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In recent years, soft robotics has gained wide interest in the research 
field and has also garnered some commercial success. This is because 
soft robots are comprised of soft materials that have inherent compliance 
which lends them to a wide variety of applications that are not suited to 
traditional hard-bodied robots. 

Soft robots are generally created using a casting process, which comes 
with limitations to the geometry due to the removal of the cast body from 
the mould. This research seeks to enhance the capabilities of soft robotic 
limbs using multi-material Polyjet printing – a recently developed additive 
manufacturing technology – which allows for geometric freedom and 
variable materials within a singular soft 3D print which is not feasible using 
other fabrication methods. 

This research draws inspiration from natural mechanisms such as muscular 
hydrostats, to enable the exploration of singular channel soft robots that 
exhibit bending, twisting, elongation, and expansion all in one 3D print. 
The geometric freedom and variable materiality of the Stratasys J750 
produce actuation results for each motion that cannot be easily replicated 
using traditional fabrication techniques. The printable materials of the 
Stratasys J750 were found to have tendencies to tear upon inflation, 
however, a large array of prints with complex geometry were able to 
successfully actuate despite this. In some areas, results outperformed 
actuators made using other fabrication techniques, as was particularly 
evident in the twisting actuators. Through fine-tuned parametric control 
with equation driven modelling, this portfolio presents a method for soft 
robotic design and construction that can produce a limb with multiple 
motions and up to 5 axes of movement that can be tailored to specific 
pre-defined applications.
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Soft robotics is a research field which has 
expanded rapidly over the last two decades, 
which utilises soft materials to manipulate 
irregularly shaped objects. Where conventional 
robotics are excellent for interacting with 
regular environments and defined geometries, 
soft robots thrive in the ability to adapt to their 
environment through their geometry and 
actuation method without reliance on digital 
sensors (Rus & Tolley, 2015). This gives them 
a wide range of possible applications that 
rely on compliance with irregular objects and 
environments. Many researchers have shown 
the dexterity of soft robots for gripping various 
organic objects, assistive stroke rehabilitation, 
and locomotion of unstructured terrain (Rus 
& Tolley, 2015). To further the wide range of 
potential applications for soft robots, research 
groups focus on optimising the motion of the 
actuators, and to increase the catalogue of 
possible motions.

Typically these robots are moulded and 
cast using silicone rubber. This research 
investigates the possibilities of using multi-
material Polyjet 3D printing as an alternative 
fabrication method for soft robotic systems. 

3D printing in soft robots has recently proven 
to introduce fine control over the motion of 
the actuator (Bartlett et al., 2015; Peele et al., 
2015; Schaffner et al., 2018) which is difficult 
to replicate with a casting process. This 
fabrication technique is very new, and because 
of this, the current research only covers a 
small amount of what could be possible (Gul 
et al., 2018, p.258). Multi-material 3D printing 
offers new possibilities for programmable 
articulation in soft robots as it gives greater 
control over geometry and materiality than 
other fabrication processes. 

This research encompasses a wide range 
of experiments that are all pneumatically 
actuated through one channel, all capable of 
vastly different motion. Through a number of 
iterations, this research demonstrates novel 
actuators capable of high-performance motion 
which have not been widely researched across 
the field of soft robots. 

At a crucial stage in the research, this project 
was significantly impacted by Covid-19. This 
is mentioned in further detail in the limitations 
section of the discussion chapter.

Methodology
This chapter details the aims and objectives of this portfolio and 
the strategies used to achieve them. 

Literature Review
This chapter gives context to the portfolio and assesses the gap in 
the literature that this research aims to fill. A history of soft robots, 
soft robots and 3D printing, and sequencing of motion in soft 
robots are all reviewed.

Biomimicry
Biomimicry has been used to ideate in the design stage of this 
portfolio. This chapter covers the relevance of adhesion and 
muscular structure in this portfolio.

Experimentation
The experimentation phase shows a wide range of Polyjet printed 
soft robots and how software and biomimicry have been used to 
inform the design.

Final Prints
This showcases the set of demonstrators with the most success as 
an output of the experimentation phase of the research.

Discussion 
This chapter evaluates the success of using multi-material printing 
for soft robots, as well as discussing the limitations and possibilities 
for future research. 

Portfolio overview
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This portfolio is structured and written with a 
research through design approach as defined 
by Frayling (1994, p. 5). Design research can 
be separated into three categories; research 
about design, research through design, and 
research for design (Frankel & Racine, 2010; 
Frayling, 1994; Hanington & Martin, 2012; Milton 
& Rodgers, 2013). Research through design 
follows a similar process to a conventional 
design process, however, research through 
design can be distinguished primarily through 
documentation; design experimentation along 
with reflection and contextualisation within the 
field are all written about in thorough detail 
(Milton & Rodgers, 2013) where typically the 
only evidence of design through process is 
in a final object produced (Frayling, 1994). 
This portfolio largely follows an iterative 
process of the creation of physical prototypes 
utilising a research through design approach. 
As described by Hanington & Martin (2012), 
research through design encompasses a 
process which begins with secondary research 
to contextualise the study as outlined by Aim 
1. The past and present landscapes of soft 

robotic research have been assessed to gain 
an understanding of universal concepts and 
principles in soft robotics that can be applied to 
this research. Literature and precedent review 
are key research methods for determining 
the possible areas of influence or potential 
for the advancement of soft robotics through 
the utilisation of the geometric freedom and 
variable materiality through multi-material 
printing on the Stratasys J750. This background 
research is essential in focussing the scope of 
the project and obtaining knowledge which is 
then drawn upon during the primary research 
phase of the portfolio. Biological mechanisms 
have also been evaluated to gather knowledge 
about movement across natural structures, 
with the hope that this knowledge can be 
transferred across to inform geometry and 
variable materiality for soft robotic concepts. 
The second stage of this research, outlined by 
Aim 2, moves into the primary research of this 
portfolio. Primary research has been carried 
out to develop soft robotic concepts capable 
of a range of movements. This has been 
achieved through the following workflow:

1. To investigate the nature and complexity of actuation currently 
achievable in soft robotic systems.

a. Analyse and critically assess the actuation achievable by soft 
robotic systems across the literature.

b. Explore and identify biological precedents that present knowledge 
in variable materiality and geometry of movement, as well as any 
other areas that are determined as having the potential to improve 
the performance of soft robots. 

2. To establish and develop techniques for multi-material 3D printing as a 
method of fabrication for soft robots.

a. Explore and evolve a range of soft robotic concepts.
b. Conduct a series of experiments exploring the opportunities and 

limitations of multi-material 3D printed soft robots.
c. Evaluate and develop multi-material 3D printed soft robots to 

achieve complex actuation for determined applications.

Aims & Objectives

Research Question

Concept
Generation

Design
Prototyping EvaluationTesting

Figure 1. Workflow diagram.

How can multi-material 3D printing be used to 
fabricate singular channel pneumatically actuated 

soft robots capable of complex actuation for 
advanced applications?
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This  workflow has been created to explore 
the possibilities of soft robots that utilise the 
geometric freedom and variable materiality of 
printing on the Stratasys J750 in an efficient 
and deeply explorative manner as it prioritises 
a large number of iterations to be produced. 
Through the repetition of this workflow, 
concepts can easily be developed through 
the experimentation and evaluative research 
phases as these methods generate both 
comprehensive qualitative and quantitative 
data. Concept Generation is carried out 
through sketching and 3D modelling to 
produce soft robotic concepts that explore a 
variety of movements. Parametric modelling 
methods are employed to streamline an 
iterative design process where changes in 
geometry and materiality can easily be refined 
through fine-tuned parameter control. By 
employing these methods, improved control 
over geometry and materiality is obtained, 
and the iterative process is accelerated to 
produce a high quantity of iterations. Design 

Prototyping is carried out through fabrication 
using the Stratasys J750 3D printer to 
materialise the concepts into physical forms. A 
small amount of post-processing of the prints 
is required before the experimentation phase.  
Experimentation is used to gather quantitative 
data from the prototypes to obtain information 
about their success in achieving their respective 
motions. The experimentation covers the 
study of pressure, geometry, and variable 
materiality as functions of the soft robots’ 
actuation. Evaluative Research (Hanington & 
Martin, 2012) is used to determine the points 
of success and failure in the prototypes, and 
what can be changed in future iterations. A set 
of soft robots capable of different motions that 
effectively exhibit the advantages of using the 
Stratasys J750 as a fabrication method are then 
combined to complete objective 2c. This final 
complex soft robot is a demonstrator for the 
precision, optimisation, and range of motions 
that can be printed using multi-material Polyjet 
3D printing.  
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When we think ‘robot’ we probably think of 
an autonomous steel machine with intricate 
componentry that operates using sensors or 
predefined actions through motors - a machine 
that offers movement at higher speeds and 
higher accuracies than in their biological 
counterparts. This idea has been challenged in 
recent years as a field of robotics labelled ‘soft 
robotics’ has surfaced. The field encompasses 
the use of soft or extensible bodies with 

inherent compliance (Trivedi et al., 2008) 
which are used to traverse or manipulate their 
surrounding environment (Rus & Tolley, 2015). 
Unlike hard-bodied robots, soft robots move in 
a way that seems organic, which is achieved 
through their adaptation and compliance. 
Soft robots offer certain advantages over 
conventional hard-bodied robots, and in 
turn are better suited to specific applications 
(Trivedi et al., 2008). 

Soft robotic applications can be split into three 
main categories: locomotion, biomedicine, 
and gripping.

Locomotion has been studied in many different 
scenarios, from navigating under small gaps 
to swimming. A paper published in PNAS 
demonstrating a multi-gait soft robot capable 
of crawling through a small gap (Shepherd 
et al., 2011) is one of the most widely known 
soft robotics papers. The soft robot was cast 
using a silicone elastomer and it contained 
five separate actuation channels.  The authors 
were able to achieve locomotion of their robot 
by sequencing the actuation of each channel 
to create a gait similar to crawling. They proved 
the dexterity of the finely controlled soft robot 
by optimising its gait to navigate under a 
glass sheet. George Whitesides, a prominent 
figure in the soft robotic field, believes that 
this technology could be utilised to navigate 
through hazardous or inhabitable terrain 
such as nuclear disaster sites (Whitesides, 
2016) as a significantly cheaper and easier to 
manufacture alternative to conventional hard-
bodied reconnaissance robots. The design 
of the robot shown by Shepherd et al. (2011) 
has since been expanded upon by other 
researchers. A notable example is Tolley et al. 
(2014) who were able to scale up the design 
and bring the pneumatic system on board so 
that it would be completely untethered. This 
paper is significant as it shows that scaling a 
pneumatic actuator up will affect either the 
material density of the robot or the pneumatic 
input pressure in order to achieve the same 
level of movement as its smaller counterpart. 
This paper also details the moulding and 
casting process used to fabricate their robot. 
Multiple materials and fabrication processes 
were required for the creation of the mould. 

The mould was assembled from multiple 
sheets of both laser cut and water jet cut 
materials, the rubber composite used for the 
main body was degassed, and it was then 
poured into the mould. In contrast to the 
locomotion achieved by both Shepherd et al. 
(2011) and Tolley et al. (2014), Marchese, Onal, 
& Rus (2014) demonstrated a soft robotic fish 
capable of swimming and performing rapid 
escape manoeuvres. This robot included an 
onboard gas CO2 gas cylinder for actuation, 
meaning that, like the soft robot created 
by Tolley et al. (2014), the soft robot could 
move unconstrained by any tether. The robot 
actuated through internal inflation chambers 
on either side of the fish, which allowed it to 
bend in both directions and propel the fish. 
Although the swimming gait was determined 
to be suboptimal (p.82), this research 
demonstrates the possibilities of soft robotic 
locomotion in a vastly different environment to 
what had been previously researched. 

Many research groups have been studying the 
possibility of using soft robots for biomedicine. 
This is a field of significant interest for soft robots 
because their compliance allows for interaction 
with human tissue without damage (Cianchetti 
et al., 2018). Although soft robotic systems 
have been developed for the assistance of a 
range of body parts, hand rehabilitation has 
attracted the most attention (Cianchetti et al., 
2018, p. 147). Yap, Jeong Hoon Lim, Nasrallah, 
Goh, & Yeow (2015) show a rehabilitation 
glove comprised of cast silicone elastomer 
soft robotic actuators with localised bending. 
The bending is located over the knuckles of 
the fingers which, when pressurised, assist in 
the bending of the fingers. The localisation of 
the bending was achieved by having bellows 
in the chamber geometry only in the regions 

HistoryIntroduction

1 41 3
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Soft robotics and 3D printing
In the last five years, the use of 3D printing 
technologies has become increasingly more 
prominent for the fabrication of soft robots. 
3D printing offers advantages over a moulding 
and casting process in the accuracy and 
complexity of the output actuation (Drotman et 
al., 2017, p.5532; Hong Kai Yap et al., 2016, p. 
145), however, each 3D printing process comes 
with its own advantages and limitations. 

