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Summary

Service Robotics is the branch dedicated to the development of robotic technologies
aimed directly at serving humans. Today, service robots must be efficient and safe in
order to interact in unstructured environments where humans or other living creatures
are present.

This thesis presents two pneumatic technologies, namely an actuator and a sensor,
for Service Robotics applications. To this aim, the research context is first provided,
outlining the evolution of pneumatic robotic systems over the past two decades. The
main application areas of Service Robotics will then be described, including their chal-
lenges, design requirements, and how the scientific community has responded to these
needs with pneumatic-based solutions. Additionally, the rise of Soft Robotics will be
discussed, with a particular focus on the materials and methodologies currently em-
ployed for the fabrication of soft pneumatic robots.

The thesis will then explore the development of a linear soft pneumatic actuator that
exploits the principle of antagonistic chambers to achieve bidirectional behavior. De-
sign methodologies, prototyping techniques, and static performance in terms of stroke,
exerted force, and energy consumption will be described. Particular attention will be
paid to the evaluation of control methods for energy savings. The experimental phase
will include not only the characterization of the actuator but also its implementation in
the development of a lightweight compliant soft gripper.

The final chapter will address the development of a sensing unit based on a soft
pneumatic chamber connected to an auxiliary electro-pneumatic circuit. The approach
will follow the same process as the actuator, from the theoretical formulation of the
geometry and system outputs to its prototyping and experimental characterization.
Particular attention will be devoted to the reliability quantification of the system. The
anticipated applications of this concept include the development of a tactile sensing sys-
tem to enhance the exteroceptive capabilities of robotic grippers, as well as the creation
of a lightweight, untethered haptic device for active finger tele-rehabilitation, which has
led to a patent application.
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Chapter 1

Introduction

Robotics was initially developed to replace human beings in industrial tasks and tomeet
the flexibility demands of modern production plants. Since then, the results achieved
and the technological solutions developed in this multidisciplinary field have influ-
enced the scientific community in creating technologies more directly focused on hu-
man needs.

This trend in robotics is known as Service Robotics, for it prioritizes societal needs
and requires strong interaction between humans and robots [1]. By its very nature,
Service Robotics provides multiple areas of study for researchers. A service robot must
be capable of operating in an environment that is not predetermined (unstructured or
semi-structured environment), while also understanding human behavior, cooperating
with people, and, above all, ensuring that it does not harm or injure them.

It is clear that these fundamental requirements generate multiple research topics,
which aim to address, either individually or collectively, the related challenges. Among
these topics, there is certainly the development of compliant systems for grasping and
manipulating fragile objects, whose geometry and properties are not known in advance,
as well as the development of safe and lightweight systems for human collaboration.
On both topics, this thesis seeks to provide a modest but cutting-edge contribution.

Although Service Robotics attracts researchers with diverse technical expertise, pri-
marily focused on developing and prototyping new ideas in this field, great attention
must be paid to the social and environmental implications that arise. If, in the past, the
development of a new engineering solution was primarily driven by improving per-
formance compared to what was already on the market, today there is a need to pay
attention to the sustainability of the solution itself. A clear reference for evaluating
whether a technology can be classified as sustainable has been provided by the United
Nationswith the Sustainable Development Goals [2]. These goals form a list of 17 objec-
tives for the 2030 Agenda for Sustainable Development, adopted by all United Nations
Member States in 2015, aiming to promote sustainable development for both humans
and the environment.
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The SDGs address highly complex and diverse issues. By their very nature, techno-
logical solutions often align closely with specific SDGs. The haptic device for telereha-
bilitation presented in subsection 3.4.2, for instance, is related to SDG 3.4, which focuses
on the promotion of mental health and well-being. The soft bi-directional actuator in
chapter 2 and the pneumatic tactile sensing unit in subsection 3.4.1, on the other hand,
are closely aligned with SDG 9.5, which focuses on enhancing research and upgrading
technologies. However, a key design goal when developing new service robots should
be to address multiple SDGs in order to truly consider a solution as sustainable.

Another aspect to evaluate is whether the developed technology, beyond being sus-
tainable, is also appropriate. The development of appropriate technologies, i.e. tech-
nologies that are sustainable but also human-centered and respond to a necessary hu-
man need, is a complex and still open issue. In fact, it is difficult to provide a clear and
widely accepted definition of what can truly be considered appropriate for humans [3].
A highly technological solution with the potential to create new jobs may still prove un-
sustainable or may not be socially accepted. For example, the study by Nomura et al. [4]
discusses how the same technology (humanoid robots) is perceived by students from
different cultural backgrounds and how its usefulness and impact on human life can be
perceived in completely different ways.

This thesis does not aim to provide an exhaustive answer to these issues. How-
ever, the development of pneumatic and soft systems, which is the central theme of
the following sections and chapters, represents a concrete solution for human-robot
interaction, that is, putting robotics at the service of human needs. Additional atten-
tion has also been given to the topic of energy efficiency. This has been addressed both
through systems that are inherently low-energy-consuming and through the analysis
of additional methods to reduce the system’s energy demand.

With this premise, the rest of the chapter will describe the role of pneumatic sys-
tems within Service Robotics, starting from traditional pneumatic systems and then
exploring the emergence of Soft Robotics and its implications. To this end, robots will
be classified into three main categories: exoskeletons and wearables, manipulators, and
mobile robots. The application sectors, on the other hand, will follow the professional
applications (including medical applications) identified by the International Federation
of Robotics (IFR) [5].

The concluding section will thus outline the structure of the following chapters of
this thesis.
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1.1 Pneumatics for Service Robotics
Pneumatic systems have traditionally been one of the possible solutions for controlling
automatic systems. They consist of actuators, sensors, switches, logic elements, inter-
face components, directional valves, proportional valves, storage systems, and air treat-
ment units. At an industrial level, these elements are managed through programmable
logic controllers (PLCs) and work together to regulate production processes.

In the field of Service Robotics, i.e., robotics designed for direct human interaction,
there has essentially been a transposition of pneumatic technologies previously devel-
oped for the industrial sector. Figure 1.1 illustrates the application of traditional pneu-
matic systems across various sectors identified by the IFR. Robots are classified into
three main categories: exoskeletons and wearables, manipulators, and mobile robots.
The study by Morales et al. [6] discusses the use of pneumatic technology for the

Figure 1.1: Traditional pneumatic systems in the application macro-areas of Service
Robotics according to IFR (professional application and medical) [5].
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development of robotic rehabilitation systems. The reason behind the development of
rehabilitation robots directly originates from well-established findings in medical sci-
ence, which clearly demonstrate how physical exercises based on voluntary movements
can produce significant clinical results in motor recovery. Physical exercise based on
voluntarymovements enables both functional recovery following damage to the central
nervous system [7] and neurogenesis, i.e., the formation of new neural connections [8].
A robotic system can thus help structure a rehabilitation procedure that is repetitive,
monitored, and reduces the workload on therapists [9, 10, 11].

The primary need was to create systems that were safe for humans. Pneumatic
systems are defined as intrinsically compliant since the compressibility of air ensures
the absorption of unwanted forces, and they are also characterized by a high force-
to-weight ratio. An additional advantage is their high reliability, as they are based on
physical principles previously tested and developed for industrial applications. The
main disadvantages, however, were the control and energy consumption of the sys-
tems [6].

The review by Su et al. [12] and that of Elhawary et al. [13] highlight a second type
of application in the medical field, which concerns the development of medical robots
compatible withmagnetic resonance imaging (MRI). There are indeed some procedures,
such as needle insertion, biopsy interventions, and catheter placement, that require
imaging modalities to provide multi-parameter imaging to the medical staff. The use of
robotic systems in this field reduces the time required for the procedure and improves
needle placement accuracy. However, it is clear that the use of electric motors is not
possible, as they would compromise the MRI outcomes and vice versa. Pneumatic ac-
tuation, then, becomes one of the feasible technological solutions. In this case, the use
of dielectric materials for the pneumatic components ensures the complete absence of
electromagnetic interference, but the compressibility of air represents a disadvantage,
as it introduces time delays and back-drivability [14].

In the case of inspection activities, the use of pneumatic service robots is generally
exploited because they are safe and allow navigation in particularly hostile environ-
ments. The Nuclear Electric Robot Operator (NERO) [15], for example, is a climbing
robot for the inspection of nuclear reactor pressure vessels. Pneumatic technology is
used to create the motor structure, with vacuum grippers as feet and pneumatic cylin-
ders as legs. The robot is intrinsically safe since, in the event of an electrical failure
in the control system, the valve system automatically brings the robot to a safe condi-
tion. Given the low cost, simple control, and high adhesion forces, suction cups have,
in fact, been among the most used solutions for the creation of inspection climbing
robots [16, 17]. The pipe inspection robot by Yoon and Park [18] is another example
where pneumatic technology is chosen for navigation in high-temperature and high-
pressure environments.

Regarding mobile robotics for search and rescue, pneumatics has been used for the
development of snake robots, articulated robots, or for the actuation of active joints.
For example, an architecture similar to that of Yoon and Park [18] was used by Chen
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and Yeo [19] to build a search and rescue robot that exploits the inchworm motion con-
cept. The planar walker combines a series of pneumatic actuators and suction grippers
to create a reconfigurable quadrilateral structure that allows for the generation of a
two-dimensional gait. The suction grippers represent the potential anchor points to
the ground, and the pneumatic cylinders form the links of the quadrilateral, and their
actuation causes the reconfiguration of the structure. In the same application theme
of search and rescue robotics, pneumatic actuators have been used for the actuation of
active joints between modules of the OmniTread snake robot [20]. The work of Ohno
and Hirose [21] shows, instead, a remarkable example of a system where the basic unit,
called the SR unit, is an active pneumatic unit with three degrees of freedom and in-
tegrated control (valves, sensors, controller). The SR unit is provided with three pneu-
matic actuators arranged in parallel configuration, and it has a cylindrical encumbrance
with a diameter of 120 mm, and a longitudinal stroke of 63 mm (from 114 to 177 mm).
A series of SR units are eventually implemented to create a snake robot with a winding
gait. A final application context of pneumatics in Service Robotics involves provid-
ing the mechanical power needed to perform a jump. Tsukagoshi et al. [22] developed
a search and rescue robot weighing 2.3 kg, equipped with differential steering wheels,
and an additional jumpingmechanism realized using a pneumatic actuator. The switch-
ing of a 3-way 2-position spool valve connects to a pressurized air reservoir (0.7 MPa),
which enables the robot to jump to heights of 80 cm, or 3.5 times the height of the robot.

Although the construction robotics sector is niche, examples of pneumatic solutions
in this field include the development of cable-climbing robots for cable-stayed bridge
maintenance [23, 24] and robotic manipulators for window glass mounting [25].

Agricultural robotics represents another sector in which pneumatic technology ex-
ploits its inherent compliance for crop sampling or harvesting. The main design re-
quirement, therefore, consists of handling delicate objects with complex and variable
shapes, whose rough or highly curved surfaces require an adaptable and compliant
system. The work of Foglia and Reina [26], for example, presents a double four-bar
manipulator and a two-finger rigid gripper, whose actuation is achieved solely through
pneumatic actuators (cylinders for the manipulator, pneumatic muscle for the gripper).
In this case, the requirement for adaptability to different shapes is not met, as the so-
lution is specifically developed for harvesting a particular variety of radicchio. There
are also similar works on grippers or rigid manipulators actuated by pneumatic actu-
ators [27, 28, 29]. The geometric variability, as well as the fragility of objects such as
strawberries, eggplants, peppers, etc., has also led to the development of suction grip-
pers, such as the gripper for eggplant firmness evaluation by Blanes et al. [30], the
cherry peduncle detacher by Tanigaki et al. [31], or the sucker-cutter gripper for sweet
pepper harvesting by Lehnert et al. [32].
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1.2 The advent of Soft Robotics
In articles concerning Soft Systems for Service Robotics, the most commonly cited ex-
ample is that of the Mc-Kibben muscle, a unidirectional pneumatic actuator whose in-
vention is attributed to Richard H. Gaylord (1958), but was later taken up a few years
later by the American atomic physicist Joseph L. McKibben in order to create an ex-
oskeleton to assist the weak musculature of the upper limb of people affected by po-
liomyelitis [33, 34]. The Mc-Kibben muscle represents the precursor, and still remains
one of the remarkable examples of Soft Robotics. Over the past two decades, it has been
the subject of various studies aimed at its modeling [35, 36, 37], its realization using in-
novative techniques [38, 39, 40], and its use in Service Robotic Systems [41, 42, 43, 44];
but in essence, it is a pneumatic actuator made using soft materials, namely an inner
tube (bladder) and an outer sleeve to constrain and impose the muscle deformation.
Unlike a traditional single-acting pneumatic cylinder, the Mc-Kibben muscle generally
behaves like a linear actuator, but a force perpendicular to its axis can cause it to bend.
For this reason, and due to its rubber (or similar) walls, the Mc-Kibben muscle is consid-
ered a soft actuator and can therefore interact with humans and natural environments
with greater safety.
As mentioned, the Mc-Kibben muscle represents only the first example of a series of
scientific activities that, since the early 2000s, have given rise to the new technological
field of Soft Robotics. A 2024 study conducted by Aracri et al. [45] highlights how, in
the early years of the millennium, Soft Robotics experienced steady but modest growth,
with 500 articles published in 2015. From 2016 onwards, however, the development was
of an entirely different nature, with 2500 articles published in 2021 alone. The funda-
mental principle behind all the work is essentially the same: the development of robotic
systems based on deformable materials, mainly made of soft and compliant materials
[46].
The scientific literature includes several reviews that analyze the world of Soft Robotics.
The 2013 review by Kim et al. [47] presents various types of bio-inspired soft robots.
The most recent work by Alici and Tawk [46] analyzes soft actuators and sensors made
using additive manufacturing, while the 2018 work by Shintake et al. [48] focuses on
soft robotic grippers. Finally, the 2017 work by Polygerinos et al. [49] specifically ad-
dresses pneumatic soft robotic technologies. The following sub-sections build on these
concepts, integrate them with more recent studies, and provide a categorization based
on construction methodologies and application fields, with a final comparison with the
solutions from the previous section.

