that the lower the working pressures are, the more 
repeatable the performances of the chambers.

The percentage value of elongation of the chambers is 
quite remarkable (> 40%). This value demonstrates that 
elongation can be easily achieved by local deformation 
(deployment) instead of global stretching of the fluidic 
chamber wall, making harder materials still suitable for the 
purpose. It also important to underline that neither failures 
nor leakages have been reported during all the tests, confirm-
ing that validity of the approach used to fabricate the fluidic 
chambers and the embedded connectors.

4.2 � Single modules elongation and bending

Data on elongation as a function of the pressure input for 
each module, mean elongation value of the three modules 
(μ) for each pressure input and the relative error bars are 
shown in Fig. 12a. As already observed in the case of the 
single pneumatic chambers, also the three modules are 
characterized by a certain variability which increases when 
supplied pressure increases. The deviation, under the same 
pressure input, is smaller compared to the result obtained 
on single chambers, probably because the usage of three 
different pneumatic chambers reduces meaningfully the vari-
ability. While for chambers characterization the deviation 
becomes significant when pressure values greater than 2 bar 

Fig. 10   Labels assigned to 
pneumatic chambers and cable 
seats
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Fig. 11   Mean elongation value 
with error bars of the six cham-
bers at each pressure input

Fig. 12   a Mean elongation 
value with error bars of the 
three modules at each pressure 
input; b Mean bending angle 
value with error bars of the 
three modules at each pressure 
input
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were reached, in this case it happens only when the pressure 
is greater than 3 bar.

The same kind of trend is visible also on bending tests. 
The experimental results shown in Fig. 12b highlight that 
there is variability among the three modules, and it increases, 
as well as for the elongation characterization of chambers 
and modules, when the supplied pressure increases. In par-
ticular, the deviation takes significant values when pressure 
higher than 2, 5 bar are reached.

Module elongation values are in line with the perfor-
mances reported for single actuators. This was somehow 
expected, but cross interferences between the three cham-
bers elongations could not be excluded a priori. The trans-
versal rings, in fact, are coupling the deformations of the 
three fluidic chambers and a non-homogenous elongation 
of one of them may have affected also the others. The effect 
is very limited and shown in the next section (about overall 
manipulator evaluation) as out-of-axis elongation. Moreover, 
the number and placement of the rings demonstrated to be 
correct, since no inter-ring bulging have been experienced 
during operation.

Module bending reaches remarkably high values, in line 
with expectations for the development of a soft arm for assis-
tive tasks. The precision obtained through the use of AM 
also results in higher symmetry of the used geometries that 
affects the overall performances. This is also visible in the 
curvature of the single module (Fig. 8), which is smooth and 
continuous and very close to a perfect arc of circumference. 
This feature, together with the linear relation between pres-
sure and elongation, represents an important factor for future 
works on motion control of the soft arm.

4.3 � Manipulator performance

The whole manipulator has been assembled and the activa-
tion protocol reported in Sect. 3.3 has been implemented to 
evaluate elongation and bending.

Pattern 1 tests shown elongation in line with expectation. 
The results reported in Fig. 13a show that the inflation of 
all the six chambers (both modules) at maximum pressure 
(4 bar) results in an elongation that is the double observed 
with single modules. Each module has a very similar behav-
ior, but also present a slight out-of-axis deformation, which 
linearly increase the manipulator tip deviation along y-direc-
tion up to a maximum of ≅ 4 mm as shown. At module level, 
it is not remarkable, but these out-of-axis contributions sum 
up and may lead to a more visible overall deviation.

Differently from the tests reported in the previous sec-
tion, bending tests here focus on the evaluation of the effect 
of the presence of the distal module on the performance of 
proximal module and vice versa.

Pattern 2 aims at evaluating the relationship between 
pressure values of activated chambers (A4) and angle of 

bending of distal module. The results can be linearly approx-
imated and at 4 bar the value of the bending angle is 137 , as 
shown in Fig. 13b. In this case, bending performance is not 
particularly affected by the presence of the proximal module 
(bending values are comparable), but its activation changes 
the center of gravity of the arm, so that the module results in 
a different spatial position and orientation in the global refer-
ence system. For practical use, this effect can be minimized 
by activating the actuators of the proximal module that act 
antagonistically.