As outlined by Ngo et al. (2018), there are 
many different methods for 3D printing. 
One of the most inexpensive and accessible 
3D printing methods, Fusion Deposition 
Modelling, extrudes a heated layer of filament 
onto a print bed which is then built up layer 
by layer on top of itself. This method is good 
for prototyping, however, it is limited by its 
accuracy and anisotropic properties (Ngo et 
al., 2018). This method was demonstrated to 
have capabilities in the soft robotic field by 
Yap et al., (2016), which used a commercially 
available filament to fabricate a dual-channel 
actuator capable of bi-directional bending. 
The filament used exhibited repeatable 
actuation; however, high pressure was needed 
for actuation as the material had a much lower 
elasticity than elastomers commonly used for 
soft robotic fabrication with a moulding and 
casting process.

Paste printing follows a very similar process 
to Fusion Deposition Modelling but without 
heating the material before extrusion. Paste 
printed materials often harden after extrusion 
for the next print layer to be extruded on top 
of it to build up a structure. Yirmibesoglu et 
al. (2018) developed a silicone elastomer 
paste printer for soft robots to overcome the 
limitations of commercially available 3D printer 
materials. They were able to produce soft 

robots that had a similar performance to cast 
silicone soft robots. However, the extrusion 
process has inherent limitations with the 
complexity of the soft robot, as it is not suited 
to overhanging geometries.

Stereolithography was the first developed 
3D printing technology and it can achieve a 
much higher print resolution than with Fusion 
Deposition Modelling. Stereolithography 
works by curing resin from a bath with an Ultra-
Violet laser layer by layer as the object is being 
drawn out of the bath to create 3-dimensional 
forms (Ngo et al., 2018). This method was used 
for soft robotics by Peele et al. (2015) in which 
detailed air chambers allowed for complex 
movements. Although Martinez et al. (2013) 
achieved similar multi-chamber actuation 
by casting silicone rubber, the tentacle 
could not manoeuvre at the same level of 
precision because of the inherent geometrical 
restrictions on the chamber complexity in 
the moulding and casting process which 
can impact the actuation accuracy. The main 
drawbacks of this printing method include its 
high cost and long print times (Ngo et al., 2018). 
This is why Peele et al. (2015) were only able 
to create small scale soft robots. Peele et al. 
(2015) also found that the photopolymerisable 
resin used was prone to tearing which created 
air leaks. 

Digital Light Projector printing is similar to 
Stereolithography where a resin is cured 
from a bath when exposed to Ultra-Violet 
light. However, a digital projector is used to 
flash an image across the entire layer rather 
than using a laser that needs to be directed 
at a specific region of a layer to cure it (SLA 
vs. DLP, n.d.). This allows for faster build times 
than Stereolithography and no disruption 

where bending was required. With this, Yap et 
al. (2015) were able to generate a force output 
of 3.59N for gripping. Polygerinos, Wang, 
Galloway, Wood, & Walsh (2015) were able 
to achieve an output force of approximately 
8N for a similar rehabilitative glove, however, 
the method for localising the bending around 
the knuckles was less precise than that 
demonstrated by Yap et al. (2015). Outside of 
hand rehabilitation, Ranzani et al. (2015) were 
able to create a bioinspired manipulator for 
minimally invasive surgery which was able 
to manoeuvre through the use of segments 
along the robot which each generated its own 
motion. This was done in order to navigate 
through the human abdomen with precision. 
A braided sheath with bellows geometry was 
fitted around the system in order to constrain 
it from excessive radial expansion (Cianchetti 
et al., 2013). This paper also identified that 
scaling soft robots is a big issue for biomedical 
applications as it often requires a radical 
change in the fabrication process as well as 
redimensioning of the geometry.

The most documented and widely researched 
application for soft robots revolves around 
gripping. Soft robotic grippers are used to pick 
up irregularly shaped or organic objects by 
having actuators conform around the surface 
of the object. Early examples show simple 
bending actuation of grippers to pick up 
delicate objects such as eggs demonstrated 
by Ilievski et al. (2011). This research helped to 
pave the way for future soft robotic research 
as it comprehensively demonstrated how the 
distribution of material and changing geometry 
altered the performance of the actuators and 
implemented these findings into a versatile soft 
robotic gripper with a textured surface which 
increased the grip performance. This research 

quickly developed into soft robots capable of 
bending in 3 dimensions rather by increasing 
the number of pneumatic inputs and creating 
separate controllable regions of inflation to 
grasp objects with delicate features (Martinez 
et al., 2013; Ranzani et al., 2015). Martinez et al. 
(2013) also used this technique to demonstrate 
how 3-dimensional movement could be used 
for biomedical applications with fine-tuned, 
precise navigation.  As demonstrated by 
Galloway et al. (2016), gripping of delicate 
features can extend to deep-sea reef 
sampling, as shown by their soft gripper.  To 
be able to use hard-bodied robots for deep-
sea sampling, sophisticated force feedback is 
required to minimize damage when grabbing 
(Galloway et al., 2016) - so the compliance of 
soft robots is an ideal replacement. In order to 
minimise damage, tests were done to assess 
the pressure distribution of the soft robot 
across the surface that they were gripping. 
Galloway et al. (2016) determined that adding 
a layer of memory foam to the gripping surface 
of the soft robot created a more even pressure 
distribution across the surface (p. 30), which 
would, in turn, lower the risk of damaging a 
reef sample. 

Soft Robotics Inc has commercialised soft 
robotic grippers for packaging applications 
(MGrip, n.d.). These soft robots work as end 
effectors for a hard robot. The hard-bodied 
robot is used to position the robot over the 
object is trying to grab, and the soft robotic 
end effectors grab the object and put it down. 
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to build times with higher density models. 
Ge et al. (2018) used Digital Light Projector 
printing to fabricate a soft robotic gripper at a 
high resolution compared to other examples 
of 3D printed soft robots. This allowed for a 
very small gripper to be fabricated without 
compromising its functionality. The material 
used for this gripper has a 170% - 220% 
elongation at break (Ge et al., 2018) which is 
poor compared to the 900% elongation at 
break of the silicone elastomers used with 
cast soft robots (EcoflexTM 00-30 Product 
Information, n.d.). Patel et al. (2017) developed 
a photopolymerisable elastomer for Digital 
Light Projector printing which exhibits a 1100% 
elongation at break, although this is not 
commercially available. 

Inkjet printing works by depositing drops of 
Ultra-Violet curable resin onto a print bed and 
curing it once a full layer has been deposited. 
The drops of resin are deposited from a 
nozzle into their specific locations unlike 
Stereolithography and Digital Light Projection 
which draws material from a bath (Barclift 
& Williams, 2012). As a result,  some Inkjet 
printers are capable of depositing multiple 
materials of varying flexibility and softness into 
the same print. Bartlett et al. (2015) utilise this 
technology to create a soft robot capable of 
jumping using on-board combustion. Complex 
geometry was able to be created using multiple 
printed materials to maximise performance. 
More recently, this technology is starting to 
be used for air pressurised soft robots. Zhu et 
al. (2019) illustrated how an Inkjet fabrication 
process significantly decreases the fabrication 
time and streamlines the process (p. 509). 
This is then proven through the creation of a 
soft robotic gripper using Inkjet printing that 
is used as an end effector on a robotic arm 

to grasp objects (Zhu et al., 2019). Soft robots 
have also been created using this technology 
exploring embedded Shape Memory Polymers 
(Zhang et al., 2019) and resistive sensors (Shih 
et al., 2019). Fabrication of soft robots through 
Inkjet printing allows for geometric freedom 
and multi-material capabilities, however, this is 
yet to be thoroughly explored. The soft robot 
designs using this technology primarily still 
present designs similar to those which were 
created to suit a moulding and casting process 
(Shih et al., 2019; Zhang et al., 2019; Zhu et al., 
2019). This is no longer necessary as the main 
advantage of Inkjet printing is that it allows 
for vast freedom of design and is not at all 
restricted by the same limitations as a casting 
process. Schaffner et al. (2018) present multi-
material 3D printed soft robots that exhibit 
geometry dissimilar to that used in a casting 
process by using silicone inks with tunable 
elasticity. The soft robots presented exhibit 
individual examples of contraction, bending, 
grabbing, and twisting motions by creating an 
anisotropic strain achieved through sections 
of variable material stiffness (p.2).

Sequencing of motion in soft robotics
Sequencing of motion refers to the 
configuration of an array of different motions 
within a single soft body.

The sequencing of motion in soft robotics is 
very commonly used to create locomotion. 
Tolley et al. (2014) demonstrated how the 
sequencing of different segments of a soft 
robot can be used to achieve different gaits. 
Both an undulating and an ambulating gait are 
demonstrated in this paper. This was achieved 
by the individual control of a pneumatic 
channel for each segment. This technique 
was demonstrated as early as Shepherd et al. 
(2011), however, Tolley et al. (2014) were able to 
further expand on the variation in gait patterns 
that were possible through the individual 
control of each segment of inflation. 

Sequencing of motion is less commonly used 
in soft robotics for grippers. Peele et al. (2015) 
show a Stereolithography printed soft tentacle 
with four controllable pneumatic channels that 
allow for 3-dimensional motion. Peele et al. 
(2015) utilise 3D printing in order to achieve 
much finer control over their soft robot than 
previous examples of 3-dimensional motion in 
soft robotics.

Sequencing of a range of motions (e.g. twisting, 
bending, and extension in one soft body) is not 
widely documented, however, the examples of 
this are usually directed toward applications 
in biomedicine. Ranzani et al. (2015) utilise 
sequencing of bending and elongation as 
well as stiffening and softening for minimally 
invasive surgery. Sequencing was utilised for 
the specified purpose of grabbing an organ, 
and the individual motions were sequenced 
in accordance with this. Polygerinos et al. 
(2015) show bending, twisting, and extension 

motions for a stroke rehabilitation glove. These 
motions are sequenced by localising the strain 
restricting layer which in this case is a fibre, 
along an otherwise uniform actuator to comply 
with the different movements that occur when 
grasping with fingers.

The example of sequencing with the most 
extensive research and experimentation was 
carried out by Connolly et al. (2015) where the 
impact of fibre placement in soft robots was 
examined to create a soft robot that exhibited 
localised bending, extension, expansion, 
and twisting to perform a defined task. This 
robot was used as a proof of concept for 
the principles determined to create each 
motion with fibre reinforcement. It exhibited 
a sequence of extension and expansion to 
achieve peristaltic locomotion inside a tube, 
and further exhibited bending and twisting to 
perform its specified task. This research was 
expanded on to focus on matching the path 
of actuation to a pre-defined trajectory using 
mathematical models (Connolly et al., 2017). 
This research demonstrates the importance 
of the configuration of the strain restricting 
regions in soft robotics, and it presents 
a streamlined method for sequencing 
different motions. However, it is limited in the 
performance of the actuators as the change in 
the type of motion is achieved purely through 
the placement of the strain restricting regions 
and not by altering the actuator geometry 
which could further enhance the performance 
of each segment. This is particularly evident in 
the extending and twisting motions.  
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Although the type chosen will impact factors 
such as repeatability of actuation, required 
input air pressure, and output force of the 
soft robots’ actuation, there are no definitive 
trends between the two types that can be 
found across the literature as the geometries 
are very case-specific.

The primary advantages that soft robots have 
over hard-bodied robots are:

Compliance: Soft robots have inherent 
compliance because of the soft materials 
they are made from, and this lends them to 
applications where interaction with irregular 
or organic environments and objects is crucial. 
Hard-bodied robots would need a number of 
assembled hard components and carefully 
considered geometry to pick up a delicate 
object such as an egg. A pneumatically 
actuated soft robot can achieve this with 
simple geometry and a singular pneumatic 
input (Ilievski et al., 2011, p.50).    

Safety: Conventional robots and humans 
are typically in separate workspaces in an 
assembly line because the robots operate at 
high speeds and forces which can be very 
dangerous to humans (Krüger et al., 2009). 
Soft robots typically operate with considerably 
lower force outputs and are constructed with 
soft material which lends itself to working 
alongside humans in a safe environment. 