1.2.1 The role of materials and manufacturing methods
Soft Robotics is, evidently, an extraordinarily vast andmultidisciplinary field, where the
design limits are imposed by the materials used as well as the related manufacturing
techniques. Figure 1.2 summarizes, in tabular form, the main production processes and

6



1.2 – The advent of Soft Robotics

the related materials employed in the creation of a soft pneumatic robot.
The first technique that is worth mentioning is the moulding of highly elastic materi-
als. While, in the past, the production of moulds was a critical aspect of this technique,
this is nowadays largely solved by creating themoulds in rigid plastic material using ad-
ditive manufacturing machines (typically Fused Deposition Modeling, FDM). Moulding
is, in fact, one of the most accessible and cost-effective methods for producing pneu-
matic soft robots. Ilievski et al. [50], for example, realized a pneumatic bi-directional
and multi-material soft bending gripper by using polydimethylsiloxane (PDMS) for the
central layer, which bends but does not undergo large deformations, and a siloxane,
with a higher maximum strain rate, for the chambers of the various pneumatic actu-
ators that make up the gripper. Similarly, Morin et al. [51] used the same basic unit,
i.e., a PneuNet actuator, to create a fluidic planar walker with additional camouflage
capabilities.
Han et al. [52] instead created a pneumatic soft bending actuator through a circular
soft chamber made of silicone rubber and a constraining frame made of polyurethane.
The actuator was then used to create the gripper, and the physical principle of granular
jamming was employed to stiffen the actuators once they are in contact with the ob-
ject to be grasped. López-Díaz et al. [53] developed a similar solution, but made from
hydrogel, which also shows self-healing capabilities.

Another remarkable example is the work of Bell et al. [54], in which a double-acting
PneuNet actuator is integrated with a peristaltic pump to obtain a compact and unteth-
ered actuation unit. In this case as well, the actuator is fabricated through injection
molding of a silicone elastomer, but the constraining material consists of a thin metal
mesh.

Jones et al. [55] created a class of soft pneumatic actuators using bubble casting.
This method is based on the complete filling of a mold through the injection of Vinyl
Polysiloxane (VPS). The internal channel is then formed by injecting air, which, due to
gravity, tends to float in the VPS, creating an internal channel whose axis of symmetry
does not coincide with that of the VPS structure. Once cured, the final result consists
of an element with anisotropic behavior when pressurized.

Finally, there are examples where the internal chambers of a molded soft pneumatic
actuator are filled with a porous rubber, which is obtained using a silicone elastomer
as a matrix and salt as a fugitive porogen [56, 57]. The presence of foam in the inter-
nal chambers of the structure helps reinforce the actuator and prevents uncontrolled
volumetric deformation when pressurized.

Further examples of pneumatic soft actuators fabricated through molding are pro-
vided in the 2022 review paper by Xavier et al. [58].

Additive manufacturing represents the other predominant methodology for fabri-
cating soft robots. The review by Sachyani Keneth et al. [59], published in 2021, offers
a broad overview, which is expanded here with more recent examples.

The FusedDepositionModeling (FDM)method is undoubtedly themost widely used
technique due to its low cost. It allows the printing of polyurethane (PU) material with
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Figure 1.2: Materials and methods used in the manufacture of soft pneumatic robots.

8



1.2 – The advent of Soft Robotics

different hardness levels (typically 60-95A), though with lower accuracy compared to
other methods. Nevertheless, there are several noteworthy examples, including the
PneuNet actuator with internal lattice structures by Lalengani Dezaki et al. [60] or the
pneumatic auxetic structure by Eguchi et al. [61], manufactured using Fused Granulate
Fabrication (FGF), which extrudes granules of material instead of a filament.

Although FDM is typically cited for the fabrication of soft robots in PU, Heiden et al.
[62] proposed, in 2022, the fabrication of actuators using a fully biodegradable gelatin-
based hydrogel (biogel).

On the other hand, stereolithography (SLA), which consists of the selective poly-
merization of a liquid resin using a laser beam, generally achieves more accurate results
than FDM, both in terms of nominal layer resolution and the actual printed object. It
can be used for the fabrication of objects in hydrogel [63], silicone [64], photopolymers
[65], or custom elastomers [66, 67, 68].

SLA shares with Direct InkWriting (DIW) a high adaptability for printing materials
of different nature, but it also offers the additional capability of multimaterial printing.
Schaffner et al. [69] developed custom silicone-based printable inks with different elas-
tic properties and used them to fabricate soft multimaterial actuators. Cheng et al. [70]
instead created a biomimetic pneumatic tentacle using hydrogel ink. Finally, Wang et al.
[71] used silicone-based inks for multimaterial printing in a support matrix, which elim-
inates the problem of overhang angles and thus allows for the creation of even more
complex geometries.

The polyjet technique represents another option for multimaterial printing.
Sheng et al. [72] developed a soft crawling robot inspired by caterpillars. The soft ma-
terial used is an acrylic photopolymer with a maximum strain of 140%. To enable for-
ward motion, the robot’s contact elements with the ground consist of anisotropic feet,
combining rigid and soft materials. Kappel et al. [73] used similar methodologies to
build a bending actuator and then compared it with the same actuator manufactured
via FDM. The result showed that the polyjet-made specimen exhibited lower elasticity
and reduced fatigue resistance compared to the FDM version, a finding also confirmed
in [71].

Additionally, polyjet printing imposes constraints on the viscosity, surface tension,
and evaporation rate of the material, limiting its application to the few commercially
available materials [59].

In the case of millimeter-scale soft systems, additive manufacturing techniques are
unsuitable, and soft lithography is employed instead. The outcome of such processes
typically consists of pneumatic small-scale soft structures made of silicone elastomers,
generally PDMS.

In a recent 2023 study, Milana et al. [74] developed an array of soft and flexible
microactuators acting as artificial cilia, which could be used for micropumping or mi-
cromixing tasks. The authors designed a micromold that enables the molding of 36
microactuators in a single casting, each with an outer diameter of 150 𝜇m and a length
of 450 𝜇m. Another remarkable work was presented by Russo et al. [75], where the soft
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lithography process was used to fabricate soft fluidic microactuators in biocompatible
silicone elastomers with proprioceptive sensing capabilities. This work was later ex-
panded upon by the same authors for the fabrication of a 12-layer soft spider in PDMS
[76], featuring multiple degrees of actuation.

Another approach involves the use of knitting techniques, adapted from the gar-
ment industry, for the fabrication of outer constraining sleeves for soft airtight cham-
bers. The achievable geometries are evidentlymore limited compared to additivemanu-
facturing techniques (restricted to rectangular or cylindrical shapes), but sewing proves
to be a simple and reliable process, which is why several noteworthy studies can be
found in the literature.

In the work of Elmoughni et al. [77], the airtight bladder is made of laser cut PU
sheets, welded togetherwith an impulse sealer, while the outer shell ismanufactured us-
ing a garment knittingmachinewithmaterials such as Lycra or polyamide. Yang et al. [78]
developed a monodirectional bending/unfolding actuator that combines, for the outer
sleeve, a conductive layer for deformation self-sensing and an elastic layer that acts
as a recovery spring. A similar approach, but with a different knit geometry, is used
by Luo et al. [79], employing a Lycra yarn. A recent study byWang et al. [80] from 2024
discusses the effect of different knitting techniques on the behavior and performance of
bending soft pneumatic actuators. Finally, Sanchez et al. [81] utilized acrylic, elastomer,
and polyvinyl alcohol (PVA) to create a family of seamless and monolithic sleeves for
soft manipulators and mobile robots.

In the case of flat or origami-inspired structures, it is possible to construct soft pneu-
matic robots using laser cutting. In this approach, flat soft bladders are cut by a laser
beam and then sealed together. For example, Amiri Moghadam et al. [82] used thermo-
plastic polyurethane to fabricate a thin soft gripper and a four-arm swimming robot. In
this case, the TPU layers were stacked, and the laser beam performed both the mem-
brane cutting and the sealing of the internal chambers. Shen et al. [83] developed a flat
pneumatic artificial muscle (FPAM) with a similar laser cutting/welding technique, em-
ploying an al-plastic film (ALF) that withstood a maximum pressure of 200 kPa (gauge).
The pneumatic bladder was constrained by an outer meshmade of polyethylene tereph-
thalate (PET), also laser-cut, and kevlar wires.

Rogatinsky et al. [84] proposed a soft robot for constrained environments made of
stacked balloon actuators (SBAs). The single balloon was fabricated by stacking two
layers of thermoplastic elastomer (TPE), which were selectively sealed through selec-
tive heat pressing, while a Teflon intermediate mask was used to preserve the internal
chamber. Chen et al. [85] developed an origami-inspired bending actuator using laser
cutting, with TPU as the sealing layer and polyvinyl chloride (PVC) as the structural
layer. The two layers were joined together using double-sided adhesive tape and subse-
quently heat-pressed along the edges. A similar approach was presented by Li et al. [86]
for the fabrication of stacked balloon actuators.
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1.2.2 Soft Robotics applications
While traditional pneumatics found its application by adapting developments from the
industrial sector to the context of Service Robotics, Soft Robotics operates at a generally
deeper level, starting from the redesign or, in many cases, the complete reinvention
of the fundamental components of a pneumatic system [49]. Examples include the
numerous pneumatic actuators recently invented, already mentioned in the previous
sub-section, or the work by Kortman et al. [87], which presents a novel soft and foldable
bio-inspired suction cup, as well as the Soft Circuits Toolkit [88, 89], developed for
educational purposes, where entire components (e.g., an oscillating valve) are made
using soft materials. This thesis, in fact, focuses on the development of two elementary
units, i.e., an actuator and a sensing unit, which are then applied in Service Robotics
contexts.

It is important to clarify that many Soft Robotics technologies presented in aca-
demic research are still at a premature stage, and there is no clear or explicit reference
to a specific application context where they can be employed. Nevertheless, they are
extremely fascinating and represent the cutting-edge base research that, in the coming
decades, could push Soft Robotics toward horizons still unknown today.

That said, in the remainder of this subsection, studies from the scientific literature
will be described where there is an explicit and strong reference to one or more appli-
cation contexts and where pneumatic soft robotic systems have provided an additional
contribution compared to what was discussed in subsection 1.1. A summary of this
analysis is provided in Figure 1.3. The macro-application contexts remain essentially
the same, with the sole disappearance of construction robots, but the specific fields of
use present substantial differences.
Regarding systems for medical applications, it is evident that the field of rehabilitative
devices can only benefit from the introduction of soft structures [90]. There are also ad-
ditional contexts, such as systems for minimally invasive surgery and cardiac devices,
where soft pneumatic systems find their utility. A comprehensive review, dated 2019,
was conducted in [91] and is revisited here with more recent developments.

Concerning rehabilitative systems, the main advantages of employing soft systems
consist of mechanical compliance, which is already a characteristic of traditional pneu-
matic systems but is further enhanced by the use of soft materials, and low weight.
Typical examples include wearable devices for wrist [92, 93, 94], finger [95, 96], el-
bow [97, 98, 99, 100], and ankle [101, 102, 103] rehabilitation, based on linear or bending
soft pneumatic actuators of various types. Figure 1.4 shows the elbow exosuit in [100]
compared to the exoskeleton by sanchez et al [104].

A smaller number of studies focus on the knee [105, 106] and shoulder [107], likely
due to the larger size of the actuators required, resulting from the greater range of mo-
tion and higher force demand. This eliminates any advantage over systems based on
traditional pneumatics. A completely new application context concerns the develop-
ment of assistive cardiac devices [108]. These consist of a sleeve composed of multiple
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Figure 1.3: Soft pneumatic systems in the application macro-areas of Service Robotics
according to IFR (professional application and medical).

actuators that cooperate to assist the heart during its contractions. A critical aspect,
in the case of pneumatic actuators, is the possibility of air leaks, which would pose a
serious risk to the patient’s safety, as well as the difficulty of installing the air source.
For this reason, although these technologies are particularly innovative, they are still
far from the maturity and reliability required for medical devices.

Another innovative field compared to traditional pneumatics concerns minimally
invasive surgery, which refers to surgical procedures where the surgical target is ac-
cessed through small entrances (laparoscopy, thoracoscopy) or natural orifices (en-
doscopy). The advantage of minimally invasive surgery lies, evidently, in the reduced
impact on the patient, which has recently made it a major focus of research for the
development of robotic devices. The operations generally required during surgery in-
clude grasping, divarication, dissection of the surgical target (e.g., an organ), and video
recording to guide themedical staff [109]. These can be performed using a single unit, in
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Figure 1.4: (a) The pneumatic robot for upper limb rehabilitation by Sanchez et al. [104].
(b) The soft assistive exosuit for the elbow joint by Xie et al. [100].

which case it is referred to as single-port minimally invasive surgery, or using multiple
instruments, each inserted through an appropriate incision in the patient’s body.

For example, Kortman et al. [87] presented a suction gripper that, being foldable,
can be inserted into the patient’s body through a trocar. Further examples include the
inflatable cable-driven robot by Yang et al. [110] and the bioinspired soft manipulator
with variable stiffness by Ranzani et al. [109].

Additional applications concern the development of soft pneumatic monitoring sen-
sors, such as the pouch sensor by DelPreto et al. [111], or the development of a breast
pump with soft pneumatic interfaces to increase the breastfeeding mother’s comfort
during device usage [112].