Pattern 2 is resulting from the preliminary observation of 
the effect of the weight of the distal module on the proximal 
one. Fluidic actuators only are not able to stably sustain the 
moment generated by the distal module when the pressure 
exceeds 2 bar. In this case, with the combination of fluidic 
and cable-driven actuators, it is possible to obtain remark-
able bending angles, in line or (in principle) even greater 
than the angles obtainable with separate actuation. Results 
reported in Fig. 13c show that 2 bar of inflation in cham-
ber (A1) and the opposite servomotor activated to achieve a 
stroke on the cable of 175 mm lead to a bending of almost 
105 deg transferred to the distal module.

Finally, the bending capability of the distal module has 
been tests in all principal bending planes. The terminal 
(end plate) trajectory of the activated module is reported in 
Fig. 14. The results show that the behavior of the manipula-
tor varies if different patterns are considered, but also that 
deviations in the three principal bending planes are gener-
ally low.

4.4 � I‑support vs AM I‑support

By comparing the AM I-support with the previous version, it 
is possible to see how the manufacturing process affects all 
the aspects of interest in the evaluation of the manipulator 
from an overall point of view. In Table 2, different aspects 
related to both manufacturing process and performances of 
single modules are listed.

It is important to note that all the parameters imposed 
by the scenario remained unchanged or very similar. This 
is particularly important for the size, the weight, which 
should remain compatible with the intended task. Some dis-
advantages are related to a slightly higher production cost, 
a reduced elongation capability and a higher input pressure 
required for operating. Shortening is also not possible, but 
the main use of the cable-driven actuation is more related to 
its antagonistic action for stiffening. On the other side, the 
AM I-SUPPORT represents an improvement for the high 
automation degree of the manufacturing process that reduces 
number of parts to be assembled, improves repeatability 
and also affects manufacturing time. Moreover, taking into 
account only pneumatic actuation, the bending capabilities 
are enhanced.
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Fig. 13   a Elongation of whole 
manipulator (pattern 1); b bend-
ing of distal module (pattern 2); 
c bending of proximal module 
(pattern 3)
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5 � Conclusion

In this paper we explored the possibility of introducing 
a different approach to the manufacturing of the I-SUP-
PORT soft arm through the adoption of the most inexpen-
sive and widespread Additive Manufacturing technique 
namely FFF technology. A re-design of the fluidic actua-
tors was necessary, but the AM I-SUPPORT finally dem-
onstrated to have comparable and, in some cases, superior 
characteristics to cover the same task. In addition to the 

improvements identified in the discussion, other potential 
general advantages introduced with the AM approach are: 
scaling up or down without limitations due to the availabil-
ity of basic components; the design can be easily adjusted 
without major implications on the manufacturing process; 
replacing of damaged parts is fast and straightforward. All 
these advantages could be of interest also for widening the 
impact of the soft arm on other application areas.

Fig. 14   a Bending of the distal 
module and relative activation 
patterns 4–9. b Bending capa-
bilities of one or two activated 
chambers reported on the same 
plane for direct comparison. 
Points refer to tip position and 
the zero reference point, as 
shown in Fig. 9, is coincident 
to the intersection between the 
central axis of the manipulator 
and the plexiglass frame

Table 2   Comparison between 
the two versions of the 
manipulator

I-SUPPORT AM I-SUPPORT

Dimensions 205 × 60mm 202 × 60 mm
Weight 180 g 183 g
Cost (material consumption) 15 € 19.4 €
Required material Braided sheath

Balloon
Actuator terminals
Nuts and bolts
Cables
Helicoidal structure
Plexiglass rigid terminals
Custom-made interface for Module 

connection

TPU 80A filament
PLA filament
Nuts and bolts
Cables

Supply chain network Many suppliers Few suppliers
Machine manufacturing time Unknown 66.7 h
Assembly manufacturing time 8 h 1 h
Automation degree of the manufacturing 

process
Low Improved

Pressure inputs range 0–1.2 bar 0–4 bar
Elongation (ΔLmax/L0)  + 72%  + 47.6%
Shortening Allowed Not allowed
Bending (θmax) only pneumatic 118 degree 137 degree
Stiffening via cables Allowed Allowed
Repeatability Unsecured Improved
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