Minimal assembly needed: Soft robots are 
typically fabricated with a moulding and casting 
process meaning that they are operational 
once the material has cured.

The process for creating a soft robot varies 
greatly from that of a hard robot. Hard-bodied 
robots consist of a vast number of hard 
components which are carefully assembled 
along with sensors, servo motors, and various 
other electronic components which need to 
be configured to make the robot move in the 
desired way. Soft robots rely on their geometry 
and materiality to determine the way in which 
they move. Soft robots are conventionally 

fabricated by pouring a silicone elastomer 
into a mould. Once the elastomer has set and 
the robot is taken out of the mould it is fully 
functional, and it needs only to be connected 
to an actuation system. 

Soft robots are typically actuated in one of two 
ways; pneumatically or electrically (Trivedi et 
al., 2008). A pneumatic system works through 
the expansion or contraction of internal 
channels which force the robots’ geometry 
to move in a designed way (Figure 2). The 
electrical alternative is through the use of 
electroactive polymers which contract when a 
certain voltage is passed through them. Using 
a pneumatic input is often preferable as these 
are commonplace (i.e. a bike pump) and are 
safer as there is no risk of electrocution.

For pneumatically actuated soft robots, the 
geometry used for actuation can be separated 
into two categories; bellows-type and what 
can be described as ‘boa-type’ (Galloway 
et al., 2016). A boa-type soft robot consists 
of a singular air channel and movement is 
achieved by using a strain restricting layer. The 
placement of this restricting layer will change 
the inflated form of the robot. A bellows-type 
soft robot has air chambers which, when 
inflated, apply a force on one another, aiding 
the expansion in a specified direction.  These 
two types of actuators are most documented 
in bending actuators, as shown in Figure 3. 

Synthesis of the literature

Biomimicry
In design, inspiration is commonly taken from 
certain aspects of our natural world such as 
forms, behaviours, and mechanisms. The 
method of incorporating this technique into 
design research is commonly referred to as 
‘biomimicry’ or ‘biomimetics’. According to 
Benyus (1997), biomimicry can be implemented 
on three levels; mimicking of natural form, 
process, and systems. By analysing biological 
examples, new knowledge can be gained 
to aid and optimise designs throughout the 
design process. Schaffner et al. (2018) show 
a successful example of this in the field of 
soft robotics at a research level where multi-
material robots were fabricated to mimic the 
motion created by an elephant’s trunk. Festo 
has also successfully shown the possibilities 
of soft robotic biomimetic design at a 
commercial level with their Bionic Handling 
Assistant (Festo, 2012) and more recently their 
Bionic Soft Arm (Festo, 2019). Biomimicry, 
however, has no universal set of guidelines 
for implementation, therefore it must be used 
in a carefully considered way. Where design 
and engineering can be aided by referring to 
theory, biomimicry is case-specific and each 
project must employ biomimicry with a fresh 

approach (Vincent et al., 2006). 

For the purpose of this portfolio, biomimicry 
has been studied to analyse how materiality 
and geometry are utilised. To separate the 
areas of biology to determine their relevance 
to this portfolio, they have been categorised 
in accordance with the physical scale at 
which they function. At the smallest size, 
surface adhesion in nature is the way in which 
animals grip to surfaces. Next is muscular 
structure, which dictates how the muscles of 
an organism facilitate movement. Gait looks 
at the resultant movement that is generated 
through the organism’s muscular structure. 
At the largest scale, locomotion is defined as 
how the movement of the organism can allow 
for travel from place to place.  

Adhesion

For soft robots to interact with their 
surroundings, good grip strength can 
significantly increase their performance (Glick 
et al., 2018) which makes surface adhesion an 
area of significant interest for soft robotics. 
Surface adhesion also typically occurs at a 

Figure 2. Pneumatic inflation.

Figure 3. Bellows and boa-type actuators.
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scale where the resolution of the Stratasys 
J750 3D printer is capable of printing which 
makes it of particular interest when exploring 
the capabilities of this machine for the purpose 
of this portfolio. 

Adhesion in nature is defined as an interaction 
between two surfaces in which one of the 
surfaces has a system to create attachment 
(Arzt et al., 2003; Gu et al., 2016). Adhesive 
forces can be split into four main categories 
(Gu et al., 2016); surface and field forces more 
commonly known as ‘dry adhesion’ (Autumn 
et al., 2002; Bhushan, 2009), material bridges 
or ‘wet adhesion’ (Federle et al., 2002; Hanna 
et al., 1991; Vogel et al., 2010), mechanical 
interlocking, and suction forces.
 
Dry adhesion often operates using van der 
Waals forces such as can be found in geckos 
(Autumn et al., 2002; Rizzo et al., 2006). Geckos 
have toepads comprised of ‘setae’ which are 
stalk-like geometries which split off repeatedly 
into nano-scale geometries. The microscopic 
size of these setae creates intermolecular 
forces in the interaction of atoms between 
them and the surfaces they touch. The 
adhesion force between a singular seta and 

the adhesion surface is minuscule. However, 
there are approximately 14,400 setae per 
square millimetre on the toepads of the Tokay 
gecko - allowing it to support its body weight 
with ease (Autumn, 2006). Recently, synthetic 
replications of the dry adhesion of geckos have 
been successfully created (Glick et al., 2018; Li 
et al., 2019; Peressadko & Gorb, 2004). Glick 
et al. (2018) showed how this can be used in 
harmony with soft robotics, by fabricating a 
soft robotic gripper with adhesive pads which 
increase the robot’s gripping performance. 

Wet adhesion utilises the surface tension 
of a liquid to stick to surfaces through static 
friction (Federle et al., 2002) and/or viscous 
forces (Hanna et al., 1991). A common example 
of this can be found in the Torrent frog, which 
secretes mucus from in between spongey 
toepads to allow for adhesion even on wet 
surfaces (Hanna et al., 1991). This has also 
been reproduced synthetically. Vogel et al. 
(2010) take inspiration from the wet adhesion 
of the leaf beetle to create a capillarity based 
switchable adhesion system which can pick up 
and drop substrates. 

Mechanical interlocking is the interaction 

between solids to connect surfaces. A classic 
example of this can be found in Velcro (de 
Mestral, 1955) which was inspired by the 
hooks on burdock burrs which stuck to the 
clothes of de Mestral. Evidence for mechanical 
interlocking has been found in snakes in 
order to increase their grip when climbing 
trees (Hamidreza & Hu, 2012). The scales on 
the underside of the snake’s belly lock onto 
imperfections in the tree’s bark, creating 
security if the muscular grip of the snake is to 
slip.  

Suction forces create adhesion through a 
pressure differential between the internal 
cavity of the suction cup and the surrounding 
environment (Gu et al., 2016).  In nature, this 
can be found in octopuses (Kier & Smith, 
2002) but suction cups have also been widely 
replicated synthetically for household and 
industrial applications. 

Muscular structure

Muscular structure is a common source 
of biological inspiration for soft robots. A 
muscular hydrostat is a biological actuator 
primarily comprised of muscle tissue with no 
need for a supporting skeletal structure (Kier & 
Smith, 1985). Muscular hydrostats are used by 
animals to interact with or manipulate elements 
in their surrounding environment. Muscular 
hydrostats are a commonly referenced form of 
biomimicry found in the field of soft robotics 
(Peele et al., 2015; Schaffner et al., 2018). This is 
because muscular hydrostats, like soft robots, 
can conform to their surroundings using only 
soft material. They are able to extend, twist, 
and bend by shortening and extending muscle 
fibres in specified directions or configurations 
to achieve their desired movement. This is 

reminiscent of the strain restriction in certain 
areas of soft robotic geometry which dictates 
the movement of the actuator. An important 
distinction between muscular hydrostats 
and pneumatically actuated soft robots is 
that muscular hydrostats maintain a constant 
volume during actuation, and soft robots do 
not. 

Figure 4. Description of  different types and characteristics of  main adhesive interactions: Adapted from Heepe & Gorb (2014).
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Introduction Stratasys J750
In response to Aim 2, this chapter demonstrates 
a range of soft robotic concepts that utilise 
the Stratasys J750 3D printer to explore the 
opportunities and limitations that it presents. 
Adhesion testing was carried out to assess 
how Polyjet printed textures can enhance 
the capabilities of subsequent soft robotic 
concepts. They were first tested separately 
from the soft robotic prints to understand 
the success of the primary mechanisms of 
adhesion.

Biological inspiration, Software, Measurement, 
and Balloon Testing are all discussed prior 
to any pneumatically actuated soft robotic 
experiments performed on the Stratasys J750. 
This is used to detail the early design process; 
initial inspiration, CAD design, experimentation 
setup, testing fundamental concepts of 
actuation.

The soft robotic inflation tests use the 
prior information covered in this chapter to 
directly tackle Aim 2. This details the range 
of concepts that were tested, all presented in 
chronological order. These were tested with 
a small air pump with a maximum capacity of 
10psi. A pressure sensor was used to relay 
data back to an Arduino, which displayed this 
data on a connected laptop. 

The naming convention used to identify the 
prints is as follows:

1.01 – 1.14: Extension geometry actuators

2.01 – 2.10: Bending geometry actuators

3.01 – 3.17: Twisting geometry actuators

4.01 – 4.08: Expansion geometry actuators

5.01 – 5.07: Complex motion actuators

The Stratasys J750 is the printer that was used 
for the primary testing of this portfolio.  The 
printer has a build size of 490 x 390 x 200mm 
and a horizontal build layer thickness of 14 
microns. The materials that were used are 
AgilusClear and Vero. AgilusClear (Agilus) is 
the soft material resin loaded in the printer, 
and it has a minimum shore hardness SH of 30 
(30SH). The Vero material resin came in four 
colour variations; cyan, yellow, magenta, and 
black – all with 95SH. These can be combined 
in different ratios to support a range of possible 
shore hardness, shown in Figure 5. This was 
fully utilised throughout the experimentation 
to explore a range of material shore hardness 
combinations.

The Stratasys J750 uses a support material, 
called SUP706, to build models with 
overhanging geometry. After printing, this 
needs to be removed. A chemical solution 
bath was used to remove the support material 
which could not be manually removed with 
tools. This solution consisted of 2% sodium 
hydroxide and 1% sodium metasilicate, and a 
pump which circulates the solution. The prints 
in this portfolio were kept in this bath for 2-4 
hours, before being removed from the bath 
and rinsed off.

AgilusClear (Shore-A 30)

Shore-A 35

Shore-A 40

Shore-A 50

Shore-A 60

Shore-A 70

Shore-A 80

Shore-A 95

Vero (Shore-A 100)

Figure 5. Stratasys J750 Shore A Hardness printable 
materials.
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Adhesion testing Goals 

A selection of natural adhesion mechanisms were 
mimicked and printed on the Stratasys J750. These 
included:

• Gecko toepads
• Frog toepads
• Adhesive hairs
• Suction cups
• Snake scales

These prints all focused on either dry adhesion, 
mechanical interlocking, or suction. Wet adhesion 
was not focused on because it would require an 
additional human intervention to implement the 
adhesive liquid. To test the effectiveness of these 
prints, a rig was assembled in which a material 

plate could be secured, and its angle changed. The 
materials that were tested were:

• MDF (smooth)
• Sandpaper (coarse)
• Felt (soft)

To test the angle of failure of each texture, the 
angle of the material plate was gradually increased 
from 0° until the texture fell off the material plate 
where the value was recorded. Each texture was 
also tested with a small weight added, to see if that 
would impact the performance of each texture. As 
a control, a smooth pad of the 30SH Agilus material 
was printed. Each pad was 30mm x 15mm in size.

Figure 6. Adhesion testing setup.
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Aim: To replicate the success of frogs’ 
toepads for surface adhesion.

Results: 
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Aim: To replicate the success of snakes’ 
scales for surface adhesion.
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Figure 7a - 7d. Frog toepad images and results.

Figure 8a - 8d. Snakes scales images and results.

Figure 9a - 9d. Adhesive hairs images and results.

Figure 10a - 10d. Gecko toepad images and results.
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30 SH

70 SH

Aim: To replicate the success of octopuses’ 
suction cups for surface adhesion.

Results: The suction cup was not tested 
using the same setup as the other prints 
as its adhesion was reliant on a localised 
pressure being applied to press it against 
a surface. The cups successfully allowed 
for the pad to be connected to surfaces, 
however, the surfaces needed to be very 
smooth for this to work.