The ability to manipulate delicate objects, in turn, opens numerous application
contexts for Precision Agriculture (PA) [113, 114]. Among the most recent works,
Clark et al. [115] developed a PneuNet-based gripper inspired by a gecko’s foot, Tas-
neem and Oka [116] designed a soft stem holder for sweet pepper harvesting, and
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Figure 1.5: (a) The robotic end-effector for radicchio harvesting [26]. Reproduced under
permission. Copyright John Wiley & Sons, 2006. (b) The BiSoft.Q gripper outlined in
this thesis.

Navas et al. [117] proposed a gripper composed of diaphragm actuators for crop sam-
pling.

The BiSoft.Q gripper, presented in the following chapter of this thesis, also falls
within the technologies applicable to PA. It is therefore compared, in Figure 1.5, with
the solution by Foglia and Reina [26] for radicchio harvesting.
Regarding the field of search and rescue, typical examples come from mobile robots,
such as the numerous crawling, flying, and swimming soft pneumatic robots cited in
the comprehensive review by Sun et al. [118]; and from soft manipulators, such as the
continuummanipulator byWen et al. [119], inspired by the giant anteater’s tongue, the
RoBoa soft manipulator with a maximum extension of 15 m, or the octopus-inspired
soft arms [120, 121].

Finally, there are a limited number of examples of worm-inspired mobile robots for
pipeline inspection, such as the work by Liu et al. [122] from 2022 or the one by Zhang
et al. [123] from 2018.

Figure 1.6 compares the planar walker in [19] with the soft quadrupedal walker
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in [124]. The soft walker has been made using soft lithography in PDMS and it is essen-
tially base on the PneuNet actuator. The traditional version is, on other hand, composed
of a rigid structure actuated by pneumatic cylinders. Suction cups are used as feet to
make contact with the ground.

Figure 1.6: (a) The pneumatic planar walker by Chen and Yeo [19]. Reproduced under
permission. Copyright Sage Publications, 2003. (b)The quadrupedal soft robot by Shep-
erd et al. [124].
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1.3 Thesis outline
In the following chapter, an innovative soft pneumatic actuator will be presented. This
actuator is linear and bi-directional, i.e., it can achieve both contraction and extension
with positive gauge pressure. Chapter 3, on the other hand, describes the use of Soft
Pneumatic Sensing Chambers (SPSCs) for robotics and haptic device applications. The
structure of both chapters is as follows:

- Discussion of related research and innovative aspects of the presented work.

- Designmethodology and the effect of key parameters, e.g., geometric parameters,
on system performance, e.g., static characteristics or energy consumption.

- Experimental characterization.

- Application contexts.

For Chapter 2, some analytical sections are collected and described in Appendix A.

Figure 1.7: (a) The BiSoft.Q gripper presented in subsection 2.4.2. (b) The PAL-HAND.Q
haptic device of subsection 3.4.2 (top) and the PneuTact.Q device described in sec-
tion 3.4.1 (bottom).
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Chapter 2

A Soft Pneumatic Linear and
Bi-Directional Actuator

Double-acting or bi-directional Soft Pneumatic Actuators (SPAs), capable of deforming
in both directions under positive gauge pressure [125], are well-documented in the liter-
ature. These actuators operate on a principle similar to traditional double-acting pneu-
matic cylinders, wherein two or more internal chambers are pressurized to achieve the
desired motion. The earliest reference to a double-acting soft linear actuator, featuring
two internal chambers, is found in Morin’s 1953 patent [126], later cited by Daerden in
1999 [127]. Designed to control measuring systems or valves, the actuator diaphragms
were constructed by embedding reinforcing fibers into a rubber matrix. In 2014, Fer-
raresi et al. [128] built upon this conceptwith the BiFAc3 actuator, which could generate
both push and pull forces using three internal chambers. This design evolved from the
BiFAc2, which had two internal chambers, by incorporating a third chamber to neu-
tralize the intermediate diaphragm during pulling behavior. The operational principle
remained based on the elastic deformation of a fiber-reinforced rubber diaphragm, with
a maximum working pressure of 75 kPa.

Other variations of double-acting or bidirectional SPAs are inspired by the McK-
ibben muscle. In these designs, an external braiding sleeve constrains the deformable
bladder, preventing uncontrolled membrane deformation. The actuator’s behavior is
determined by the braiding angle, which can be tailored to produce either contraction
or extension of the Pneumatic Artificial Muscle (PAM) [129]. Al-Fahaam et al. com-
bined contraction and extension PAMs to create a bi-directional linear muscle achiev-
ing a contraction ratio of approximately 30 % at a working pressure of 500 kPa [130]. In
comparison, the multifunctional McKibben muscle developed by Hassan et al. utilized
a single McKibben actuator with an adjustable braiding angle to enable bidirectional
functionality. Their study also investigated how the actuator’s geometric parameters
influenced its performance, achieving a contraction ratio of approximately 40 % and
maximum forces of around 40 N at relatively low pressures (100-200 kPa) for increased
safety [35].
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Despite advancements in linear and bi-directional SPAs, several limitations remain.
For instance, actuators using reinforced diaphragms, where deformation is converted
into elongation or contraction, suffer from energy losses during actuation cycles due to
the material’s hysteretic behavior. Similarly, McKibben muscles face challenges related
to frictional effects from the relative motion between the braided sleeve and bladder,
along with a threshold pressure below which no actuation occurs [131]. Furthermore,
the antagonist chamber approach in [130] is prone to buckling phenomena during pneu-
matic bladder compression, complicating the realization of purely linear actuator mo-
tion.

This chapter details the development of a SPA, named BiSoft.Q, that exhibits bi-
directional linear motion when pressurized. The actuator is based on antagonistic
chambers, and it is based on the principles of BiFAc3, previously developed and patented
by Quaglia, Ferraresi and Franco [128]. The novel SPA modifies the BiFAc3 geometry
by introducing pleated geometries to improve performance both in terms of force and
stroke output and in terms of energy consumption. The BiSoft.Q has been designed
in such a manner that it is compatible with additive manufacturing techniques, and it
allows for monolithic structures to be manufactured.

The BiSoft.Q conceptualization and development has been discussed by Duretto
in 2023 [132] and later published by Colucci, Duretto and Quaglia in 2023 [133].

In the following, a simplified analytical model is introduced to predict the actuator’s
performance, including stroke, force output, and energy consumption. The results of
this model are analysed to derive key design guidelines.

The chapter also covers an initial experimental phase focused on prototyping the
actuator using easily reproducible additive manufacturing techniques. Experimental
results are included to assess actuator performance. Additionally, there is a mention
in the theoretical framework of the implementation of strategies aimed at reducing the
actuator energy consumption.

Finally, a comparison with similar solutions in the literature is provided, alongside
a case study that explores potential applications in service robotics, specifically in the
development of an adaptive gripper for a commercial robotic manipulator.

2.1 BiSoft.Q concept
To make a SPA bi-directional, either it is a linear [128, 35], bending [134, 135, 136, 54]
or twisting actuator, two or more internal chambers have to be realized and properly
pressurized in order to deform the actuator in both directions of motion. In the case of
BiSoft.Q, bi-directionality is provided by the combination of a pleated membrane that
unfolds and thus contracts when pressurised [137, 138], and a bellows that expands
linearly when inflated, as shown in Figure 2.1 (a). Those membranes are co-axial and
linked by two end plates, thus resulting into two different and sealed internal chambers
which can be independently pressurized.
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2.1 – BiSoft.Q concept

Figure 2.1: (a) A two-finger compliant gripper driven by the BiSoft.Q type A actuator.
(b) Schematic of BiSoft.Q Type A functioning under free-load condition in the longi-
tudinal plane. The lower plate is fixed, the upper plate is free to move. (c) Type B
functioning.

Both membranes take advantage of the sequential alternation of crest and valley
fibres to create a corrugated geometry which can fold (or unfold) when elongated (or
squeezed), but with a clear difference on how these fibres are aligned. In other words,
the pleated membrane can be considered as the imitation of a bellows where the crest
and valley fibres are now aligned longitudinally. It is critical that both the longitudi-
nal and radial fibres of the pleated membrane and bellows remain as inextensible as
possible. This is necessary to prevent a volumetric and uncontrolled expansion, which
would result in no actuator elongation.

This principle of antagonist chambers can thus be used to design two different ty-
pologies of BiSoft.Q actuator, depending on how the membranes are distributed. For
BiSoft.Q type A in Figure 2.1 (b), the outer chamber, here chamber 1, is in between
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the pleated membrane and the bellows, while chamber 2 is the bellows inner chamber.
For BiSoft.Q type B in Figure 2.1 (c), instead, the pleated membrane is located inside
the bellows, and the chambers numbering is flipped. As a main distinction among the
operating principle of the two actuators, the elongation in type B is achieved by pres-
surizing both chambers 1 and 2, thus making the inner pleated membrane neutral and
devoid of any pressure load [128]. Besides, the same principle can’t be applied to type
A while contracting, for it would result into a lower free load contraction caused by the
pressure force acting on both the end caps, as it will be further explained.

2.1.1 Actuator geometry
Figure 2.2 shows the primitive curves for the BiSoft.Q typeA along both the longitudinal
< ̂𝑟, 𝑘̂> and cross < ̂𝑖, ̂𝑗> planes. Those curves represent the middle axis of both the
bellows and the pleated bladder.

Starting from the B-B cross-sectional plane, the geometry of the unit pleat is com-
posed of two arcs, labelled as I and III in the figure, connected by an intermediate and
tangent segment II. The resulting profile is mirrored with respect to ̂𝑟 to define the unit
pleat, thus repeated 𝑁𝑝 times in a circular pattern centred in 𝑂′. The cross-sectional
geometry is eventually extruded along 𝑘̂ axis, guided by a first primitive valley arc of
length 𝑙𝑣,𝑝 and a second 𝑙𝑐,𝑝 crest arc. The latter lies in the < ̂𝑗, 𝑘̂> plane, therefore it is
not represented in Figure 2.2.

The resulting geometrical parameters that entirely describe the BiSoft.Q geometry
are provided in Table 2.1 along with a short description of them. It is worth noting that
De Pascali et al. [139] proposed a similar approach to analytically define a 3D printed
monolithic and single-direction PPAM, although the unit pleat is composed of two el-
liptical arcs without any tangency constraints. Furthermore, the authors assert that
the definition of the cross-sectional geometry described in this study, which namely
depends on the set [𝑁𝑝,𝑅𝑖𝑒,𝑝,𝑅𝑜𝑒,𝑝,𝑅𝑐𝑒,𝑝,𝑅𝑣𝑒,𝑝], is more explicit than the set of ellipse
centres and semi-axes defined in [139]. Additional information regarding the analyt-
ical definition of the BiSoft.Q undeformed geometry are provided by the authors in
Appendix A.

2.2 Design methods
The Bisoft.Q design is done by assessing the effect of the actuator geometrical parame-
ters on the static apply curve, i.e. the force versus stroke graph under static conditions,
its air-mass consumption and efficiency. To this aim, the actuator geometry is analyti-
cally defined and the actuator static performance curve is obtained by assuming the ac-
tuator deformed configuration can be estimated a priori as a function of its stroke and
geometrical parameters. The proposed approach mainly addresses the pleated mem-
brane, whose geometry definition is not a trivial concern, while the bellows membrane
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is adapted afterwards once the BiSoft.Q dimension and type are defined.
In developing the original PPAM, F. Daerden used Timoshenko’s theory to calculate

the geometry, stress state and tensile forces of the actuator. The latter was a function of
the supply pressure, the undeformed length of the PPAM and a dimensionless function,
depending only on the contraction rate, geometry and material behaviour [127]. How-
ever, this approach is not applicable to the BiSoft.Q due to differences in the geometry
of the two actuators. Consequently, a simplified model was employed to describe the
Bisoft.Q geometry as a function of its linear stroke 𝑥.

Figure 2.2: BiSoft.Q type A nominal geometry shown in the longitudinal, median and
end section planes. The stroke 𝑥 is positive when the BiSoft.Q elongates. 𝐹 is the force
that keeps the BiSoft.Q in static equilibrium, i.e. it is positive when the actuator shows
contractile behavior (pulling forces).
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2.2.1 Simplifying assumptions
Let introduce the following simplifying model assumptions to analytically compute the
BiSoft.Q deformed configuration:

• The elastic properties of the pleated membrane are considered negligible.

• Both the terminal caps can only translate along 𝑘̂ axis, i.e. the BiSoft.Q behaves
as a pure linear actuator, as shown in Figure 2.3 (a) for the pleated membrane and
in (c) for the bellows.

• Due to the pleats circular pattern and the bellows axial-symmetry, the problem
can be reduced to the evaluation of the single pleat deformed configuration, here
considered as the portion of actuator in between two subsequent longitudinal
crest fibres, as depicted in Figure 2.3 (b).

• The three angles 𝛼𝑝 in Figure 2.2 and 𝛿, 𝛾 in Figure 2.3 (b), remain constant. Thus,
the crest, valley and the two tangency points can only move along a straight line
along the radial direction when the pleated membrane is pressurized.

Table 2.1: BiSoft.Q geometrical parameters describing both the pleated membrane and
the bellows.

Name Description

Pleated
membrane

𝐿 Longitudinal length of the actuator when printed (𝑥 =0)
𝑙𝑣,𝑝 The valley longitudinal arc length
𝑙𝑐,𝑝 The crest longitudinal arc length

𝑅𝑖𝑒,𝑝

The radius of the arc defined in 𝐵 − 𝐵 plane, centred in
𝑂′ and intersecting the
longitudinal valley fibres

𝑅𝑣𝑒,𝑝 The radii of arcs I and II
𝑅𝑐𝑒,𝑝

𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝
The ratio of the inner valley and outer crest arcs defined
in 𝐵 − 𝐵 plane

𝑁𝑝 The number of pleats

Bellows

𝑅𝑖,𝑏 The bellows radius defined on the B-B plane
𝛼𝑏 The angle between two subsequent bellows folds

𝑅𝑣,𝑏 The valley and crest fillet radii of the bellows
𝑅𝑐,𝑏

𝑁𝑏 The number of bellows folds
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• The longitudinal fibres of the pleated membrane, along with the valley circular
fibres of the bellows are considered as inextensible, i.e. the actuator elongation
(or contraction) solely relies on the membranes folding/unfolding process.

It is worth noting that the first assumption was not extended to the bellows, since the
method proposed by Wang et al. [140] was used to estimate its axial elastic properties.

This deformed geometry evaluation method differs to what done in [139], where an
optimisation method was employed to derive the PPAM deformed configuration, and
the constraint of longitudinal fibres inextensibility was relaxed with inequality con-
straints. Further details on the deformed geometry estimation can be found in Ap-
pendix A.1.

2.2.2 Static apply curve computation
As shown in Figure 2.2, let 𝑥 be the BiSoft.Q stroke along 𝑘̂ axis and 𝐹 = 𝐹 (𝑥) the
external force acting on the actuator to guarantee the static equilibrium at a specific
value of 𝑥. The following convention is thus assumed:

𝑥
⎧⎪
⎨
⎪⎩

< 0 contraction
= 0 print configuration
> 0 elongation

𝐹 (𝑥)
{

< 0 pushing
> 0 pulling

(2.1)

Under the assumption of inextensibility of the longitudinal fibres of the pleated mem-
brane, the maximum stroke 𝑠 = 𝑥max − 𝑥min of the BiSoft.Q is dependent on the length
of the valley fibres, since 𝑙𝑣,𝑝 < 𝑙𝑐,𝑝 by geometrical construction. As depicted in Fig-
ure 2.3 (a), it is possible to provide an initial estimate of 𝑠 by considering the configu-
ration of the maximum displacement, 𝑥max, as that in which the valley fibres are fully
stretched and that of the minimum displacement, 𝑥min, as that in which the valley fibres
assume a half-circle configuration.

𝑠 = 𝑥max − 𝑥min ≤ (𝑙𝑣,𝑝 − 𝐿) − (
2 𝑙𝑣,𝑝

𝜋
− 𝐿) = 𝑙𝑣,𝑝 (1 − 2

𝜋) ≈ 0.36 𝑙𝑣,𝑝 (2.2)

For both BiSoft.Q types, let now consider chamber 1 pressurized at the gauge pressure
level 𝑝s,1 = 𝑃s,1 − 𝑃amb. As shown in Figure 2.4 (a), let Σ(𝜗1, 𝜗2, 𝑥) be the analytical
definition of the 𝑁-th pleat, that is function of the two polar coordinates (𝜗1, 𝜗2) and
the stroke 𝑥:

Σ(𝜗1, 𝜗2, 𝑥) = 𝑂𝑊(𝜗1, 𝜗2, 𝑥) = 𝑋 ̂𝑖 + 𝑌 ̂𝑗 + 𝑍 𝑘̂ (2.3)

This formulations allows to calculate the surface integral of the pressure distribution
acting on the 𝑁-th pleat to obtain the pressure force Fp(𝑥) :

Fp(𝑥) = ∫Σ
𝑝s,1 ̂𝑛1 𝑑Σ = ∫

𝛼𝑝/2

−𝛼𝑝/2 ∫
𝜗2,max

−𝜗2,max

𝑝𝑠,1 ̂𝑛1 ‖
𝜕𝛴
𝜕𝜗1

× 𝜕𝛴
𝜕𝜗2 ‖ 𝑑𝜗1𝑑𝜗2 (2.4)
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Figure 2.3: (a) Longitudinal crest fibre under deformation. 𝑥 = 0 is the nominal (print)
configuration. (b) Unit pleat deformation in the median cross-sectional plane. Pink line
represents the 𝑥 = 𝑥min configuration. (c) Unit bellows fold under deformation in the
longitudinal plane.

where ̂𝑛1 is the unit vector that is normal to the surface:

̂𝑛1(𝜗1, 𝜗2, 𝑥) = −

𝜕𝛴
𝜕𝜗1

× 𝜕𝛴
𝜕𝜗2

‖
𝜕𝛴
𝜕𝜗1

× 𝜕𝛴
𝜕𝜗2 ‖

(2.5)

As depicted in Figure 2.4 (b), thanks to the model symmetry, two components of Fp are
null:

Fp ⋅ 𝑘̂ = Fp ⋅ ̂𝑖 = 0 (2.6)

and the force is purely directed along ̂𝑗:

Fp(𝑥) = 𝐹𝑝(𝑥) ̂𝑗 (2.7)

24



2.2 – Design methods

Let assume the crest fibres as the main responsible of the load transmission. The free-
body diagram depicted in Figure 2.5 (a) allows the computation of the tension 𝑇 acting
on the fibre as:

𝑇 (𝑥) =
𝐹𝑝(𝑥)

2 sin(𝜑𝑐,𝑝(𝑥))
(2.8)

and, eventually, the free-body diagram of the actuator terminal cap leads to the estima-
tion of the pulling force 𝐹 (𝑥) > 0:

𝐹 (𝑥) =
𝑁𝑝 𝐹𝑝

2 tan(𝜑𝑐,𝑝(𝑥))
− 𝐹𝑎 − 𝐹elastic, b(𝑥) (2.9)

where the first term projects 𝑇 along 𝑘̂, and also takes into account the combined effect
of the 𝑁 pleats. On other hand, the second term represents the antagonistic pressure
force acting on the end cap, that is equal to:

𝐹𝑎 = 𝐴𝑎 𝑝s,1 (2.10)

The antagonistic area for BiSoft.Q type A is represented in Figure 2.5 (b), while Fig-
ure 2.5 (c) shows the same entity but for type B. Due to the counter-acting effect of 𝐹𝑎,
the inner chamber 2 of type A is not pressurized during the BiSoft.Q pulling behaviour,
for it would increase 𝐴𝑎 with the minor benefit of making the bellowmembrane neutral
[126, 128]. The analytical computation of 𝐴𝑎 for both BiSoft.Q types can be retrieved
in Appendix A.2. Lastly, as cited above regarding the model simplifying assumptions,
the latter term 𝐹elastic, b represents the bellows intrinsic elasticity [140].

Figure 2.4: (a) Analytical description of the unit pleat in polar coordinates. (b) Pressure
force acting on the unit pleat represented in the median cross-sectional plane. Thanks
to the model symmetry, the resulting components along ̂𝑖 and 𝑘̂ are null.
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Figure 2.5: (a) Free-body diagram of the forces acting on the unit longitudinal crest
fibre. (b) Antagonistic area for BiSOft.Q type A, (c) type B.

Let now consider the BiSoft.Q pushing mode, i.e. 𝐹 (𝑥) < 0. For BiSoft.Q type A,
𝐹 (𝑥) arises from the pressurization of the sole chamber 2 while, for type B, both the in-
ternal chambers can be pressurized tomake the inner pleatedmembrane neutral. By de-
noting 𝑝𝑠,2 as the supply chamber for the push mode and by employing the simplifying
assumptions cited above, the calculation of the push force 𝐹 (𝑥) < 0 is straightforward:

𝐹 (𝑥) = −𝜋 𝑅 2
𝑖,𝑏 𝑝s,2 + 𝐹elastic,b(𝑥) (2.11)

The two resulting equations, namely Equation (2.9) and Equation (2.11), describe the
static-apply behaviour of the BiSoft.Q for a specific set of geometrical parameters in
Table 2.1. The initial estimation of the maximum stroke, as given in Equation (2.2),
can be rescaled within the range of the pulling (or pushing) force, provided that it is
non-null and consistent with the adopted sign convention.

2.2.3 Energy analysis
Apart from the aforementioned static apply curve, the analytical definition of both the
BiSoft.Q membranes as a function of the linear stroke 𝑥 also allows the calculation of
the actuator internal volumes, as described in Appendix A.2. Once the internal volumes
𝑉𝑐ℎ.[1,2](𝑥) are known, the BiSoft.Q energy performance can be estimated in terms of
air mass consumption and actuator efficiency. It is worth uderlining that these terms
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depend on the actuator geometry as well as on the supply line lay-out. In this sense,
methodologies such as the filling of the chambers with either granular media or incom-
pressible fluid, or the internal (or external) exhaust air recirculation, would result into
higher energy performances [141, 142, 143, 144]. However, these strategies will not be
assessed in this paper and a simplified actuator control using a 5-way 2-position spool
valve will be considered in the remainder of this work.

Let consider the BiSoft.Q type A in its elongated configuration 𝑥max with chamber
1 connected to the exhaust and chamber 2 pressurized at 𝑃𝑠 from the supply. Let now
switch the directional valve. The amount of air mass that is injected in chamber 1 to
reach the contracted configuration 𝑥min is:

Δ𝑀ch. 1 =
𝑃𝑠 𝑉ch. 1(𝑥min) − 𝑃amb 𝑉ch. 1(𝑥max)

𝑅 𝑇amb
(2.12)

where 𝑃amb is the ambient pressure, 𝑅 (J kg-1 K-1) the air specific constant and 𝑇amb (K)
the air absolute temperature imposed from the supply. Please notice the temperature
of the air from the supply 𝑇𝑠 is assumed to be equal to 𝑇amb. A similar formulation can
be derived for chamber 2 during the backward motion, and the total amount of air mass
that is spent on a full cycle is equal to:

Δ𝑀 = Δ𝑀ch. 1 + Δ𝑀ch. 2 =
(𝑃s − 𝑃amb)(𝑉ch. 1, d + 𝑉ch. 2, d)

𝑅 𝑇amb
+

𝑃s(Δ𝑉ch. 1 + Δ𝑉ch. 2)
𝑅 𝑇amb

(2.13)
where the following substitutions:

𝑉ch. 1(𝑥min) = 𝑉ch. 1(𝑥max) + Δ𝑉ch. 1 = 𝑉ch. 1, d + Δ𝑉ch. 1 (2.14)

𝑉ch. 2(𝑥max) = 𝑉ch. 2(𝑥min) + Δ𝑉ch. 2 = 𝑉ch. 2, d + Δ𝑉ch. 2 (2.15)
have been made to highlight the dead volumes of the actuator.

The BiSoft.Q efficiency over a cycle can be eventually estimated by considering the
ratio between the output 𝒲out and input work 𝒲in as follows:

𝜂 =
𝒲out,ch.1 + 𝒲out,ch.2

𝒲in
(2.16)

with 𝒲out,ch.1 and 𝒲out,ch.2 indicating the exerted work respectively during the pulling
phase and pushing phase:

𝒲out,[ch.1,ch.2] = ∫
𝑥max

𝑥min

|𝐹 (𝑥)| 𝑑𝑥 (2.17)

and𝒲in denoting the ideal work of compression, here evaluated as the isoentropic head,
i.e. by assuming the air is compressed and cooled back to the ambient temperature
before being sent to the BiSoft.Q actuator:

𝒲in = Δ𝑀 𝑅 𝑇amb
𝑛

𝑛 − 1 ((
𝑃s

𝑃amb)

𝑛−1
𝑛

− 1
)

(2.18)
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where 𝑛 is the adiabatic coefficient for air and Δ𝑀 deriving from Equation 2.13.
A similar method applies to BiSoft.Q type B, with the distinction that chamber 1 is

also pressurized during the pushing phase.

2.2.4 Model results and design guidelines
The BiSoft.Q analytical model can be employed during the actuator design process to
obtain an estimation of its static performance. However, the actuator’s complex shape
and the considerable number of parameters outlined in Table 2.1 may present a chal-
lenge in this process. This subsection outlines the impact of the significant geometrical
parameters on the BiSoft.Q shape and behaviour, thereby providing a few useful design
guidelines.

What has been the subject of discussion in this section and in Appendix A-A.2 was
implemented in Matlab environment and distributed as open-source code1. The soft-
ware can compute the BiSoft.Q nominal and deformed geometry and all discussed phys-
ical quantities with a execution time of 0.9 seconds2.

Regardless of the BiSoft.Q type, it can be stated that the actuator size can be imposed
by its outer radius on the terminal section B-B, i.e 𝑅𝑖𝑒,𝑝 for type A and 𝑅𝑖,𝑏 for type B,
and its nominal length 𝐿. With reference to the working modes of Figure 2.1 (b), for in-
stance, if 𝑅𝑖𝑒,𝑝 is imposed, 𝑅𝑖,𝑏 corresponds to the higher permissible value without any
interference with the pleated membrane. The ratio 𝐿/(2 𝑅𝑖𝑒,𝑝), or 𝐿/(2 𝑅𝑖,𝑏) for type B,
defines the slenderness of the actuator, where 𝐿/(2 𝑅𝑖𝑒,𝑝) > 1 corresponds to slim shape
with high strokes and low forces, whilst the other case means high force actuator with
a relatively low stroke. In the case of the original PPAM actuator [138], the antagonistic
force and the dead volumes inevitably result in PPAMs with a slenderness ratio much
greater than 1, as also resulting in other works [139, 145]. This design limit does not
apply for the BiSoft.Q type A, as the internal bellows membrane reduces the antagonis-
tic area and dead volumes while contracting, thereby preventing the aforementioned
limitation.

Once 𝐿 is fixed, the length of both longitudinal crest and valley fibres of the pleated
membrane can be expressed by the two dimensionless ratios:

𝑙𝑣,𝑝

𝑙𝑐,𝑝
≤ 1 (2.19)

2
𝜋

≤ 𝐿
𝑙𝑐,𝑝

≤
𝑙𝑣,𝑝

𝑙𝑐,𝑝
(2.20)

1https://github.com/seromedises-PoliTo/BiSoft.Q-main
2Tested on a Dell XPS with Intel i7-10510U@1.80 GHz processor. The computation time increases to

30 seconds when the air mass consumption is also estimated.
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where the upper limit for the first ratio is derived from the intrinsic definition of crest
and valley fibres, while the lower limit 2/𝜋 for the latter is obtained through the simpli-
fied Equation 2.2.