Analysis
The maximum adhesion was observed on the felt 
material - the snake, gecko, and adhesive hair 
textures all remained attached to the felt when 
upside down. However, once weight was added, 
the failure angle reduced significantly for all tests. 
The control Agilus pad consistently performed 
the worst in all scenarios, validating the added 
performance of adhesive geometry. All of the 
adhesion geometries were printed as small as 
physically possible within the printable resolution 
of the Stratasys J750. Although the gecko toepad 
geometry could not be replicated at a scale where 
Van der Waal forces would act as the primary 
adhesive mechanism, the mechanical interlocking 

properties still provided an increase in adhesive 
performance. 

Adhesion decreased significantly on the 
sandpaper and MDF. This is likely due to the 
successful adhesive pads relying on mechanical 
interlocking; if the surface texture was too 
smooth for interlocking, the adhesion mechanism 
functionality was diminished.

As mechanical interlocking was the method 
of adhesion that was most successful, this 
was replicated and reintroduced to assist with 
locomotion in subsequent soft robot concepts.

AA

SECTION A-A

Adhesion testing

Su
ct
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n 

cu
ps

(s
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n 
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Figure 11a – 11c. Suction cups images.
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Elongation of Tegu 
Lizard tongue.

Biological muscular hydrostat Muscular cause of actuation Replication through multi-material printing

Bending of octopus 
arm

Twisting of elephant 
trunk

Contraction of radial 
muscles causes elongation 
of the muscle.

Sections of harder material 
restricting radial expansion 
should create elongation of 
the system.

Longitudinal harder material 
stopping expansion on one 
side should create bending 
of the system.

Contraction of longitudinal 
muscle fibres on one side 
causes bending.

Contraction of helically 
arranged muscle fibres 
causes torsion.

Helically arranged harder 
material should create 
torsion of the system.

Biological inspiration
Muscular hydrostats were used as inspiration 
to inform the initial designs. Examples of 
extension, bending, and twisting were 
examined at a muscular level, and these were 
then adapted for pneumatic soft robots (Figure 
12). These three motions were chosen as clear 
examples could be found throughout nature, 
and they were each distinctly different and 
would each require different geometries to 
successfully mimic the motion.

Figure 12. Muscular hydrostats and method for printed replication.

Figure 13. Effect of  the configuration of  strain restricting regions on soft actuators upon inflation.
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To achieve a blueprint for a robust soft robot 
that can be applied to a wide variety of 
scenarios, it was vital to create a system where 
the actuators can be easily altered to perform 
specific tasks. This has been tackled by using 
equation driven models in Solidworks that 
allow the model geometry to adapt when a 
parameter is changed. Global variables were 
assigned to the driving parameters, which other 
dimensions were referred to, which allowed 
these dimensions to vary in accordance with 
changes made to the global variables. This 
system was used to not only create model 
flexibility when designing for scenarios, but 
also to streamline the testing and iteration 
processes. As the experimentation in this 
research looked to find optimal performance 
in geometry and materiality, the equation 
driven models allowed for quick and easy 
iterations. For example, the helix angle of the 
twisting actuator was be given multiple values, 
and separate models were created for each 
value of helix angle which were 3D printed.  
The prints were then tested, compared, and 
the optimal helix angle was determined. 

Every actuator was derived from a singular 
base geometry. A set of curves was defined to 
build the bellows off. These curves were then 
repeated in a pattern and rotated around a 
central axis to create the geometry. To achieve 
different motions from the actuator, alterations 
were made from this point to modify the output 
motion from the actuator. The extending 
motion geometry operates solely off the base 
geometry; however, modifications were made 
to the twisting and bending geometries to 
achieve the desired motion. 

To create a bending motion, a radial asymmetry 
needed to be incorporated as informed by a 

number of precedents across the literature 
(Ilievski et al., 2011; Martinez et al., 2013; 
Peele et al., 2015; Hong Kai Yap et al., 2016). 
This asymmetry could be achieved through 
geometry or materiality, both of which were 
tested. To incorporate a degree of twist into 
the bending motion, the chamber angle was 
changed so, although the chambers were still 
patterned along the same axis, they did not 
remain perpendicular to the axis.

To achieve a twisting motion, a helical element 
needed to be incorporated (Schaffner et al., 
2018), once again, either through geometry or 
materiality. To explore a twisting motion through 
geometry, the base geometry was patterned 
radially rather than axially, and that profile was 
extruded with a twist angle implemented. As an 
extension of this model, when the twist angle 
was set to 0⁰, an expansion motion could be 
achieved through actuation.

Equation driven models

To increase the control over the CAD models, 
a series of equations were derived. These rely 
on a set of global variables to drive them. For 
example:

In the twisting actuator, the twist was defined 
using the “sweep” feature in Solidworks. The 
“sweep” feature allows you to enter a value 
for the profile twist or “sweep angle” which is 
the total angle of twist over the predetermined 
length. To build this model, it was important 
that, if the length of the twisting actuator was 
changed, the pitch would remain the same. 
An equation needed to be used to drive the 
“sweep angle” such that this was always the 
case. The model’s twist was driven by the 
global variable “helix angle” which describes 

the angle of a helix as a straight line that runs 
tangentially to the helix from the central axis. 
Equations for the “pitch” and the “sweep angle” 
were used to allow the model to be driven by a 
change in value for the “helix angle”.

These equations allow for the length of the 
twist (“length”) to be changed while the angle 
of the twist (“sweep angle” as defined in the 
Solidworks “sweep” feature control) remains 
the same. The “sweep angle” can also be 
altered through the “helix angle” global 
variable.

Equations were used to achieve similar results 
in the other actuators where dimensions and 
the number of bellows that were patterned 
had global variables assigned that could easily 
be changed for iterative and applications 
purposes.

Base geometry design and parameter 
control

The base geometry is derived from a series of 
bellows patterned along a central axis. 
The driving parameters can be found in Figure 
14.

It was important to avoid right angles or sharp 
corners in the internal geometry of the bellows, 
as this can create areas of weakness which 
are prone to tearing.   

Modularity

The equation driven model design allowed 
for modularity of complex actuators. When 
multiple movements were combined into the 
same Solidworks assembly, they could be 
simply connected in any configuration using a 
connection piece. This allowed for an efficient 
design workflow – after the original Solidworks 
models had been created, virtually no more 
time needed to be spent on modelling as 
the models could be configured individually 
with an input piece or configured with other 
sections in an assembly. Once the pieces are 
mated in an assembly, the individual parts can 
still be edited and the changes updated in the 
assembly. For example, if a previous model 
exhibited a higher bend angle than was wanted 
in an experiment, the number of bellows could 
be decreased at a part level and the assembly 
would automatically change to accommodate 
this as shown in Figure 15.

 “inner radius” 

“wall thickness”
 “flat length” 

“outer radius”

“le
ng

th
”

“number of bellows”

Software

Software

Figure 14. Base geometry design and parameters.
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Measurement
In order to accurately quantify the performance 
of different actuators, individualised recording 
and testing methods were created (Figure 
16). The actuators that had their performance 
quantified were:

• Bending 
• Twisting 
• Extension
• Expansion

They were each recorded on video with the 
actuator positioned in the best orientation 
to demonstrate its deformation. After 
actuation, the footage was reviewed in Adobe 
Premiere Pro, and video frames that showed 
the initial position of the actuator and the 
actuator in its deformed state were exported. 
Adobe Illustrator was used to measure the 
deformation, through the “Info” window which 
gives information on a lines’ angle and length.

initial

deformed

initial

initial

deformed
Change 
in angle

Deformation
percentage 100

deformed

=

= x

-

initial deformed

initial

deformed

initial

deformed

Bending

Twisting

Expansion

Extension

Figure 15. Various configurations of  a single Solidworks assembly.

Figure 16. Method for measuring each primary inflation motion.
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Balloon testing 
To test the basic concepts of actuation for soft robots, 
testing was carried out through the use of balloons 
and tape (Figure 17). Using this method, principles of 
strain restricting regions to control motion as found 
in biology and synthetic replications could easily be 
tested and inflated without the need for designing 
or assembling of a testing rig. Electrical tape acted 
as the strain restrictor as the balloon was inflated. 
These principles could be heavily inspired by the 
muscular systems found in muscular hydrostats. A 
key distinction with muscular hydrostats is that they 
maintain a constant volume at all times and thus, 
the system for actuation must be adapted to suit 
a change in volume during actuation. Instead of a 
muscular contraction occurring to dictate motion 
like in muscular hydrostats, inflating actuators have 
a region which maintains its dimensions while others 
expand around it. By placing the electrical tape in 
differing configurations on the balloon prior to its 
inflation, it was found that the balloon would follow 
a different path during inflation. Both bending and 
twisting were tested with tape, however, extension 
occurred once the balloon was inflated without any 
tape needed so this wasn’t tested.

In muscular hydrostats, a contraction of longitudinal 
muscles on one side of the hydrostats causes a 
bending motion to occur. To replicate this with 
a balloon and tape, a strip of tape was placed 
longitudinally along the balloon to restrict expansion 
along one side. This worked as anticipated, and a 

bend was created in the balloon during inflation. This 
method allowed for precise control over where the 
bending occurred along the length of the balloon, 
as is demonstrated by localising the bending in the 
orange balloon. 

In muscular hydrostats, a contraction of helically 
arranged muscle fibres creates torsion along the 
system. To replicate this with a balloon and tape, 
the tape was wrapped around the balloon helically 
prior to inflation. This also proved to be successful 
in proving the concept, however, it was found that 
the helix angle of the tape had to be very specific 
in order to fully inflate, otherwise the balloon would 
not inflate past the beginning of the length of tape. 

The main drawbacks with taking this system 
any further was the expansion of the balloons’ 
dimensions after inflation. The surface area of the 
balloon expanded so significantly that it proved to be 
challenging to place the tape in certain orientations 
without the balloon bursting. As the tape expanded 
very little during inflation, a large stress was created 
from the axial asymmetry of expansion.

These tests not only worked to prove the driving 
principles informing future design decisions, but 
they also informed the system for parametric 
control. When the balloons were deflated, tape 
could be placed in any location along their length to 
inform the motion during inflation.

Figure 17. Balloon testing experiments.

Bending

Localised
bending

Twisting
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Print set 1 Goals 

The goal for this print set was to explore a singular 
base geometry which could be modified to achieve 
three different motions. These motions were:

• Extension
• Bending
• Twisting

This print set worked as a first test to analyse the 
strength of the material, assess the wall thickness 
and shore hardness, and begin to establish a 
technique and process for cleaning the support 
material from the models and preparation for 
inflation.

Figure 21. Material tears.
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30 SH

50 SH

30 SH

50 SH

70 SH

Aim: Create a soft actuator capable 
of extending when inflated.

Results: Tears occurred during the 
cleaning of support material from 
the print.

Aim: Create a soft actuator capable 
of bending when inflated.

Results: Tears occurred during the 
cleaning of support material from 
the print. Delamination occurred 
between the 70SH material on the 
base and the main soft body.
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Aim: Create a soft actuator capable 
of twisting when inflated.

Results: Tears occurred during the 
cleaning of support material from 
the print. The helically arranged 
60SH material was too thin and 
broke easily.

Print set 1

Figure 18a - 18b. Actuator 1.01 images.

Figure 19a - 19b. Actuator 2.01 images.

Figure 20a - 20b. Actuator 3.01 images.
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Analysis
As shown in Figure 21, the prints in this set all failed 
due to tearing before they could be inflated and 
the motion could be tested. As the models were so 
prone to tearing, subsequent designs needed to be 
much stronger to survive cleaning and especially to 
perform well once inflated. A cleaning process was 
also be established to minimise the damage done 
to the prints, and to standardise the procedure 
across print sets. 

Print set 1
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Print set 2 Goals 

This print set aimed to explore the success of the 
performance of actuators by utilising different 
properties of the 3D printer. These included 
actuators designed around:

• Materiality and geometry
• Materiality
• Internal geometry

Extension, twisting, and bending were evaluated 
for each of these routes. All of the actuators were 
printed with a glossy finish on them. 

To improve on the previous models the following 
changes were made:

• Increased chamber wall thickness (0.8mm -> 
1.0mm).

• Interlocking geometry at the connection 
between the main soft body and the input 
geometry to reduce the chance of tearing.

• Increased main soft body shore hardness 
(SH30 -> SH35).

• Hard material areas in the bending and twisting 
actuators were embedded within the main 
soft body to reduce the chance of separation 
between bodies. 

• A relief valve was added to the end of the 
chambers. This was to help with the removal 
of support material from internal chambers 
and to reduce the chances of bursting at 

high actuation pressure. This also altered the 
actuation pressure needed as the new system 
needed a constant input of air. 