Figure 2.6: Results of the design methodology for two BiSoft.Q type A actuators with
two different values of 𝑙𝑣,𝑝. 𝐿 =90 mm, 𝑙𝑐,𝑝 =106 mm, 𝑅𝑖𝑒,𝑝 =17 mm, 𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 =0.65,
𝑁𝑝 =8, 𝛼𝑏 =45 deg, 𝑅𝑣,𝑏 =0.5 mm, 𝑅𝑐,𝑏 =2 mm. For the first case where 𝑙𝑣,𝑝/𝑙𝑐,𝑝 =0.9,
𝑙𝑣,𝑝 =95 mm, 𝑅𝑖,𝑏 =12 mm. For the latter case 𝑙𝑣,𝑝/𝑙𝑐,𝑝 =0.95, 𝑙𝑣,𝑝 =100 mm, 𝑅𝑖,𝑏 =8 mm.
The dead volumes 𝑉[ch. 1, ch. 2], d are highlighted only for 𝑙𝑣,𝑝/𝑙𝑐,𝑝 = 0.95. The selected
material to compute the bellows stiffness is TPU 82A. The cross-sectional planes A-A
and B-B are defined in Figure 2.2.

Figure 2.6 shows an example of the effect of 𝑙𝑣,𝑝 on both the geometry and static
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performance of a BiSoft.Q type A. It is notable that this type of actuator exhibits a pro-
nounced imbalance between the pulling and pushing forces, a phenomenon that will
be also discussed in section 2.4. Other than that, an higher value of 𝑙𝑣,𝑝 leads to lon-
gitudinal valley fibres that are more bended in the nominal configuration 𝑥 = 0, and
thus to higher values of 𝑅𝑖𝑚,𝑝. Since the 𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 ratio is kept fixed, the longitudinal
crest fibres are translated along ̂𝑗 without modifying their geometry, but with an higher
radial encumbrance. Higher values of 𝑙𝑣,𝑝 also lead to higher 𝑥max while keeping 𝑥min
almost constant. Finally, there is an overall improvement in the efficiency of the ac-
tuator, because although the air consumption is higher, the output work 𝑊out is much
greater. It is worth citing the longitudinal fibres bending, that is quantified by angles
𝜑[𝑐,𝑣],𝑝, is strongly limited by the manufacturing process, as it will further explained in
the next section.

Opposite results can be obtained by considering the effect of 𝑙𝑐,𝑝, i.e. higher levels
of force and efficiency correspond to lower values of 𝑙𝑐,𝑝, as showed in Figure 2.7 for a
geometry which is similar to the one in the previous figure.

The ratio 𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 is the last geometrical parameter with significant influence
on the static performance of the actuator. A lower value of this ratio would mean an
higher difference between the inner and outer radius of the pleated membrane in the
intermediate cross section. In turn, this would lead to more pronounced pleats, higher
dead volumes for chamber 1, but much grater pulling forces, with the general improve-
ment in the actuator efficiency. This effect is depicted in Figure 2.8 for a BiSoft.Q type
B geometry.

Lastly, the fillet radii 𝑅[𝑣,𝑐]𝑒,𝑝 do not have any significant influence on what dis-
cussed above, thus they can be chosen to correctly complete the pleated geometry. The
same statement also apply for 𝑅[𝑣,𝑐],𝑏 and the bellows overhang 𝛼𝑏, which depend more
on technological considerations than on their effect on the stiffness of the bellows.
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Figure 2.7: Influence of 𝑙𝑐,𝑝 on the actuator static performance. 𝐿 =90 mm,
𝑙𝑣,𝑝 =102 mm, 𝑅𝑖𝑒,𝑝 =17 mm, 𝑅𝑣𝑒,𝑝 =1.6 mm, 𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 =0.65, 𝑁𝑝 =8, 𝑅𝑖,𝑏 =12 mm,
𝛼𝑏 =45 deg, 𝑅𝑣,𝑏 =0.5 mm, 𝑅𝑐,𝑏 =2 mm, 𝑁𝑏 =3. For the first case 𝑅𝑐𝑒,𝑝 = 2.3 mm, for
the latter 𝑅𝑐𝑒,𝑝 = 3.3 mm.
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Figure 2.8: Influence of 𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 on the actuator static performance for a type B
geometry. 𝐿 =30mm, 𝑙𝑐,𝑝 =35.3mm, 𝑙𝑣,𝑝/𝑙𝑐,𝑝 =0.9,𝑅𝑖𝑒,𝑝 =3.5mm,𝑁𝑝 =8,𝑅𝑖,𝑏 =19mm,
𝛼𝑏 =45 deg, 𝑅𝑣,𝑏 =1 mm, 𝑅𝑐,𝑏 =3 mm, 𝑁𝑏 =3. For the first two cases 𝑅𝑣𝑒,𝑝 =0.7 mm
and 𝑅𝑐𝑒,𝑝 =1 mm, for the latter 𝑅𝑣𝑒,𝑝 =1.4 mm and 𝑅𝑐𝑒,𝑝 =1.4 mm.
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2.3 Prototyping and testing
The fundamental elements of the BiSoft.Q actuator are the two membranes and the
two rigid end fittings. Both membranes must be airtight and they must withstand the
pressure forces acting on them. Furthermore, the pleated membrane must also be able
to transmit the pulling force to the end fittings. On other hand, the two end fittings are
responsible for three key functions: facilitating airflow into the chambers via designated
internal channels, providing a rigid connection between the actuator and the remaining
mechanical system, and, in certain instances, closing off the internal volumes at both
ends.

A decade ago, the production of PPAMsmembraneswas typically conducted through
injection moulding or the use of coated fabrics. In such cases, the closure of internal
volumes by end fittings represented the prevailing approach [128, 138, 146]. When the
PPAMwas first presented in 1999 [127], it was essentially made of a inextensible fabric,
e.g. kevlar or similar, with a thin liner attached on the outside to make the membrane
airtight. This membrane was eventually inserted into two end fittings to close the actu-
ator and provide tubing for the actuation. This design was subsequently improved by
the same research group to minimize leakages and decrease the PPAM inherent stiff-
ness, by using a more flexible fabric and by transmitting the pulling force by means of
inextensible fibres positioned on the valley of each pleat. When presenting the third-
generation of PPAMs in 2012, the authors introduced the fused deposition modelling
(FDM) technique for the end fitting manufacturing, which allowed the realization of
toothed fittings to simplify and make more reliable the pleating operation [138]. The
deformable membrane was similar, but the newmounting process ensured a more sym-
metrical bulging and a better distribution of the pulling force over the single pleat.

However, with the advent of modern additive manufacturing methodologies, it is
now possible to fabricate monolithic actuators with sealed internal volumes. For in-
stance, in [139] a monolithic design of a PPAM by using additive manufacturing tech-
niques is presented. The GRACE PPAM designed by the authors has been realized with
a variety of materials with a shore hardness ranging from 80A to 98A. The maximum
operating gauge pressure for 80A was 30 kPa, while 220 kPa for 98A TPUs. Similar
methods have been used in other research papers to manufacture pneumatic actuators
such as bellows [140] or actuators with more complex geometry [147, 148, 149].

Although FDM techniques permit the creation of intricate and enclosed geometries,
the authors assert that the high power-to-weight ratio of PPAMs necessitates the utili-
sation of rigid end fittings, as the enhanced rigidity of plastic or metallic materials offers
a more robust and reliable mechanical connection.

Figure 2.9 (a) and (b) illustrate two design solutions that reflect the aforementioned
considerations. With respect to the option in which rigid plugs are used to close the
internal volumes, the connection is achieved through the use of a geometric coupling
and clamping ring, while the seal is provided by a silicone sealant. The method of man-
ufacturing the parts individually and subsequently assembling them has two distinct
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Figure 2.9: BiSoft.Q executive design. (a) Assembly design with end caps to close the
membrane internal volumes. The connection to the rest of the mechanical system is
achieved through metallic inserts integrated into the plastic end fittings. (b)Monolithic
design. The mechanical connection is here established through the use of hinge joint.
(1) bellows, (2) pleated membrane, (3) lower cap with internal channels, (4) upper cap,
(5) metallic insert, (6) clamping ring, (7) polyurethane tubing, (8) socket head cap screw.
(c) BiSoft.Q prototypes. (d) BiSoft.Q type A realized with the assembly design in its
maximum and minimum configurations.

advantages. Firstly, it allows for the replacement of parts in case of failure. Secondly,
in the case of the BiSoft.Q, it permits the verification of the actual tightness of the inner
chamber before assembly. The picture also shows a detail of the assembly, with the
fluid inlets made in the lower cap and the bolted connection to secure the inner mem-
brane to the caps. It is worth noting that the design of the internal channels for type A
is made more challenging than for type B due to the minimisation of the antagonistic
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area problem discussed in the previous section. On other hand, the monolithic design
in Figure2.9 (b) is a time-saving solution that circumvents the non-trivial issue of fixing
between membranes and end fittings, and also reduces the number of components.

Figure 2.9 (c) shows a series of BiSoft.Q prototypes, produced through the utilisa-
tion of FDM and SLA (stereolithography) technologies. These prototypes have been
constructed through the application of both the assembly and monolithic approach.
The deformable membranes were tested with elastic materials having a shore hardness
ranging from 60A to 95A, with a bladder thickness ranging from 0.8 mm to 1.4 mm.
Polylactic acid (PLA) was used for the rigid caps. The maximum supply pressure was
found to be higher than that reported in [139], namely 60 kPa for 60A TPUs and 150 kPa
for 80A, despite undergoing a limited number of one hundred testing cycles. The man-
ufacturing method is also a significant factor in the design process. As illustrated in
Figure 2.6, an elevated value of 𝑙𝑣,𝑝 may enhance the actuator’s static performance.
However, this would also result in elevated values of the 𝜑[𝑐,𝑣],𝑝 angles, defined in Fig-
ures 2.2 and 2.3. In the case of FDM or SLA, the maximum printable overhang angle
imposes an upper limit on the value of 𝜑𝑐,𝑝, which is always the higher of the two, with
maximum values of approximately 55 degrees [150], which leads to:

𝐿
𝑙𝑐,𝑝 min

≈ 0.85 (2.21)

Similar limitation are applied on the bellows structure, here constraining the 𝛼𝑏 maxi-
mum value.

2.3.1 Static apply experimental curve
To validate the accuracy of the analytical model employedwithin the design process, the
isometric experimental characterization [83] of a BiSoft.Q type B with a nominal height
𝐿 =30 mm and an external diameter of 𝑅𝑖,𝑏 =19 mm has been conducted. The BiSoft.Q
specimen has been realized by using the assembly design, and both membranes have
been made of TPU 60A extruded by a FDMmachine. During the course of the tests, the
elongation of the actuator was regulated by means of a manually operated linear slide,
while the supply pressure was maintained at a constant level by means of a pressure
regulator. To complete the experimental setup, the force exerted by the actuator was
measured by a load cell3. The discretization step for the linear guide has been equal to
0.2 mm, and the resulting isobar curves have been fitted with a second order polynomial
curve (linear least squares method). The results of the experimental tests are shown in
Figure 2.10 (b) for a supply pressure from 20 kPa to 60 kPa (gauge). The maximum
theoretical stroke of the actuator is equal to 3.3 mm, that means a contraction ratio of
11 % with respect to its nominal height 𝐿.

3LCM DCE, full scale 1 kN, linearity ± 5%
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Figure 2.10: Experimental results for a BiSoft.Q type B actuator. 𝐿 = 30 mm,
𝑙𝑐,𝑝 = 35.3 mm, 𝑙𝑣,𝑝/𝑙𝑐,𝑝 = 0.9, 𝑅𝑖𝑒,𝑝 = 3.5 mm, 𝑅𝑣𝑒,𝑝 = 0.7 mm, 𝑅𝑐𝑒,𝑝 = 1 mm,
𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 = 0.66, 𝑁𝑝 = 8, 𝑅𝑖,𝑏 = 19 mm, 𝛼𝑏 = 45 deg, 𝑅𝑣,𝑏 = 1 mm, 𝑅𝑐,𝑏 = 3 mm,
𝑁𝑏 = 3. The material used for the membranes is a TPU 60A from Recreus. (a) Layout
of the experimental setup for the isometric tests. (b) Experimental static apply curves
and comparison with the analytical model implemented during the design process. (c)
Hysteresis curve over the single pulling or pushing cycle at different levels of supply
pressure. (d) Comparison between the output work 𝒲out done by the actuator and the
work 𝒲hys lost due to dissipative hysteretic phenomena.

Higher levels of supply pressure 𝑝s within chamber 1 of the actuator correspond to
higher levels of |𝑥min|, whose aspect is predicted by the model with an error of 0.3 mm
on the 60 kPa curve, that is a relative error of 9 % with respect to the maximum theo-
retical stroke 𝑠. On other hand, the model looses its accuracy in predicting the value
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of 𝑥max for pressure levels above 40 kPa. In this case, the pressure force acting on the
end plates is such that the longitudinal fibres of the bladder are no longer inextensible,
resulting in an additional stroke of the actuator and elastic deformation of the pleated
membrane. This behaviour is undesired, and further thickening of the longitudinal fi-
bres of the actuator can only provide a minimal improvement.

In terms of exerted force, the model is more accurate for the pulling force than
for the pushing force, with an average error of 4 N in case of pulling behaviour. The
authors assumes this is due to having neglected the stiffness of the pleated membrane,
that becomes relevant when the actuator approaches the extended configuration.

While not achieving the same degree of precision as FEA techniques, the devel-
oped analytical model offers valuable support during the actuator design phase, with
a moderate computational cost and accurate estimation of stroke and pull force un-
der nominal behaviour. With regard to pushing forces, the results indicate the need
for a method of calculating membrane stiffnesses in the model, particularly that of the
pleated geometry.

Figure 2.10 (c) also shows the experimental hysteretic behaviour of the actuator.
Once again, the tests were isometric, commencing from the 𝑥min configuration. The
𝒲hys term represents the work lost due to dissipative phenomena, while the 𝒲out term
represents the work exerted by the actuator, i.e. it is the subtended area of the ex-
perimental static apply curves. As shown in Figure 2.10 (d), the hysteretic term mea-
sured on the single cycle is completely irrelevant when compared to 𝒲out in the case of
𝑝s =20 kPa, while it slightly increases to values of 4.5 % in the case of pressures above
40 kPa.

The findings confirm the benefit of PPAM actuators over traditional PAMs, where
the elongation of the actuator is achieved through the elastic deformation of the di-
aphragms under pressure, resulting in a more pronounced hysteretic behaviour [131].

2.3.2 Air consumption
In addition to the experimental characteristic of static apply measured through isomet-
ric tests, the experimental characterization of the actuator’s air consumption during a
single actuation cycle is also of interest. In the case of actuator control via a direc-
tional valve, as shown in Figure 2.10 (a), the theoretical estimate of this consumption is
given by Equation 2.13. This estimate depends on 𝑉ch. [1,2](𝑥), the calculation of which
is described in Appendix A.2 and is carried out using the simplified model described
previously.

Figure 2.11 (a) shows the experimental setup used for these tests, which were con-
ducted on a BiSoft.Q type A4. The testing procedure involved connecting the reservoir,
with a capacity of 𝑉𝑟 = 3.8 liters, to the pressure source through a check valve. Once the

4The geometry of the BiSoft.Q is provided in the figure caption.
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Figure 2.11: Prove sperimentali di consumo di aria di un BiSoft.Q type A. 𝐿 =90 mm,
𝑙𝑐,𝑝 =106 mm, 𝑙𝑣,𝑝/𝑙𝑐,𝑝 =0.9, 𝑅𝑖𝑒,𝑝 =17 mm, 𝑅𝑣𝑒,𝑝 =1.6 mm, 𝑅𝑐𝑒,𝑝 =2.3 mm,
𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 =0.65, 𝑁𝑝 =8, 𝑅𝑖,𝑏 =8 mm, 𝛼𝑏 =45 deg, 𝑅𝑣,𝑏 =0.5 mm, 𝑅𝑐,𝑏 =2 mm,
𝑁𝑏 =3. (a) Experimental setup. (b) Theoretical estimate of the internal volumes within
the actuator. (c) Estimated air consumption during a single actuation cycle. (d) Results
expressed as the theoretical versus experimental comparison of the actuator’s air con-
sumption.

supply was disconnected, the BiSoft.Q was then controlled using two 3-way 2-position
solenoid valves, as described in Figure 2.11 (a). A single actuation cycle begins from the
configuration of 𝑥max. The bottom end-fitting of the actuator is fixed, while the upper
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one is free to move.
The elongation of the BiSoft.Q is measured using a linear potentiometer5, while

the pressure in the reservoir and the two chambers of the actuator is measured using
pressure transducers6.

The theoretical estimate of the internal volumes within the actuator is shown in
Figure 2.11 (b), for a supply pressure of 10kPa (gauge). Figure 2.11 (c) instead shows the
estimated air consumption during a single actuation cycle at different supply pressures
𝑝𝑠. For this geometry, the pressurization of chamber 1 is the main contributor to energy
consumption, both due to the greater volumetric variation and the larger dead volume.

Figure 2.11 (d) shows the theoretical versus experimental comparison of the actua-
tor’s air consumption. Since the pressure source is disconnected from the system during
the tests, each switch of the actuator corresponds to a decrease in the pressure of the
reservoir 𝑝𝑟, which is therefore not constant. The graphs in Figures 2.11 (b) and (c) are
recalculated for each cycle.

The theoretical model consistently underestimates the actual consumption, though
it maintains good accuracy, with an average difference of approximately 8%. Addition-
ally, the estimation error decreases as the pressure in the reservoir 𝑝𝑟 drops.

2.3.3 Energy saving strategies
Although not thoroughly investigated through experimental tests, there is an indication
of energy-saving methods during the functioning of the SPA. As the experimental find-
ings demonstrate, the actuator’s air consumption is significantly influenced by the dead
volumes in the two chambers. These volumes augment the amount of air mass spent
in each actuation cycle to drive the actuator, without altering its output performance.
Consequently, the objective should be to minimise these volumes or, if technically fea-
sible, to eliminate them entirely.
In addition, when the BiSoft.Q is controlled by means of a 5-way 2-position spool valve,
the pressurised air sent into the active chamber is ejected through the exhaust when the
valve is switched. To address these issues, the literature proposes several energy-saving
strategies based on two principles:

• Recovery of pressurised air by recirculation between the two chambers (internal
recirculation) or by means of an auxiliary reservoir (external recirculation) [143];

• Partial filling of the chambers with liquid or granular material to reduce dead
volumes [52].

Figure 2.12 shows, for instance, the IEAR (Internal Exhaust Air Recirculation) strategy,
which in fact adds the 2-way 2-position valve 𝐷2 to allow, when switching from 𝑥max

5Opkon SLPT 75 D 5K 1M, full scale 75mm, linearity ±0.05%.
6Honeywell ABP2DANT030PGAA3XX, full scale 207kPa, accuracy ±0.25%.
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to 𝑥min, the recirculation of air between the two chambers. Equation 2.12 and Equa-

Figure 2.12: Schematic of the IEAR (Internal Exhaust Air Recirculation) system for re-
covering pressurized air from the active chamber. (a) 𝑥 = 𝑥max, 𝐷2 closed. (b) 𝑥 = 𝑥∗,
𝐷2 open. (c) 𝑥 = 𝑥min, 𝐷2 closed. The coloured chamber denotes the active one.

tion 2.13 for calculating the air consumption over a single operating cycle are therefore
slightly modified with the introduction of the intermediate configuration 𝑥∗ and its
analogue 𝑥∗∗. The latter one, which is not shown for the sake of simplicity, is obtained
with internal air recirculation when the SPA is to be switched from 𝑥min to 𝑥max. The
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configuration 𝑥∗, and similarly 𝑥∗∗, can be straightforwardly obtained by imposing the
following conditions:

𝐹 (𝑥) = (
𝑁𝑝 𝑝∗

2 tan(𝜑𝑐,𝑝(𝑥∗)) ∫Σ
̂𝑛1 𝑑Σ) − 𝑝∗ (𝐴𝑎 + 𝜋 𝑅2

𝑖,𝑏) − 𝐹elastic, b(𝑥∗) = 0 (2.22)

𝑃𝑠𝑉ch. 2(𝑥max) + 𝑃amb𝑉ch. 1(𝑥max)
𝑅𝑇amb

=
𝑃 ∗(𝑉ch. 1(𝑥∗) + 𝑉ch. 2(𝑥∗))

𝑅𝑇 ∗ (2.23)

where the former imposes that 𝑥∗ is the static equilibrium configuration under free-load
condition, and the latter imposes the conservation of the mass of air present in the two
chambers. 𝑃 ∗ and 𝑇 ∗ result to be the internal pressure and temperature of the air in
this intermediate configuration (let assume, for simplicity 𝑇 ∗ = 𝑇𝑡𝑒𝑥𝑡𝑟𝑚𝑎𝑚𝑏). Note also
how it is necessary to add, to the antagonist area, the internal area of the bellows. From
configuration 𝑥∗, the BiSoft.Q finally reaches configuration 𝑥min. The air consumption
Δ𝑀ch. 1 is therefore equal to:

Δ𝑀 IEAR
ch. 1 =

𝑃𝑠 𝑉ch. 1(𝑥min) − 𝑃 ∗ 𝑉ch. 1(𝑥∗)
𝑅 𝑇amb

(2.24)

and in a similar manner:

Δ𝑀 IEAR
ch. 2 =

𝑃𝑠 𝑉ch. 2(𝑥max) − 𝑃 ∗∗ 𝑉ch. 2(𝑥∗∗)
𝑅 𝑇amb

(2.25)

The IEAR strategy proves to be a simple solution (requiring only one additional valve)
but effective in saving energy. Since recirculation occurs until the pressure in the two
chambers balances, however, it is evident that there is a physical limit to the energy
recovery possible by following this technique. A further improvement can be achieved
by means of EEAR (External Exhaust Air Recirculation) [143, 142, 141], which is not
further explored in this thesis.

Regarding the aforementioned strategy of partial filling of the actuator with fluid
or granular media, it may be performed in order to decrease the dead volumes of the
actuator. Figure 2.13 shows a schematic where two liquid-air interface volumes ensure
that only the air actually required to drive the BiSoft.Q Type A is sent. In that instance,
Equation 2.13 is adjusted by removing the terms 𝑉ch. 1, d and 𝑉ch. 2, d:

Δ𝑀Fill =
𝑃s(Δ𝑉ch. 1 + Δ𝑉ch. 2)

𝑅 𝑇amb
(2.26)

The graph in Figure 2.14 quantifies the energy savings achievable through the methods
described. In a similar manner to what has been described in previous subsections, air
consumption is calculated over a single actuation cycle starting at 𝑥max. With a supply
pressure of 𝑝𝑠 = 100 kPa, dead-volume filling turns out to be the more efficient of the
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Figure 2.13: Schematic of a BiSoft.Q Type A actuator filled with incompressible fluid or
granular media to minimize the actuator dead volumes. The coloured chamber is the
active one. The interface chambers are schematized as rodless cylinders. (a) Extension,
(b) contraction.

two methods, with a reduction in air consumption of 46%. Internal recirculation, on
the other hand, allows a reduction of 22%. The figure also shows the combined effect of
filling and IEAR carried out, in this case, between the two auxiliary cylinders. However,
it does not have a significant effect compared to the mere filling of the chambers, with
a reduction in air consumption of 48%.

2.4 Application of BiSoft.Q in Service Robotics
It has been proposed that PAMs, and in particular PPAMs, can be employed as a tech-
nological solution for the implementation of revolute joints, hopping mechanisms and
robotic grippers due to their inherent compliance and high force to weight ratio. In
the case of the latter application, for instance, the inherent compliance of these devices
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Figure 2.14: Theoretical comparison of air consumption for a BiSoft.Q Type A during
an actuation cycle starting from 𝑥max. The geometric specifications of the BiSoft.Q are
the same as those in Figure 2.11.

makes them safer, enabling them to adapt to the shape of a gripped object and prevent-
ing damage.

Nevertheless, prior to considering the potential applications of the BiSoft.Q, a funda-
mental question concerns the actual difference in performance between the two types,
and, more generally, their advantage over the simple alternative of placing a traditional
PPAM in parallel with a bellows actuator. Figure 2.15 presents a comparison of the
static force versus stroke graph, derived from the design model of section 2.2, for the
three cited solutions. The total encumbrance, i.e. the nominal longitudinal length and
radial dimension, is kept fixed for all the three cases. The supply pressure considered
is 𝑝s =100 kPa (gauge).
This analysis shows that by using a BiSoft.Q type A, higher pull forces can be achieved
at the expense of lower push forces than any other solution. Type A has the highest
stroke 𝑠, with an strain ratio of 𝑠/𝐿 =24 %. Type B, on the other hand, has shorter
strokes since the longitudinal fibres of the pleated membrane are smaller than those of
type A, but the forces that can be achieved when pushing or pulling are much more
balanced.

Finally, the graph shows the real advantage of the BiSoft.Q over the parallel solution.
Although the design is simpler, the strokes are similar to those of type B and the forces
obtained are always lower than in the other two cases. However, in the case of the
BiSoft.Q, the pulling forces are not as much related to the size of the end plates, but
rather to the surfaces of the folded bladder and the inclination angle 𝜑𝑐,𝑝, as reported
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Figure 2.15: Comparison of the two types of BiSoft.Q and the trivial parallel case on the
static apply graph. The comparison is made for the same longitudinal nominal length
and radial encumbrance.

in Equation 2.9.
It can thus be concluded that both types of BiSoft.Q exhibit advantages in the static

apply graph over the basic parallel solution. The selection between the two types, how-
ever, is dependent on the specific requirements of the intended application.

2.4.1 Actuator comparison
Table 2.2 compares the two types of BiSoft.Q with other one-directional linear PPAMs
and bidirectional linear PAMs in the literature. The indices used in the comparison are
those reported in the review paper by Mirvakili and Hunter [129] and were used by
Villegas et al. to compare the third generation PPAM with the PAM produced by Festo
[138]. With regard to the method of membrane reinforcement, the third generation
of PPAM used highly stiff longitudinal fibres, such as Dyneema fibres, which ensured
that maximum supply pressures of 400 kPa and elongations of about 38 % could be
achieved. The slenderness ratio, i.e. the ratio of the length to the radius of the actuator,
is approximately 10. This generation of PAMs also included the use of FDM for the
end fittings, allowing a reduced total weight of 60 g, similar to that of the BiSoft.Q.
Due to the higher internal pressures and maximum tensile forces of around 6000 N, the
PPAM has an energy work density that is an order of magnitude higher than that of
the BiSoft.Q. This is defined as the ratio between the output work on the cycle and the
volume (or mass) of the actuator.
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Table 2.2: Comparison of BiSoft.Q with bi-directional PAMs and mono-directional PPAMs available in the scientific literature.