To improve the cleaning process of the models, the 
following workflow was implemented:

1. CAD modelling
2. Printing
3. Soak prints in water
4. Rough removal of support material while in a 

water bath (Figure 22)
5. Solution bath
6. Finer detail support material removal and 

solution rinsing while in the water bath
7. Washing/drying
8. Glueing relief valves closed
9. Pressurisation

Pressurisation is used as the final step in the post-
processing of the actuators as the flow of air helps 
to loosen the remainder of the support material 
from the internal chambers of the actuators. The 
loosened support material is then pushed out the 
valve at the end of the actuator furthest from the 
air input. The valves were then closed off with 
super glue to make the system airtight to decrease 
the volume of air needed for actuation. Actuation 
results were taken before and after the valves were 
sealed to test this hypothesis. 

Figure 22. Support material cleaning setup.
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Aim: Determine the success of the 
bending actuation using internal 
geometry.

Results: The print demonstrated 
significant bending, however, it 
burst axially which detracted from 
the maximum bend of the actuator.
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Aim: Determine the success of the 
bending actuation using variable 
materiality.

Results: The print demonstrated 
slight bending, however it was 
nowhere near as significant as the 
other two bending actuators.

Print set 2
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Aim: Determine the success of the 
extension actuation.

Results: The print successfully 
extended, however, it burst axially 
which detracted from the maximum 
extension of the actuator.
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Aim: Determine the success of the 
bending actuation using geometry 
and variable materiality.

Results: The print was not able to 
maintain this deformation angle as 
the model burst between the 35SH 
and 50SH geometries.

Figure 23a - 23g. Actuator 1.02 geometry and inflation sequence.

Figure 24a - 24g. Actuator 2.02 geometry and inflation sequence.

Figure 25a - 25g. Actuator 2.03 geometry and inflation sequence.

Figure 26a - 26g. Actuator 2.04 geometry and inflation sequence.
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Aim: Determine the success of the 
twisting actuation using geometry 
and variable materiality.

Results: The print was able to reach 
a maximum twist angle of 2.2°/
mm (77° total) and did not have any 
significant material tears occur.

Aim: Determine the success of the 
twisting actuation using internal 
geometry.

Results: The print did not 
demonstrate any significant motion 
during actuation, likely due to the 
large material bulks in geometry 
restricting its motion.
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Aim: Determine the success of the 
twisting actuation using variable 
materiality.

Results: The print was able to reach 
a maximum twist angle of 0.8°/
mm (27° total) and did not have any 
significant material tears occur.

Print set 2

Figure 27a - 27g. Actuator 3.02 geometry and inflation sequence.

Figure 28a - 28g. Actuator3.03 geometry and inflation sequence.

Figure 29a - 29g. Actuator 3.04 geometry and inflation sequence.
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Analysis
Extension actuator:

The proportions of the extension actuator (1.02) 
were changed in an attempt to increase the 
extension achieved while maintaining the design’s 
strength against bursting during inflation. 

Bending actuators:

From a visual inspection, the geometry + materiality 
(2.02) and internal geometry (2.03) prints achieved 
a much larger bending deformation than the 
materiality print (2.04). The main problem with the 
bending actuators was the air leaks that limited 
the deformation angle. This was likely happening 
because of the radial asymmetrical nature of the 
bending deformation which caused the print layers 
to separate along the horizontal axis where air is 
escaping. This is addressed in subsequent prints 
by altering the geometry by strengthening it in the 
regions most susceptible to bursting. 

Twisting actuators:

The geometry + materiality twisting print (3.02) was 
the most successful, and it reached a twist angle 
of 77° along its length of 35mm. Although this 
print was successful, a new geometrical solution 
was explored to further explore the possible twist 
angles that are possible. 

The valve that was used to remove internal 
support material was successful, as it allowed 
more thorough removal of support material and it 
was easily closed off with superglue once this was 
accomplished. 

Print set 2
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Print set 3 Goals 
The largest problem with the previous print sets 
was material tearing. This was addressed in this 
print set through a set of shore hardness tests 
which aimed to find the optimal shore hardness in 
regards to performance and material strength. The 
other prints in the set were also printed at a larger 
wall thickness (from 0.8mm to 1mm) to address this. 

In an attempt to increase performance, the bellows 
on the prints in this set were condensed, meaning 
that the inner radii were decreased.

The motion that was least satisfactory in its 
performance for previous prints was the twisting 
actuator. This was addressed in this print set with 
a departure from the previous twisting concepts 
to introduce a completely new geometry. This 
was tested with different helix angles to see how 
it would impact performance. After this twisting 
geometry was designed and tested, a precedent 
in the literature was found which presents a similar 
geometry for twisting actuation. Development 
of Multi-chamber Pneumatic Twist Actuator for 
Soft robot (Darekar et al., 2019) details a method 
for casting a silicon actuator using a sacrificial 

3D printed mould at a much larger scale than the 
actuators presented in this portfolio. Although the 
research done by Darekar et al. (2019) is intended 
for high force applications, the complexity of the 
fabrication process in comparison to the method 
presented in this portfolio is notable.

A few other new concepts were tested which were 
derived from existing concepts:

• Extension/adhesion actuator (1.06): This print 
was derived from the extension geometry with 
the addition of adhesion geometry to attempt 
to achieve linear locomotion (Figure 30).

• Expansion actuator (4.01): Derived from the 
new twisting geometry with the helix angle set 
to 0°. The concept was designed to achieve a 
radial expansion upon inflation.

• Bending/twisting actuator (2.06): Derived from 
the bending geometry+materiality model with 
the bellows offset on an angle from the central 
axis. This print was designed to follow a helical 
path upon inflation.  

Figure 30. Actuator 1.06 intended actuation sequence.
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Aim: Determine the best shore 
hardness for the prints in terms of 
performance and material strength.

Results: No material tearing 
occurred, and the print achieved an 
extension percentage of 162%. 

Aim: Determine the best shore 
hardness for the prints in terms of 
performance and material strength.

Results: No material tearing 
occurred, the print achieved an 
extension percentage of 153%. 
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Aim: Determine the best shore 
hardness for the prints in terms of 
performance and material strength.

Results: Significant material tearing 
occurred during the cleaning of 
this print which ruled the print out 
before inflation testing could occur. 

Aim: Create a soft robot capable 
of linear locomotion by utilising 
knowledge of adhesion.

Results: The extension percentage 
157% was comparable to the other 
extension geometries, however, the 
adhesive geometry didn’t allow for 
locomotion to occur.

Figure 31a - 31g. Actuator 1.03 geometry and inflation sequence.

Figure 32a - 32g. Actuator 1.04 geometry and inflation sequence.

Figure 33a - 33g. Actuator 1.05 geometry and inflation sequence.

Figure 34a - 34g. Actuator 1.06 geometry and inflation sequence.
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Aim: Determine the success of the 
bending actuation using geometry 
and variable materiality.

Results: No material tearing 
occurred, and at its actuated state 
the print achieved a change in 
angle of 7.2°/mm (253° total).

Aim: Determine the success of the 
bending actuation using internal 
geometry.

Results: No material tearing occurred, 
and at its actuated state the print 
achieved a change in angle of 6.4°/
mm (224° total). The print held a 
moderate bend even when deflated, 
which inhibited the change in angle.
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Aim: Create a geometry with the 
ability to follow a helical path upon 
inflation.

Results: The print successfully 
followed a helical path. 
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Aim: Create a new twisting 
geometry with increased 
performance and find the optimal 
helix angle.

Results: No material tearing 
occurred, and at its actuated state 
the print achieved a twist angle of 
3.3°/mm (114° total).

30°

Figure 35a - 35g. Actuator 2.04 geometry and inflation sequence.

Figure 36a - 36g. Actuator 2.05 geometry and inflation sequence.

Figure 37a - 37g. Actuator 2.06 geometry and inflation sequence.

Figure 38a - 38g. Actuator 3.05 geometry and inflation sequence.
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Aim: Create a new twisting 
geometry with increased 
performance and find the optimal 
helix angle.

Results: No material tearing 
occurred, and at its actuated state 
the print achieved a twist angle of 
7.9°/mm (277° total).
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Aim: Create a new twisting 
geometry with increased 
performance and find the optimal 
helix angle.

Results: Significant material tearing 
occurred, however a twist angle 
of 12.4°/mm (435° total) was still 
achieved.

70°

Print set 3
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Aim: Create a geometry capable of 
radially expanding upon inflation.

Results: The print successfully 
expanded, and reached an 
expansion percentage of 182%. 
The print burst, and was unable to 
perform as well afterwards.

Figure 39a - 39g. Actuator 3.06 geometry and inflation sequence.

Figure 40a - 40g. Actuator 3.07 geometry and inflation sequence.

Figure 41a - 41g. Actuator 4.01 geometry and inflation sequence.
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Analysis
Shore hardness testing:

Shore hardness 40, 50, and 60 were tested as 35 
shore hardness was not exhibiting the necessary 
strength.  The 60 SH print (1.05) tore during cleaning, 
deeming it unsuccessful. The 40 SH model  (1.03) 
appeared to give the best result as, although the 
50SH model (1.04) didn’t tear, it exhibited a 9% drop 
in performance which was most likely because of 
the material being stiffer.

Extension-adhesion actuator (1.06):

The extension-adhesion geometry successfully 
exhibited extension but not adhesion. The 
adhesion geometry proved to be very delicate, and 
many broke off during cleaning and handling.  The 
extension percentage of 157% was comparable 
to the other extension geometries, meaning the 
adhesion geometry did not have a significant 
impact on the extension of the actuator. The 
adhesion geometry did not grip on any surface the 
actuator was placed on during inflation. This could 

be because the force pulling the actuator back to 
its neutral state is larger than the force securing it 
to the surface. 

Bending actuators:

The primary bending tests were a geometry + 
materiality focused model (2.04), and an internal 
geometry modelled with a material bulk on one 
side of the central axis (2.05). Both tests were 
successful, each exhibiting over 220° of total bend. 
The main difference between the two models was 
that the internal geometry model did not return to 
a straight position, and when deflated it always 
had a significant bend in it (~60°). This could be 
detrimental to the performance if an application 
required the actuator to return to a straight state. 
The bending + twisting model (2.06) exhibited the 
desired actuated state of following a helix, however, 
this was later iterated on further to attempt to create 
a tighter helix.

Print set 3

Twisting actuators:

Helix angles of 30°, 50°, and 70° were printed and 
tested with the same length (35mm) and base 
geometry sketch. The 70° model (3.07) twisted the 
most along its length at 435° (12.4°/mm) however it 
also had issues inflating fully. Since the geometry 
was the most tightly wound, some of the geometry 
fused together during printing which restricted its 
motion. The geometry was also compared to the 
material twist model and the materiality + geometry 
twist model from print set 2 (3.02), which showed 
that the new geometry significantly outperformed 
it. 

Expansion actuator (4.01):

The expansion geometry worked as anticipated, 
and reached an expansion percentage of 182%. It 
was designed using the same base geometry as 
the twisting actuators.
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Print set 4 Goals 
To optimise the optimal helix angle for the twisting 
geometry which maximises both twist angle and 
performance, three further iterations of the same 
base geometry were tested. These included helix 
angles of 55°, 60°, and 65°, because the 70° helix 
angle print from print set 3 had significant tears 
due to the steepness of the helix angle. Therefore, 
it was hypothesised that the optimal helix angle 
would be between 50° and 70°.

To test how the expansion percentage scales, the 
expansion print geometry was altered to have 
a length of 35mm rather than 20mm in the first 
expansion print. This also made it the same length 
as the other actuators being tested.

A series of internal valves were tested, which, if 
successful, would stop the inflation of the second 
half of the actuator until it reaches a certain 
pressure. The internal valves were placed halfway 
along the bellows of the extension geometry, and 
geometric tolerances of 0.05mm, 0.1mm, 0.15mm, 
and 0.2mm were printed. 

The first model with multiple sections of different 
motion geometries was also printed in this set. The 
goal was to see how successful the actuation would 
be when multiple geometries were being inflated in 
unison (Figure 42). 

Figure 42. Actuator 5.01 intended actuation sequence.
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Aim: Determine how the length of 
the expansion geometry impacts 
the expansion percentage. 

Results: The print successfully 
expanded, and reached an 
expansion percentage of 211% 
before bursting.

65°55°

60°

Aim: Determine the optimal helix 
angle to maximise twist angle whilst 
maintaining performance.

Results: No material tearing 
occurred, and at its actuated state 
the print achieved a twist angle of 
9.7°/mm (339° total).

Aim: Determine the optimal helix 
angle to maximise twist angle whilst 
maintaining performance.

Results: No material tearing 
occurred, and at its actuated state 
the print achieved a twist angle of 
11.3°/mm (394° total).

Aim: Determine the optimal helix 
angle to maximise twist angle whilst 
maintaining performance.

Results: Significant material 
tearing occurred, resulting in a 
comparatively low twist angle of 
6.4°/mm (255° total) being achieved.

Print set 4

Figure 43a - 43g. Actuator 3.08 geometry and inflation sequence.

Figure 44a - 44g. Actuator 3.09 geometry and inflation sequence.

Figure 45a - 45g. Actuator 3.10 geometry and inflation sequence.

Figure 46a - 46g. Actuator 4.02 geometry and inflation sequence.
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0.05mm

Twisting Bending Extension

Aim: Create a soft robot capable of 
achieving multiple motions through one 
input.

Results: Large tears occurred in the 
connections between sections. Rough 
actuation testing showed that the 
twisting section actuated before the 
other sections could reach actuation 
pressure.

Aim: Create a valve capable 
of controlling the sequence of 
actuation.

Results: As the 0.05mm tolerance 
valve failed, the larger gaps were 
assumed to also not restrict the 
airflow. 

Aim: Create a valve capable 
of controlling the sequence of 
actuation.

Results: The 0.05mm valve did 
not restrict the airflow through to 
the second section of the actuator, 
deeming it unsuccessful.

Print set 4

Figure 47a - 47b. Actuator 5.01 geometry. Figure 49a - 49b. Actuator 1.07-1.09 geometry.

Figure 48a - 48g. Actuator 1.07 geometry and inflation sequence.
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Analysis
Twisting actuators:

Helix angles of 55°, 60°, and 65° were tested in this 
print set. The 65° helix angle burst before it could 
fully inflate, likely due to the steepness of the helix 
angle. The 55° and 60° prints worked well, although 
the 60° print was irregular in its performance - 
sometimes only parts of the geometry would inflate. 
As the performance of the 55° helix angle was the 
most predictable while still reaching a larger twist 
angle than the 50° print, it was determined to be 
the most successful of the twisting prints. 

Expansion actuator (4.02):

The expansion geometry actuated in the same way 
as the first expansion print did, however, the longer 
length (35mm as opposed to 20mm) allowed for 
a 29% increase in expansion percentage. This 
print also appeared to burst more quickly than the 
shorter version, which could be due to the larger 
expansion percentage. 

Complex actuator (5.01):

This print, although it tore before proper actuation 
testing could be carried out, highlighted a key issue 
for complex actuation. The actuator was tested 
through rough inflation testing with a ball pump, 
where the twisting section inflated and burst before 
the bending and extension sections reached a 
large enough pressure to inflate. As the twisting 
section has a different base geometry to the other 
two sections, the pressure required for inflation 
was significantly different. 

Internal valves:

The internal valve design tested in this print set was 
unsuccessful as it did not cause the first section 
to inflate before allowing air into the second 
section. This could be due to certain intricacies 
in the geometry or due to allowing for too large 
a geometric tolerance. However, it was also very 
likely that the geometry of the valve was too small 
and delicate, and was either broken during cleaning 
or was completely ineffective during inflation.   

Print set 4
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Print set 5 Goals 
This print set included 3 prints, all exploring different 
variations of complex actuation containing multiple 
geometric sections. The primary goal for this print 
set was to explore the possibilities of complex 
actuation. By using different geometric variations, 
an understanding of the main challenges could be 
determined. 
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Figure 50. Actuator 5.02 intended actuation sequence. Figure 51. Actuator 5.03 intended actuation sequence. Figure 52. Actuator 5.04 intended actuation sequence.
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TwistingBending

Extension

Internal valves

Extension Extension ExtensionBending

ExpansionExpansion

Aim: Create a soft robot capable of 
achieving multiple motions through one 
input.

Results: This test confirmed that the 
twisting section actuates and bursts 
before the other sections are able to 
inflate.

Aim: Create a soft robot capable 
of locomotion by utilising surface 
adhesion.

Results: All sections successfully 
inflated, however, the adhesive 
hooks did not provide enough grip 
to pull the actuator along. 

Aim: Create a soft robot with 
sequenced actuation through one 
input.

Results: The internal valves were 
unsuccessful in sequencing the 
inflation as they were in testing. The 
expansion sections burst before the 
extension section could inflate.

Print set 5

Figure 53a - 53b. Actuator 5.02 geometry.

Figure 54a - 54b. Actuator 5.03 geometry.

Figure 55a - 55b. Actuator 5.04 geometry.
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Analysis
The main problem that was identified from this print 
set is that the expansion/twisting geometry bursts 
before a pressure can be reached which inflates the 
other sections. Actuator 5.04 successfully actuated, 
as the print did not contain the expansion/twisting 
geometry. To equalise the pressure needed to 
actuate a soft robot with both expansion/twisting 
and extension/bending sections, parameters such 
as shore hardness and material wall thickness 
should be changed to compensate for the difference 
in inflation pressure. The bend section in actuator 
5.04 seemed to be detrimental to the performance 
of the actuator as it pushed the actuator onto its 
side rather than bending vertically as was intended. 

Print set 5
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Print set 6 Goals 
The primary goal for this print set was to successfully 
actuate three different models that demonstrate 
complex actuation. 

This print set iterated on the previous concepts 
addressing their issues. In an attempt to equalise 
the pressure needed to actuate the twisting/
expansion geometry and the bending/extension 
geometry, a couple of changes were made:

1. The shore hardness of the twisting/expansion 
sections were increased from 40 to 50.

2. The wall thickness of the bending/extension 
sections was reduced from 1mm to 0.8mm.

Ti
m

e

Ti
m

e

In
fla

ti
o

n
1 

se
qu

en
ce

D
efl

a
ti

o
n

Ti
m

e

Figure 56. Actuator 5.05 intended actuation sequence. Figure 57. Actuator 5.06 intended actuation sequence. Figure 58. Actuator 5.07 intended actuation sequence.
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TwistingBending

Extension

Extension Extension ExtensionBending

ExpansionExpansion

Aim: Create a soft robot capable of 
achieving multiple motions through one 
input.

Results: The extension and twisting 
sections successfully actuated. The 
bending section did not fully inflate due 
to the twisting section bursting.

Aim: Create a soft robot capable 
of locomotion by utilising surface 
adhesion.

Results: All sections successfully 
inflated. The addition of longer hooks 
did not help to orient the print in the 
intended direction and it still fell onto 
its side from the bending section 
inflating. 

Aim: Create a soft robot capable of 
achieving multiple motions through one 
input.

Results: The print successfully actuated 
in all three sections, however, the 
expansion in the second expansion 
was much smaller than in the first. 
Bursts in the expansion sections limited 
the success in repeated tests.

Print set 6

Figure 59a - 59g. Actuator 5.05 geometry and inflation sequence.

Figure 60a - 60g. Actuator 5.06 geometry and inflation sequence.

Figure 61a - 61g. Actuator 5.07 geometry and inflation sequence.
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Analysis
The two prints that had a combination of the bending/
extension and twisting/expansion geometry once 
again burst during inflation and did not fully actuate. 
Even the changes made in shore hardness and to 
wall thickness to equalise the pressure across all 
sections did not have any noticeable impact and 
the prints still burst quickly. The order that the 
sections were patterned appeared to have an 
effect. In actuator 5.05, the extension section fully 
actuated, but the bending section did not. This is 
likely because the extension section was before 
the twisting section relative to the input, so it could 

reach its actuation pressure before the twisting 
section inflated and burst. This could mean that 
prints with the expansion/twisting sections after 
the bending/extension sections would achieve 
greater success, however, this would severely 
limit the number of possibilities of the complex 
actuation that could be achievable. Actuator 5.07 
fully actuated, however, it was unsuccessful in its 
movement. The longer hooks at the front and back 
ends of the print designed to keep it upright during 
inflation did not work as the print still fell on its side.

Print set 6
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Print set 7 Goals 
• To print a larger scale extension print to 

compare its durability and performance to other 
models. This was printed with an increased wall 
thickness of 1.5mm.

• Print a bending+twisting actuator on a steeper 
offset angle to compare its performance to the 
previous bending+twisting print. 

• Iterate on the original extension+adhesion print 
to improve the durability of the adhesive hooks. 
A surface was also 3D printed to help the 
extension+adhesion print successfully achieve 
linear locomotion.Ti
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Figure 62. Actuator 1.11 intended actuation sequence.
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Aim: To assess how scale and wall 
thickness effect on the actuators 
strength and performance.

Results: The print fully actuated at 
7psi without bursting. An extension 
percentage of 165% was reached.

Aim: Create a soft robot capable 
of locomotion by utilising surface 
adhesion to a designed surface.

Results: The print successfully adhered 
to the printed surface, and was able to 
pull itself along at 2.3mm/s.

Aim: Assess the effect of the bellow 
offset angle on the actuator’s 
ability to follow a helical path upon 
inflation.

Results: The print successfully 
followed a helical path, and 
demonstrated a steeper helix angle 
to the 25° bellow offset print.

40°

1.5mm

Print set 7

Figure 63a - 63g. Actuator 1.10 geometry and inflation sequence.

Figure 64a - 64g. Actuator 1.11 geometry and actuation sequence.

Figure 65a - 65g. Actuator 2.07 geometry and inflation sequence.
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Analysis
Scaled extension actuator (1.10):

This print demonstrated much better durability to 
previous extension prints. This was evident from its 
high actuation pressure and its ability to hold the 
pressure. When this actuator was deflated, it took 
much longer for the actuator to depressurise than 
the other extension actuators, which could indicate 
that the air is only being let out through the pump, 
whereas, with the smaller extension prints, faster 
depressurisation could have occurred due to small 
tears in the print allowing air to escape. 

Extension/adhesion actuator (1.11):

This was the first print to successfully demonstrate 
linear locomotion. By calibrating the pressure limit 
of the pump to the maximum inflated state of the 
actuator, the pump pulsed its airflow, allowing the 
actuator to inflate and deflate repeatedly. The 
adhesion geometry on the actuator was able to 

successfully hook onto the adhesive surface, which 
pulled the actuator forward when it was deflated 
and this was repeated to achieve locomotion. The 
actuator moved at 2.3mm/s, which was increased 
in later testing to 2.9mm/s by decreasing the space 
between the hooks in the adhesive surface.

Bending + twisting actuator (2.07):

The increase of the bellows offset from the previous 
bending + twisting print had a clear impact on the 
helix angle that the print followed during actuation. 
When the offset angle of the bellows is increased, 
so is the offset of the actuation from the primary 
axis of bend. 

Print set 7
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Print set 8 Goals 
This print set tested two actuators at a larger scale 
for twisting and expansion. Like the bending test, 
the wall thickness was increased to 1.5mm. The 
goal was to determine whether the increase of 
wall thickness would allow the print to actuate at a 
pressure comparable to the scaled bending print. 

The second goal of this print set was to re-evaluate 
the internal valve geometry so that it was more 
compatible with the print resolution. To do this, 
the complex geometry was replaced with a simple 
hole in the middle of two extension sections. The 
diameter of the hole was given three separate 
values, to determine the pressure at which the hole 
would allow air to pass through. 

Figure 66. Difference in size of  large scale prints.
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Aim: To assess how scale and wall 
thickness effect on the actuators 
strength and performance.

Results: Small geometric gaps in the 
lofts at the ends let air out in the first 
tests. Once these were patched with 
glue, the print burst along one of the 
inner radii at 5psi. A twist angle of 5.0°/
mm (258° total)was reached.

Aim: Create a valve capable 
of controlling the sequence of 
actuation.

Results: 0.1mm and 0.2mm valve holes 
did not let any air through up to 10psi. 
The 0.3mm valve hole let air through to 
the second section at 4psi.

Aim: To assess how scale and wall 
thickness effect on the actuators 
strength and performance.

Results: Small geometric gaps in the 
lofts at the ends let air out in the first 
tests. Once these were patched with 
glue, the print burst along one of 
the inner radii at 5psi. An expansion 
percentage of 148% was reached.

55°

Print set 8

1.5mm

0.05mm

40 SH

Figure 67a - 67g. Actuator 3.11 geometry and inflation sequence.

Figure 68a - 68g. Actuator 4.03 geometry and inflation sequence.