PPAM [138] GRACE-A [139] MMKM [35] BiFAc3 [128] BiSoft.Q A(1) BiSoft.Q B(2)

Membrane
Netting None

(3D printed) Braiding Reinforced
rubber None (3D printed)(3)

reinforcement
Supply pressure

400 220 (-83) 100 75 100 100
𝑝s (kPa gauge)(4)

Mass (g) 60 n/a 63 60
Strain (%) 38 31 49 19.1 24 15

Engineering
159 (5) 0.05 (0.06) (5) 2.9 (1.9) (5) n/a 1.05 (0.4) 0.5 (0.8)

stress (MPa)
Energy work

287 n/a 23 16
density (kJ m-3)

Energy work
72 - 1112(6) n/a 7 11

density (J kg-1)
Efficiency (%) n/a 22.47 14.8
Deformation

Contraction Bi-directional
under pressure

(1) 𝐿 =30 mm, 𝑙𝑐,𝑝 =35 mm, 𝑙𝑣,𝑝/𝑙𝑐,𝑝 =0.95, 𝑅𝑖𝑒,𝑝 =7 mm, 𝑅𝑣𝑒,𝑝 =0.44 mm, 𝑅𝑐𝑒,𝑝 =2.2 mm, 𝑅𝑖𝑚,𝑝/𝑅𝑜𝑚,𝑝 =0.80, 𝑁𝑝 =8,
𝑅𝑖,𝑏 =5 mm, 𝛼𝑏 =45 deg, 𝑅𝑣,𝑏 =1 mm, 𝑅𝑐,𝑏 =3 mm, 𝑁𝑏 =3.

(2) The actuator parameters are the same as in Figure 2.10.
(3) Some BiSoft.Q prototypes present a cotton reinforcement wire for the outer membrane
(4) For bi-directional actuators, values in brackets refer to the push mode in case they differ from the pull mode. The same
applies to the subsequent lines.

(5) Extrapolated by the author of this thesis. The engineering stress is defined as the ratio between the maximum output
force and the actuator cross-sectional area.

(6) Depending on the PPAM length.
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In terms of engineering stress, it is instead calculated as the ratio of the maximum
output force to the cross-sectional area of the actuator when not pressurized, and gives
an indication of the stress state to which the diaphragm is subjected. The design differ-
ences between the different actuators can be seen in this index, with the value for the
PPAM being two orders of magnitude higher than for the GRACE-A and BiSoft.Q. This
is due to both the higher forces of the PPAM and its smaller cross-sectional area. The
Multifunctional Mc-Kibben Muscle, referred to as MMKM in the table, by Hassan et al.
[35], also exhibits a higher engineering stress than the two PAMs produced by additive
manufacturing techniques, namely GRACE and BiSoft.Q. This is mainly due to the ex-
tremely low thickness of the latex membrane of about 0.25 mm, compared to a thickness
of about 1 mm for the two actuators mentioned above.

In the field of bi-directional actuators, i.e. actuators capable of deforming in both
directions when pressurised, the MMKM is the one with the highest strain rate, al-
though its structure requires the braiding angle to be changed before the actuator is
pressurised. As it is based on the Mc-Kibben muscle, it will also be characterised by
greater hysteretic phenomena than the PPAM [131], although there is no indication of
the efficiency or energy dissipation of the actuator.

2.4.2 The BiSoft.Q gripper
As mentioned above, one of the possible applications of PPAMs concerns the devel-
opment of pneumatic gripping systems. In addition to the aforementioned advantages
of a PAM, the use of the bi-directional BiSoft.Q in such contexts makes it possible to
generate both closing forces, to grasp objects from their external surface, and opening
forces, in order to pick up the object from holes or slots or, more generally, from internal
surfaces.

Figure 2.16 shows a schematic drawing of a robotic gripper consisting of a six-bar
linkage actuated by BiSoft.Q type A. The palm of the gripper, i.e. the 𝐶′𝐶 link, is fixed
to the wrist of the manipulator and is shown fixed in the figure. The elongation of the
BiSoft.Q is converted into the translation of 𝐸𝐸′ and therefore into the closing of the
two fingers 𝐶𝐷 and 𝐶′𝐷′.

To improve the compliance of the gripper, it is then possible to use flexible fingers,
such as the Fin Ray fingers [151, 152], made of the same material as the BiSoft.Q mem-
branes. Based on the results in Figure 2.15, the choice between the two types was made
in case A due to its longer stroke compared to type B. However, it is not excluded that
a BiSoft.Q gripper based on type B could be developed, in order to exploit its better bal-
ance between push and pull forces. Similar layout to that showed in Figure 2.16 can be
found in the literature under the name of single-motor grippers, usually driven by an
electric motor, as in the case of the three-finger compliant gripper proposed by Liu et al.
[153] or the universal soft gripper of Shin et al. [151]. The kinematic chain of these so-
lutions has only one degree of freedom, i.e. the rotation of link fixed to the fingers is
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Figure 2.16: Schematic drawing of the BiSoft.Q gripper in a generic configuration. The
under-actuated six bar linkage is driven by a BiSoft.Q type A. The two compliant Fin
Ray fingers are fixed to the two links CD and C’D’. Link 𝐶𝐶′ is fixed to the robot wrist,
here represented as fixed. The actuator is controlled by a 5-way 2-position spool valve.

uniquely determined by the angle of rotation of the motor, and the mechanical compli-
ance is left to the flexible fingers alone. In contrast, the six-bar linkage that transmits
the movement to the fingers makes the BiSoft.Q gripper an under-actuated system. As
shown in Figure 2.17 (a), the high stiffness of the actuator in respect of the relative ro-
tations of the two end fittings causes the gripper to close (or open) symmetrically when
the forces on the two fingers are equal. However, if the contact forces between the two
fingers are unequal, the rotation of the end fitting 𝐸𝐸′ causes a redistribution of the
gripping forces, allowing the gripper to close without damaging the gripped object, as
in Figure 2.17 (b). This type of adaptive gripping is therefore similar to that of single
motor grippers that integrate differential mechanisms into the transmission, such as
the underactuated modular finger by Kakogawa et al. [154] or the single-motor gripper
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Figure 2.17: The BiSoft.Q Gripper type A prototype. The deformable membranes, as
well as the Fin Ray compliant fingers, were made in FDM with TPU 82A. The rigid
parts are made of tough 2000 resin by Formlabs. The actuator geometric parameters
are the same as those in Figure 2.11. (a) Gripper closed, (b) asymmetric closure due
to uneven forces between the two fingers. (c) Grasping of a cylindrical plastic cup,
diameter 80 mm. (d) Grasping of a cardboard box, length of the grasped side 85 mm,
mass 600 g. (e) Grasping of a plastic box from the inner surface, length of the grasped
side 130 mm, mass 200 g.

by Liu et al. [155].
Figures 2.17 (c)-(e) show the behaviour of the BiSoft.Q gripper when grasping ob-

jects of different geometries. The gripper was adapted to the Kinova Gen2 manipulator,
effectively replacing the company’s standard gripper. The design requirements were to
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Figure 2.18: The BiSoft.Q Gripper compared to the Kinova KG2.

maintain the same radial encumbrance as the Kinova gripper, as showed in Figure 2.18.
In order to carry out the tests, the compressed air supply and control system was

located at the base of the manipulator.
The absence of electric motors, the simplicity of the mechanical drive system and

the low mass of the BiSoft.Q allowed a significant reduction in the overall mass of the
gripper, which was approximately 250 g compared to 560 g for the Kinova KG2 gripper.

Table 2.3 reports the key data of the BiSoft.Q gripper typeA,while Figure 2.19 (a) and (b)
shows the estimated contact force on the single finger as a function of the actuator
stroke. For this purpose, it is assumed that the grasp is symmetric on both fingers, i.e.
that the link 𝐸𝐸′ translates solely along 𝑘̂. It is also assumed that the finger is rigid and
that the contact force acts both perpendicular to the finger and at the midpoint between
𝐶 and 𝐵, as depicted in the figure itself.
With respect to the gripping forces explicable by the Kinova gripper system [156] and
ranging from 30 to 60 N over the gripper’s range of motion, the BiSoft.Q gripper exhibits
similar closing forces when 𝜓min andmore than twice as high in the 𝜓max configuration.
However, the opening forces are much lower. Although increasing the supply pressure
could easily improve this situation, the value shown in the table of 𝑝s =80 kPa (gauge)
represents the maximum currently achievable without actuator failure or malfunction.
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Figure 2.19: BiSoft.Q gripper performance in quasi static conditions at a supply pressure
𝑝𝑠 = 80 kPa (gauge). The finger is assumed as rigid, and 𝐸𝐸′ can only translate along
𝑘̂. (a) Transmission ratio. (b) Estimated contact force on the single finger.

Table 2.3: BiSoft.Q gripper technical data.

Name Value
Mass (g) 250
Lg (mm) 250

Wg (mm) 180

𝐶𝐶′, 𝐸𝐸′ (mm) 80, 30
𝐶𝐵, 𝐶𝐷, 𝐸𝐷 (mm) 102, 20, 111

[𝜓min,𝜓max] (deg) (1) [-15, 34]

Full opening time (s) (2) 1,2

Full closing time (s) (2) 0,8
(1) Referring to Figure 2.16, the maximum value corresponds to the fully extended
BiSoft.Q configuration and the minimum value corresponds to the maximum con-
tracted one.

(2) These values are inherently dependent on the control circuitry in use, and thus
should be regarded as mere indications.
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Chapter 3

Soft Pneumatic Chambers for Tactile
Sensing and Haptic Systems

For contexts of robotic manipulation or human-machine interface (HMI), pressurised
chambers made of soft material can be employed as an interface element between the
grasped object (or the human being) and the rigid gripper (or the rigid device). In the
scientific literature, these kinds of membranes have been termed Soft Pneumatic Sens-
ing Chambers (SPSCs) by Tawk et al. [157]. They are low-cost membranes, designed by
the authors to be mostly realised by FDM in TPU.
The functions of SPSCs are plural. In the case, for instance, of robotic manipulation,
the interposition of a compliant element between the gripper and the grasped object
considerably simplifies the grasping control, which changes from a force control to a
position control [158]. It is worth pointing out that, by mentioning mechanical com-
pliance, it generally refers to a spring-damper element, whose elastic part constitutes
only the static characteristics [159]. There are, indeed, examples in the literature of
soft fingertips whose damping (as well as stiffness) can be actively controlled. In such
works, however, the gripping dynamics are relatively fast, thus there is a need to miti-
gate the severity of the contact transition and to dissipate energy [160, 161]. In recent
studies related to Service Robotics, though, the damping part is neglected, due to the
gripping dynamics being different from those analysed in industrial robotics contexts.
In such studies, therefore, the use of the term compliant is reduced to describing only
the stiffness of the interface element.
Among themost recent examples in the field of roboticmanipulation, Hughes et al. [162]
have sensorized a soft gripper using latex-made SPSCs. Kuppuswamy et al. [163] em-
ployed the same material to create soft-bubble fingertips to be mounted on rigid manip-
ulators, whereby the monitoring of the internal pattern of the SPSC during gripping is
used for in-hand pose estimation and object classification. Another camera-based sens-
ing unit has been proposed by Su et al. [164], who sensorised a silicon-made PneuNet
gripper using a soft inflatable palm with internal markers. Lastly, Wang et al. [165]
developed a rigid-soft gripper where two (or more) soft inflatable bladders are mounted
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on a rigid cylindrical structure.
In the field of haptic devices, on other hand, the use of SPSCs allows for a compliant
interface that enables bi-directional (input/output) communication with the user. To
this aim, Tawk et al. [157] have employed different types of SPSCs for rehabilitation,
remote control or generic virtual reality (VR) purposes.
Despite the efforts of researchers in this field, limitations still exist. SPSCs have an es-
sentially spherical geometry, except in cases where the membrane is flat (rectangular or
circular) and is deformed as a result of pressurisation. Furthermore, there is an absence
of parametric analysis regarding the effect of geometry on the stiffness and sensitivity
of the sensing unit. In addition to the requirement for a variable stiffness interface,
there are strict demands for lightness, compactness and ease of integration of the sys-
tem. For instance, in the context of robotic grasping, such solutions are designed to
be mounted on the end-effector of the manipulator. This necessitates a compact sens-
ing system that does not compromise the payload and workspace of the manipulator,
while also enhancing its sensing capabilities. These requirements are equally applica-
ble to haptic systems, where they are essential for improving both the user experience
and the transportability of the device. However, it should be noted that compactness
and complete functionality for haptic devices are inherently incompatible. Active stiff-
ness control, for instance, necessitates the incorporation of one or more power units
(e.g. actuators or compressors), which in turn increases the complexity and weight of
the device. Consequently, the aforementioned works are invariably tethered systems,
characterised by a cable drift, i.e. an electrical and/or pneumatic cable, towards a delo-
calised unit.
This chapter discusses the development of a semi-active soft sensing unit, based on
pneumatic technology, with variable stiffness. The semi-active terminology here refers
to an interface whose stiffness can be discretely (but non continuously) adjusted.
The system’s interface unit consists of a SPSC connected to a hydro-pneumatic or pneu-
matic circuit, capable of adjusting its stiffness and estimate the squeezing level of the
SPSC. The reduced number of pneumatic components also results in low energy con-
sumption during use.
The subsequent sections of the chapter are dedicated to the description of the system’s
functional and executive design, as well as its experimental characterisation. Particular
attention is paid to the description and measurement of the resulting stiffness when
the SPSC makes contact with the grasped object, and how it varies as a function of the
chamber geometry, as well as the initial set-up parameters of the pneumatic spring.
The chapter also includes a discussion of the various techniques and materials that can
be used to manufacture the chambers, as well as an assessment of the reliability of the
resulting membranes.
The concluding section delves into the applications that are derived from this sensing
unit, encompassing a grasp sensing system for robotic grippers and an haptic handheld
device. In both applications, the internal pressure data of the chamber is integrated
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with measurements of various types to enhance the sensing capabilities without com-
promising the mass and encumbrance of the solution.
The conceptualization and development of the SPSC-based sensing unit has been par-
tially published by Colucci, Visconte and Quaglia in [166]. The sensing unit application
for haptic devices has been later published by Duretto, Colucci, Jabbari and Quaglia in
2024 [167] and has been subject of a national patent application by Colucci and Quaglia,
n. 102024000002331 filed in february 2024.