Figure 69a - 69g. Actuator 1.11-1.13 geometry and inflation sequence.
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Analysis
The large scale prints in this set did not yield much 
success. For them to be a success, they needed 
to actuate at the same pressure as the extension 
geometry at the same scale. As the extension print 
required 7psi to fully actuate and the large scale 
prints in this set burst at 5psi, this was deemed a 
failure. 

The pressure relief valves yielded some success, 
where the 0.3mm valve managed to hold pressure 
until reaching 4psi, at which point the air flowed 
through to the second half of the actuator and it fully 
inflated. The main issue with this, however, was that 
when the actuator was retested after the initial test, 
the valve no longer restricted the airflow and the 
actuator fully inflated without successful actuation 
sequencing. This was likely due to the valve being 
blocked by material until it reached 4psi initially, 
and after the material had been removed the air 
flowed freely through the valve.

Print set 8
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Print set 9 Goals 
This print set aimed to explore how the print 
orientation of the models on the Stratasys J750 
would impact their performance. Both the twisting 
and the expansion geometry prints were printed 
laying horizontally and standing vertically on the 
print bed (Figure 70). These models were chosen 
as they are the models that burst at the lowest 
pressures across the experimentation. To test the 
pressure at which they burst, the pump’s maximum 
pressure was increased in 0.5psi increments.

Figure 70. Horizontal and vertical print orientations.
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Aim: Assess the effect of the 
model’s print orientation on the 
performance of the actuator.

Results: The print failed at 1.5psi 
± 0.5 and reached a twist angle of 
9.5°/mm before bursting (331° total).

Aim: Assess the effect of the 
model’s print orientation on the 
performance of the actuator.

Results: The print failed at 1psi ± 0.5 
and reached a twist angle of 9.9°/
mm before bursting (345° total).

Print set 9
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Aim: Assess the effect of the printer’s 
UV power levels on the performance of 
the actuator.

Results: The print failed at 1psi ± 0.5, 
however, this was due to a large 
material tear that occurred during 
cleaning along one of the troughs and 
it only reached a twist angle of 1.7°/mm 
before bursting (59° total).
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Aim: Assess the effect of the 
model’s print orientation on the 
performance of the actuator.

Results: The print failed at 1psi 
± 0.5 and reached an expansion 
percentage of 167% before bursting.

Figure 71a - 71g. Actuator 3.12 geometry and inflation sequence.

Figure 72a - 72g. Actuator 3.13 geometry and inflation sequence.

Figure 73a - 73g. Actuator 3.14 geometry and inflation sequence.

Figure 74a - 74g. Actuator 4.04 geometry and inflation sequence.
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Analysis
Although the accuracy of the pressure testing 
isn’t high enough to draw conclusions at these 
pressures, there was a clear difference in the 
expansion percentage between the vertically and 
horizontally oriented expansion prints. A similar 
result appeared to occur in the twisting prints, 
however, the expansion percentage was not 
recorded. The angled orientation twisting print 
(3.14) exhibited a larger weakness during cleaning 
than either the vertically (3.13) or horizontally 
(3.12) oriented prints, which suggests that having 
the troughs align with the print direction does 
negatively impact the durability of the material. This 
is also supported by the difference in expansion 
percentages between the vertically (4.05) and 
horizontally  (4.04) oriented expansion prints. The 

twist percentage of the vertically and horizontally 
oriented prints also supports this. The horizontally 
oriented print showed a slightly larger twisting 
percentage than the vertically oriented print (14° 
larger). For the vertical orientation print, the layer 
print direction is offset by 35° from bellows angle, 
whereas for the horizontal orientation the layer 
print direction is offset by 55° from the bellows 
angle. From these results, it was concluded that 
the bellows that are at a larger offset angle from 
the print layers tend to be less prone to tearing and 
that the optimal print orientation is when they’re 
perpendicular to each other. Therefore, the print 
orientation of the models does have an impact on 
performance, even though it may be only slight.  
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Aim: Assess the effect of the 
model’s print orientation on the 
performance of the actuator.

Results: The print failed at 1.5psi 
± 0.5 and reached an expansion 
percentage of 212% before bursting.

Figure 75a - 75g. Actuator 4.05 geometry and inflation sequence.
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Print set 10 Goals 
This print set aimed to explore how the UV 
light power of the Stratasys J750 affects the 
performance of the models. The models for this 
print set were printed with the lowest UV power, 
with the hope that this would allow the resin to fuse 
the layers together more than the standard UV light 
power that has been used for all other prints. Like 
print set 9, the twisting and expansion actuators 
were printed in both horizontal and vertical print 
orientations which allowed for direct comparisons 
in performance to be made with print set 9, which 
were all printed with standard UV levels.  

Figure 76. Horizontal and vertical print orientations.
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Aim: Assess the effect of the 
printer’s UV power levels on the 
performance of the actuator.

Results: The print failed at 1.5psi 
± 0.5 and reached a twist angle 
of 8.7°/mm before bursting (356° 
total).

Aim: Assess the effect of the 
printer’s UV power levels on the 
performance of the actuator.

Results: The print failed at 1.5psi 
± 0.5 and reached a twist angle of 
9.5°/mm before bursting (303° total).

Print set 10
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Aim: Assess the effect of the 
printer’s UV power levels on the 
performance of the actuator.

Results: The print failed at 1psi 
± 0.5 and reached an expansion 
percentage of 181% before bursting.

Aim: Assess the effect of the 
printer’s UV power levels on the 
performance of the actuator.

Results: The print failed at 1.5psi 
± 0.5 and reached an expansion 
percentage of 212% before bursting.

Figure 77a - 77g. Actuator 3.15 geometry and inflation sequence.

Figure 78a - 78g. Actuator 3.16 geometry and inflation sequence.

Figure 79a - 79g. Actuator 4.06 geometry and inflation sequence.

Figure 80a - 80g. Actuator 4.07 geometry and inflation sequence.
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Analysis
The difference in performance between the two 
tests is contradictory, as the low UV horizontal 
expansion test (4.06) outperformed the normal 
UV horizontal expansion test (4.04) but both low 
UV twisting tests (3.15 & 3.16) performed worse 
than the normal UV (3.12 & 3.13). This suggests 
that uncontrolled variables such as variations 
in print quality and manual cleaning are what is 
changing the performance – not the UV levels. 
This hypothesis could be tested by printing many 
of the same model and testing their maximum 
performances to find averages to determine the 
variation in the prints that need to be taken into 
account. This has not been done for this project as 
it does not help to accomplish the project goals, 
and is suggested as a useful topic for future study.

Print set 10
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Print set 11 Goals 
This print set was done on a Connex 350 3D printer 
rather than the Stratasys J750 so that a different 
soft material could be trialled. The Connex 350 had 
Tango, an alternative to Agilus, loaded in its print 
tray. Tango has slightly different material properties 
to Agilus, and has a 27SH as opposed to 30SH 
for Agilus. This material was tested so that its 
performance could be directly compared with the 
Agilus material. Each of the main four established 
primary motions were printed in this material.

Figure 81. Tango and Agilus materials.
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Aim: Assess the performance of 
the Tango material in comparison 
to the Agilus material over a 
number of different geometries.

Results: The print failed at 1.5psi 
± 0.5 and reached an expansion 
percentage of 194% before 
bursting.

Aim: Assess the performance of the 
Tango material in comparison to the 
Agilus material over a number of 
different geometries.

Results: The print failed at 10psi and 
reached an extension percentage of 
166% before bursting.

Aim: Assess the performance of the 
Tango material in comparison to the 
Agilus material over a number of 
different geometries.

Results: The print failed at 10psi ± 
0.5 and reached a maximum bend 
angle of 7.0°/mm before bursting 
(246° total).

Aim: Assess the performance of the 
Tango material in comparison to the 
Agilus material over a number of 
different geometries.

Results: The print failed at 1psi ± 0.5 
and reached a twist angle of 10.2°/
mm before bursting (356° total).

27 SH27 SH

27 SH 27 SH

Figure 82a - 82g. Actuator 1.14 geometry and inflation sequence.

Figure 83a - 83g. Actuator 2.08 geometry and inflation sequence.

Figure 84a - 84g. Actuator 3.17 geometry and inflation sequence.

Figure 85a - 85g. Actuator 4.08 geometry and inflation sequence.
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Analysis
The variations in performance to the Tango prints 
and their Agilus counterparts were minimal. 
The Tango prints for the twisting and extension 
geometries achieved larger deformations than their 
Agilus counterparts, however, the difference in 
performance was insignificant (10.2°/mm compared 
to 10.0°/mm for the twisting print, 166% compared 
to 162% for the extension print). The expansion and 
bending geometries performed worse than their 
Agilus counterparts; 194% compared to 211% for 
the expansion geometry, and 7.2°/mm compared 
to 7.0°/mm for the bending geometry. Although a 
direct comparison in the performance of materials 

cannot be made due to the difference in material 
shore hardness, the results for all prints did not 
yield largely different results worth pursuing further 
to achieve complex motion. 

It is important to note that although the failure 
pressure of actuators 1.14 and 2.08 were 10psi, they 
deformed to reach their actuated state at a much 
lower pressure. This large difference in failure 
pressure was indicative of the issues that arose 
around the complex actuators throughout the 
experimentation.

Print set 11
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Print set 12 Goals 
This print set aimed to explore how the shore 
hardness of the strain restricting layer in the 
bending actuator would affect the total bend angle 
(Figure 86). This was done to further understand 
the relationship between materiality and geometry.

AgilusClear (Shore-A 30)

Shore-A 35

Shore-A 40

Shore-A 50

Shore-A 60

Shore-A 70

Shore-A 80

Shore-A 95

Vero (Shore-A 100)

Figure 86. Stratasys J750 Shore A Hardness used for 
strain restricting region in print set 12.
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Aim: Assess the effect of the shore 
hardness of the strain restricting 
region on the total deformation.

Results: The print was able to reach 
a maximum bend angle of 7.1°/mm 
(250° total).

Aim: Assess the effect of the shore 
hardness of the strain restricting 
region on the total deformation.

Results: The print was able to reach 
a maximum bend angle of 3.3°/mm 
(116° total).

40 SH

50 SH

100 SH

40 SH

50 SH Analysis
This print set shows that the shore hardness of the 
strain restricting region on the bending actuator 
does have an effect on its performance. The 
low shore hardness print (2.09) achieved a very 
similar total bend to actuator 2.04 (7.1°/mm to 7.2°/
mm) . From this it can be inferred that, if the shore 
hardness is too high, this will start to decrease the 
performance of the actuator, otherwise its effect is 
negligible. 

Figure 87a - 87g. Actuator 2.09 geometry and inflation sequence.

Figure 88a - 88g. Actuator 2.10 geometry and inflation sequence.
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Pneumatic finger
Taking inspiration from prosthetic artist and researcher Dani Clode and her Third Thumb project 
(2017), this print demonstrates an actuation with multiple segments capable of three-dimensional 
motion. By combing different orientations of the bending geometry as well as the bending/
twisting geometry, the print is able to wrap around the pinkie finger when inflated. Although this 
print demonstrates no practical purpose in itself, it demonstrates how configuring the motions 
that have been identified throughout the literature can be utilised to achieve complex actuation 
capable of human interaction.

Pneumatic finger

Figure 89a - 89i. Pneumatic finger print geometry and actuation sequence.
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A

A SECTION A-A

Gripper
This final gripper modified the bending motion to have a pointed tip and connected three 

actuators to a printed pneumatic splitter. The geometry was modified so that it could pick up 
a larger range of objects as the pointed tip allowed it to curl further around objects. This print 
successfully demonstrates the compliance of soft robots, as the gripper was able to pick up a 

lemon, half a garlic clove, a cherry tomato, and a marble all without any trouble. The gripper 
changed its hold depending on the size of the object it was wrapping around, and as a result, 

was able to pick up objects of varying size and weight. 

Gripper

Figure 90a - 90g. Gripper print geometry and demonstration gripping various objects.
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A

A SECTION A-A

Locomotive extender
By utilising the previous success of the actuator 1.11, this print utilises the deformation achieved 
by the extension motion and the added gripping abilities of mechanical interlocking geometry to 
traverse a short obstacle course. The actuator was able to crawl through a small gap, traverse 
a length of level terrain, and scale a small incline by switching between inflation and deflation 
states. This print, although reliant on a special interlocking terrain, demonstrates the locomotive 
capabilities of a multi-material 3D printed soft robot actuated through only one pneumatic input.

Figure 91a - 91i. Extension/adhesion print geometry and locomotion along a course.
Video of final demonstrators can be found at: https://vimeo.com/manage/videos/501302018
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Summary
This portfolio has explored the possibilities 
and complexity of motion achievable in 
pneumatically actuated soft robots. By 
taking inspiration from muscular hydrostats 
found across the animal kingdom, 3 primary 
motions were identified, explored, optimised, 
and finally combined to achieve a variety of 
complex motions. 

This research has demonstrated that soft 
robots printed on the Stratasys J750 can  not 
only actuate with performance that can rival 
other soft robots using alternative fabrication 
methods, but it also gives a further insight 
into the relationship between geometry and 
materiality during actuation. This is most 
evident in the bending motion. As the most 
documented soft robotic motion, this research 
has demonstrated that bending is also very 
achievable through multi-material printing. By 
experimenting with the shore hardness of the 
strain restricting layer in the actuator, it was 
found that materiality can have a substantial 
impact on the performance of the actuator. 
It was also found that the geometry of the 
actuator significantly impacts the performance 
– possibly more so than the materiality as seen 
in actuators 2.03 and 2.04 (Figure 92). Although 

these actuators are not directly comparable, 
they are derived from the same geometry and 
demonstrate that in this research, it was much 
easier to achieve the desired motion through 
altering the geometry of the actuator rather 
than the materiality.

The motion that required the fewest changes 
to its geometry was the extension actuator. 
This was the motion that served as a base 
model for all other motions, and the geometry 
was based on literary examples (Drotman et al., 
2017, p.5533) which allowed for early success. 
As  this motion proved to be successful and 
reliable, it was used to test new design ideas. 
The extension geometry was used as a base 
geometry for the internal valve concepts and 
the scaled print. The internal valves were 
ultimately unsuccessful, as they did not reliably 
restrict airflow to sections of the actuator. 
The scaled prints proved that when the wall 
thickness of the actuators was increased, 
they were less prone to material tears and 
bursting during inflation. Unfortunately, due 
to the large cost of the larger scale prints, 
more widespread large scale testing was not 
feasible for this portfolio. 

Summary
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Figure 93. Impact of  the helix angle of  the twisting geometry on 
the total twist angle.

The motion that yielded the most success 
was the twisting geometry. Once the bellows 
were patterned axially (first in print set 3) 
the twisting actuators achieved much larger 
twist angles than their literary counterparts. 
The largest twist angle found in an actuator 
in the literature was 5.6°/mm (Schaffner et 
al., 2018) which utilised helically arranged 
strain restricting regions to achieve twist. This 
research presents a maximum twist angle 
of 12.4°/mm (actuator 3.07) although the 
actuation with this geometry was unreliable 
and material failures occurred after repeated 
actuation. A twist angle of 9.7°/mm (actuator 
3.08) was reached for which the actuator was 
able to reliably reach across repeated tests 
(Figure 93). This result is significant because 
it demonstrates a novel geometry for twisting 
soft robots that can achieve a high twist 
angle that can’t be fabricated with a moulding 
and casting process. As an extension of the 
twisting geometry, an expansion motion was 
also created which yielded some success. This 

motion was achieved when the helix angle 
of the twisting Solidworks model was set to 
0°. This allows for a complex model with this 
motion to easily switch between the twisting 
and expansion geometry without having 
to switch separate models in and out of the 
assembly. 

The early testing of adhesion geometries 
demonstrated that mechanical interlocking was 
the adhesion method most successful at the 
printable resolution of the Stratasys J750. All of 
the geometries which allowed for mechanical 
interlocking significantly outperformed the 
geometries which did not. This was particularly 
evident on the felt material, which worked 
much like Velcro to allow for the mechanical 
interlocking geometries to stay attached when 
upside down. This was expanded upon for 
the final locomotive extender concept, which 
successfully utilised mechanical interlocking 
surface adhesion to achieve linear motion at 
2.3mm/s.

Figure 92. Actuators 2.03 (left) & 2.04 (right) in their inflated states.

Extension

Bending

Twisting

Expansion

Extension Bending Twisting Expansion

Figure 94. Successful combinations of  motion for complex 
actuation.
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Limitations
The main drawback that was encountered 
during this research was that the soft Agilus 
material on the Stratasys J750 was prone to 
tearing, especially after repeated actuation 
(Figure 96). Experiments were done to assess 
how the print orientation of these models 
and UV light print exposure would affect 
their performance, as well as how the Tango 
material compares both in terms of tearing and 
overall performance of motion. The only one 
of these variables that did have an impact on 
the performance of the actuators was the print 
orientation, although for this research it was 
minimally significant. 

The tearing of the material also had a large 
impact on the possibilities for complex 
actuation. All prints that included both the 
extension/bending geometry as well as the 
twisting/expansion geometry failed to some 
extent (Figure 94). This was because the 
twisting/expansion geometry actuator burst 
at a lower pressure (1.5psi) than the actuation 
pressure of the extension/bending geometry 
actuator (approx. 4psi). This was particularly 
evident in Print set 11. This was largely caused 
by the different base geometries of the models 
– the extension and the bending actuators 
were derived from the same base geometry, 
as were the twisting and expansion actuators. 
Further changes to parameters such as wall 
thickness and shore hardness could be made 
for more successful results, however, this 
was not tested as it would require drastic 
alterations to be made to the base geometry 
of the actuators. 

This research aimed to assess the possibilities 
of soft robotic actuation through one 
pneumatic input, and limitations were reached 
as the edge of the range of capabilities using 

this method was encountered. Sequencing 
of motion proved to be challenging using 
one input because the internal valves were 
unsuccessful. Although they were able to 
restrict airflow between sections for the initial 
inflation of the actuator, this was not able to 
be repeated. This was likely because the initial 
restriction of airflow was caused by an internal 
blockage of support material or that the airflow 
passing through the valve damaged the valve 
so that it was unable to restrict airflow again. 
This suggests that sequencing of motion may 
require the utilisation of multiple pneumatic 
inputs.

Limited access to the Stratasys J750 printer due 
to Covid-19 impacted the number of prints that 
were possible in the experimentation section 
of this research. Earthquake strengthening 
of the building also took place during the 
experimentation phase of this portfolio, which 
further restricted the access to the Stratasys 
J750 printer. In response, compromises were 
made regarding the total number of print sets 
that could be produced, and the range of goals 
for the print sets was lowered. As experiments 
had to be condensed onto fewer print trays, the 
learning opportunities and iterative changes 
that could be made between each print set 
was restricted. 

Figure 96. Print set 1 material tear.

Figure 95. Largest deformation results for each key motion.
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Future Research Implications
This portfolio demonstrates an exploration 
of Polyjet printed soft robots with a singular 
pneumatic input. As an extension of this, future 
research could explore Polyjet printing of 
soft robots with multiple pneumatic channels 
to expand on the control and capabilities 
of the actuators. As was found across the 
literature, soft robots with multiple channels 
can allow for individual control of certain 
sections for complex actuators, which can 
achieve advanced motion. This portfolio has 
encompassed a wide range of experiments 
through one pneumatic channel, and in doing 
so, the limits of control that are possible using 
this method were found. Future research 
should take this into account while expanding 
on the overall possibilities of motion with 
additional pneumatic channels. 

Future research is needed to establish the 
performance of complex Polyjet printed soft 
robots at a larger scale. Due to the large cost 

of large scale prints, these were explored 
very little in this portfolio, however, they 
offered promise in their strength and actuation 
repeatability – shown especially in actuator 
1.10 in print set 7. This could allow for further 
exploration of a combination of motions which 
are not inhibited by bursting at low actuation 
pressures.

Simulation software was used for this research 
to create a digital model to compare to the 
experimental results. Solidworks, Abaqus, 
and ANSYS were all tested to try to simulate 
pneumatic actuation but none achieved 
results comparable to the experimental data. 
If good simulation results could be achieved, 
this could be used as a tool to accurately 
showcase how a parametric model system 
will inflate before it was printed, which would 
mean far fewer experiments would be needed 
before the intended result was accomplished. 

The method used to parametrically build CAD 
models of the actuators provides new insight 
into the role of software to inform soft robots. 
By using equations to drive the key dimensions 
and parameters of Solidworks models, a 
streamlined design process has been created 
which allow for dexterity in the fine control, 
modification, and combination of the models. 
This was utilised to efficiently design each print, 
so that more time could be spent on testing 
and creation of new prints.  As demonstrated in 
the final pneumatic finger design, the flexibility 
of motion shown in this research can allow for 
potential design opportunities which prioritise 
the aesthetic qualities of motion rather than the 
functional qualities. By applying this research 
method to future design projects, unforeseen 
aesthetic and emotional opportunities could 
be uncovered. 

This research builds on existing research that 
shows how, by taking inspiration from biology, 
designs can be enhanced. Biological inspiration 
has been used not only to inform how certain 

motions function in natural systems and how 
this can be synthetically replicated, but also in 
later stages of the design process to increase 
performance. The final locomotive extender 
showcases a method for how mechanical 
interlocking adhesion can be exploited to 
allow for locomotion in a simple bellows-type 
actuator (Figure 98).

Very limited research in the field of soft 
robotics has been done using Polyjet printing. 
The variety in materiality and geometry in 
this research vastly expands on the body of 
knowledge in this field, and because of that, 
has produced new information regarding 
the pros and cons on using this technology 
as a fabrication method for soft robots. The 
Agilus material created problems concerning 
tearing and bursting of the actuators, but the 
geometries for actuators that yielded the most 
success could possibly be printed with more 
success using other 3D printing technologies 
that allow for geometric freedom similar to the 
Stratasys J750. 

Future research

Figure 98. Locomotive extender traversing an obstacle course.

Figure 97. Primary motions in their deflated and actuated states.
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Applications
As this research gives a method for combining 
modular sections of motion, it can be used for 
a wide range of applications. As shown in the 
final print set, the parametric models can be 
modified and configured for vastly different 
purposes. As identified in the literature 
review, end effectors for grippers have large 
commercial potential (MGrip, n.d.). By utilising 
the fine control of the models, end effectors 
for a gripper could be configured for different 
applications, such as produce and baked 
goods at different scales. These grippers offer 
a lot of potential as they are able to pick up 
irregular objects with organic forms. This was 
shown in this project in the final gripper which 
was able to pick up objects from marbles to 
lemons – objects that have a large difference 
in size and mass. 

Locomotion is also an area with large potential 
for this research. Locomotion has been 

demonstrated with one pneumatic input 
and adhesion geometry switching between 
inflation and deflation phases. By attaching a 
camera, these robots could be used to navigate 
and assess hazardous terrain such as nuclear 
disaster sites or to navigate areas that humans 
can’t fit in. Currently, successful locomotion 
is only achievable on rough surfaces as 
mechanical interlocking is required although 
this could be refined through future research. 

This research also has potential applications 
for devices that assist or enhance human 
ability. Evidence from the literature shows 
how soft robots can be beneficial for stroke 
rehabilitation devices for the hand. Although 
this research doesn’t demonstrate specific 
human-oriented practical applications, the 
sixth finger final print shows how complex soft 
robotic motion could be used to enhance the 
human body. 

Figure 99. Bending actuator inflation sequence.

Applications
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This research aimed to explore how multi-
material 3D printing could be used to fabricate 
singular channel pneumatically actuated 
soft robots capable of complex actuation for 
advanced applications. This has been shown 
through a series of multi-material 3D printed 
soft robotic actuators which rely on parametric 
control of software and biological inspiration 
to inform the geometry and materiality needed 
to achieve specific motions through pneumatic 
actuation. As shown in the final print set, 
locomotion, gripping, and human interaction 
can be accomplished in soft robots using 
only one pneumatic input by fully utilising the 
geometric freedom and variable materiality of 
Polyjet printing. 

The printable materials on the Stratasys J750 
proved to be more prone to tearing and 
bursting than anticipated, and this limited 
the possible combinations of segments of 

actuation in complex soft robots. Although 
limitations were found in what is possible 
through one pneumatic input and with the 
soft printed materials, the actuators in this 
research demonstrate that complex motion 
can be achieved through one pneumatic 
input. The extension and bending sections 
gave similar deformation results to what had 
been expected, however, the twisting actuator 
significantly outperformed what had been 
anticipated, and the resulting bend angle was 
much larger than any other that was found in 
the literature. 

Across soft robotic research, a wide range of 
applications have been identified that take 
advantage of the inherent compliance of 
soft actuators. This portfolio demonstrates 
a method for design and fabrication of soft 
robots that, with parametric modifications, can 
be applied to a number of these scenarios. 

Figure 100. Close-up of  the primary motions in their inflated states.
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