3.1 System concept
The underlying concept of the solution here described consists of a deformable mem-
brane that is kept under pressure by an annexed auxiliary system. The latter is able to
adjust the stiffness of the membrane when it is squeezed. Figure 3.1 shows the general
architecture of the system. To offer the reader a reference, it is shown in the case of an
application on robotic grippers, which will be detailed in the sub-section 3.4 together
with the second application for the development of a haptic system.

Figure 3.1 (a) shows two interface elements, i.e. two SPSCs, each of which is con-
nected to an auxiliary hydro-pneumatic system. It allows the indirect measurement of
the contact force by reading the pressure inside the chambers, as well as enabling the
adjustment of the stiffness of the SPSC itself by acting on the switching state of the
directional valves present. The amount of squeezing undergone by the membranes is
described by the variable 𝑦𝑠. The system is generally designed to be filled with a liq-
uid, thus it behaves like a hydrostatic transmission when the membrane is squeezed
by the grasped object. This causes the compression of the air mass enclosed in the
auxiliary volumes 𝑉𝐶1

, ...,𝑉𝐶𝑁
(the number of auxiliary volumes is generally variable).

The directional valves 𝐷1, ...,𝐷𝑁 open or close the membrane connection to the auxil-
iary volumes. The switching of the valves, i.e. the connection or disconnection of the
volumes, is only performed during system set-up. The spill valve 𝑆𝑃 allows the cor-
rect spillage of air during the filling procedure of the membrane with the liquid and is,
therefore, also only used during the initial set-up phases.

The check valves 𝐶1, ...,𝐶𝑁 allow the pressurisation of the system by connection to
a pressure source, which is then disconnected during normal operation. The connection
to any compressor, or generic compressed air source, is thereforemade only in the initial
set-up stages; and the system must be airtight for correct functioning.

3.2 Design methods
If leakage-free, the system behaves, in practice, as a pneumatic spring. The contact force
𝐹 generated on the grasped object depends, in general, on the structural stiffness of the
membrane and the stiffness of the air spring itself. It will also depend on the stiffness
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Figure 3.1: (a) A render of the sensing unit applied for robotic grasping and tactile
sensing. (b) Schematic of the single sensing unit.

and geometry of the grasped object. For SPSC design purposes only, the following
simplifying assumptions are made:
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• The two stiffnesses mentioned above act in parallel. As will be seen in the fol-
lowing sub-section 3.3.1, this assumption will be reasonably valid during the ex-
perimental characterisation of the sensing unit.

• The grasped object is assumed as a plane uniformly squeezing the bladder, and it
is considered as rigid.

Figure 3.2 diagrams the model resulting from the above assumptions. A single auxiliary
volume is represented for simplicity. Let 𝐹 be the contact force between the bladder and
the object:

𝐹 (𝑦𝑠) = 𝐹𝑠(𝑦𝑠) + 𝑝(𝑦𝑠) 𝐴(𝑦𝑠) (3.1)

where 𝑝(𝑦𝑠) is the gauge pressure, and is solely a function of 𝑦𝑠. The pressure inside
the chamber, on the other hand, depends on the polytropic law:

𝑃 (𝑦𝑠) = 𝑃𝑖 (
𝑉𝑖

𝑉 (𝑦𝑠))
𝑛

(3.2)

where 𝑛 is the polytropic coefficient. 𝑉𝑖 is the volume of air in the initial rest state
𝑦𝑠 = 0 of the system and depends on the switching state of the directional valves. In
the case of 𝑁 connected auxiliary volumes, there are 2𝑁 possible values that 𝑉𝑖 can
take, depending on which volumes have been connected. There is also the case where
no volume is connected to the SPSC. Finally, 𝑃𝑖 is the pressure of the system at rest, set
by the pressure source during system setup. The volume of air in the m-th volume can

Figure 3.2: (a) Simplification, for design purposes, of the contact between the SPSC
and the grasped object by representing the latter by a rigid plane. For the purpose of
simplicity, only one auxiliary volume is shown. (b) Contact area.
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also be referred to the dimensionless parameter 𝜉𝑚:

𝜉𝑚 =
𝑉𝑖

𝑉𝑏,𝑖
(3.3)

where 𝑉𝑏,𝑖 is the internal volume of the bladder in the undeformed configuration. It
should be noted that it is generally necessary to fill the membrane with liquid in order
to obtain at least one configuration where 𝜉𝑚 < 1. If not, it is possible to remove the
liquid and fill the system with air only. In this instance there is always 𝜉𝑚 > 1, and
𝜉𝑚 = 1 in the case where the SPSC is not connected to an auxiliary volume.

The volume 𝑉 (𝑦𝑠) will instead be equal to:

𝑉 (𝑦𝑠) = 𝑉𝑖 − Δ𝑉 (𝑦𝑠) (3.4)

i.e. it depends on the volume that is squeezed during the contact.
In addition to depending on the magnitude of the squeezing level 𝑦𝑠, Δ𝑉 (𝑦𝑠) and

𝐴(𝑦𝑠) also depend, broadly speaking, on the geometry and stiffness of the gripped ob-
ject. In the design phase, where these aspects are neglected, they depend only on the
geometry of the SPSC, and can therefore be defined as geometric parameters.

It should be emphasised that the feed pressure must be the same in all auxiliary
volumes to avoid unwanted flows in the event of a valve switching.

Both the geometric and the set-up parameters influence the performance of the
system. In fact, it is possible to rewrite equation 3.1 and equation 3.2 as follows:

𝑃 (𝑦𝑠) = 𝑃𝑖 (
𝜉𝑚 𝑉𝑏,𝑖

𝜉𝑚 𝑉𝑏,𝑖 − Δ𝑉 (𝑦𝑠))
𝑛

(3.5)

𝐹 (𝑦𝑠) = 𝐹𝑠(𝑦𝑠) + (𝑃 (𝑦𝑠) − 𝑃𝑎𝑚𝑏) 𝐴(𝑦𝑠) (3.6)
Equation 3.6 shows the link between the physical quantity measured and themagnitude
of the SPSC squeezing. The respective first order derivatives of 𝐹 and 𝑃 are also of
interest. The former one represents, in fact, the stiffness of the sensing system:

𝑑𝐹
𝑑𝑦𝑠

= 𝑘(𝑦𝑠) = 𝑘𝑠(𝑦𝑠) + 𝑝(𝑦𝑠) 𝑑𝐴
𝑑𝑦𝑠

+ 𝐴(𝑦𝑠)
𝑑𝑝

𝑑Δ𝑉
𝑑Δ𝑉
𝑑𝑦𝑠

(3.7)

where 𝑘𝑠 represents the structural stiffness of the membrane. The second term shows,
on the other hand, the part of the stiffness due to the increase in contact area during
squeezing. On other hand, the latter term contains both the first order derivative of 𝑝
as defined in Equation 3.5 and the increase in volume squeezed during grasping.
The term:

𝑑𝑝
𝑑𝑦𝑠

=
𝑑𝑝

𝑑Δ𝑉
𝑑Δ𝑉
𝑑𝑦𝑠

(3.8)

i.e. the first order derivative of the internal pressure with respect to the squeezing level,
represents the sensitivity of the sensing unit. By adjusting the geometric parameter Δ𝑉
and the setup parameters, it is therefore possible to adapt the sensitivity of the system
to the design requirements.
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3.2.1 SPSC geometry
While the effect of 𝑃𝑖 and 𝜉𝑚 on the system performance is easily understood, i.e. by
increasing the pressure or reducing the value of 𝜉𝑚 it is possible to increase stiffness and
sensitivity of the system, it is also of interest to analyze the effect of the SPSC geometry.
In fact, there are no studies in the literature that analyze the influence of the nominal
geometry of the SPSC on its behavior, and it is generally assumed to be a spherical cap
shape [157, 168, 164].

The generic description of the SPSC can be schematized as shown in Figure 3.3. In
the midplane 𝒮, the centerline of the cross-section is obtained by a sequence of three
arcs, tangent to each other at points 𝑃[1,2]. The three arcs have their centers at 𝑂[1,2,3]
with a central angle equal to 𝛼[1,2,3]. The first arc intersects the ̂𝑗 axis at 𝑃0, and its
center 𝑂1 lies on ̂𝑗 itself. The third arc, instead, intersects the ̂𝑖 axis at 𝑃3, but there
are no constraints on 𝑂3. This geometry is then mirrored with respect to ̂𝑗 to obtain
the complete section, of which 𝑠 represents the thickness. It is then extruded along 𝑘̂
for a length equal to 𝑙 (< ̂𝑖, ̂𝑗 > remains the midplane of this extrusion). To close the
geometry, the half-section in Figure 3.3 (b) is used for a revolute extrusion, on both
sides of the SPSC, performed with respect to the ̂𝑗 axis by a value equal to 𝜋.  

The independent geometric parameters of the geometry are collected in Table 3.1.
The values in the first row of the table generally depend on the dimensions of the link
of the gripper on which the sensing system is to be mounted. Note that the following
relationship holds:

𝐿 = 𝑙 + 2 𝑖 (3.9)

The values in the second row affect, respectively, the desired squeezing stroke on the

Figure 3.3: (a) Representation of the bladder in an axonometric view. 𝒮 represents the
intermediate transverse plane. (b) Section in the 𝒮 plane. This geometry is extruded
along 𝑘̂ and then revolved around ̂𝑗 to close the SPSC.
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Table 3.1: SPSC independent parameters.

Name Description
2 𝑖, 𝐿 Semi-width and length

ℎ, 𝑠 Height and thickness
𝑎, 𝑏, 𝑐, 𝑑 Geometry form factors

SPSC, and the structural stiffness of the same. The values in the last row, instead, es-
tablish the type of SPSC obtained. They are defined as follows:

𝑎 =
𝑥𝑃1

𝑖
, 𝑏 =

𝑦𝑃1

ℎ
, 𝑐 =

𝑥𝑃2

𝑥𝑃1

, 𝑑 =
𝑦𝑃2

𝑦𝑃1

(3.10)

Figure 3.4 shows the intermediate cross-section of four types of SPSCs, obtainable by
this formulation, by keeping 𝑖 and ℎ constant. Types A and D exhibit 𝑏 values greater
than 0.9, which, in conjunction with an 𝑎 value of approximately 0.6, describe the flat
shape achieved at the SPSC tip. The shape of the side walls, straight for Type A and
angled for Type D, is defined by the parameter 𝑐, which is larger in the case of the latter
type. The pointed shape of Type C, on the other hand, is mainly determined by the low
value of 𝑎. Type C is the one that most closely reproduces, in the cross-section, an arc
of a circle.

3.3 SPSC prototyping and testing
For the purposes of this study, the fabrication of the SPSCs was carried out by im-
plementing the most prevalent techniques for soft robotics manufacturing previously
outlined in chapter 1.2.1. Indeed, similarly to what was illustrated for the BiSoft.Q in the
previous chapter, the objective is to make the technology in question easily replicable
in research laboratory environments.

Unlike the soft bi-directional actuator, the SPSC must be perfectly sealed to prevent
pressure loss. Any air leak can alter measurement results and render the sensing unit
unusable. The nominal geometry of the SPSC, on the other hand, is definitely simpler
and easier to implement.

Table 3.2 summarizes the materials used for the realization of the SPSCs and the
relative manufacturing methodology.
An early version of the bladders was realised by compression moulding, a method

widely used in the literature due to its low cost and high simplicity1. With the advent
of FDM printers, mould making is generally done in the laboratory, using a rigid plastic

1An extensive description of construction methods for soft robot was presented in subsection 1.2.1
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Figure 3.4: Geometries obtainable through the described formulation, represented in
the 𝒮 plane of Figure 3.3 (a). 𝑖 = ℎ = 10 mm. Type A and D exhibit a flat shape at the
SPSC tip. Type A also has straight vertical side walls, whereas Type D has curved walls.
Type C exhibits a pointed tip and straight, inclined side walls, while Type C resembles
an arch of a circle.

material such as PLA or ABS, and there are also numerous examples of guidelines and
whitepapers made available by the researchers themselves regarding the process [169,
170, 171]. Figure 3.5 (a) shows an exploded view of the moulds used in this study,
represented in axonometric view. The mould in this case only makes the shell described
in Figure 3.3, and consists of two parts. After mixing part A with part B according to
the manufacturer’s instructions, and carrying out the de-gassing process in a vacuum

59



Soft Pneumatic Chambers for Tactile Sensing and Haptic Systems

Table 3.2: Materials used for the fabrication of the SPSCs.

Material Manufacturing
methodology Hardness Tensile str.

(MPa)
Elongation
at break (%)

Tear str.
(kN m-1)

Ecoflex
00-50(1)

Compression
moulding 00-50(2) 2.17 980 8.76

Easy Comp.
AS40(1)

Compression
moulding 36-45A >3.5 >250 >13

Recreus
TPU FDM 3D print 63A(3) 26(3) 950 40(4)

Formlabs elastic
(V2, cured) SLA 3D print 50A(2) 3.23 160 19.1

(1) The official catalogue values are subject to modification by the incorporation of
cotton fabric during the process of compression moulding.

(2) ASTM D-2240
(3) DIN 53504-S2
(4) ISO 34-1

chamber2, the liquid silicone mixture is poured into the lower part of the mould, shown
in the figure in red colour. The upper part, shown in blue, features the punch that
forces the silicone to fill the meatus between the two parts of the mould when closing
the mould. Correct positioning between the two parts of the mould is achieved by
means of four prismatic couplings, visible on the edges of the moulds. The lower part
also has a channel for collecting excess silicone. After closing the mould, the curing
process was carried out at room temperature (23 °C), and no post-curing was done.
The highly elastic properties of silicone would not allow the nominal geometry to be
maintained when the membrane was pressurised. For this reason, it is necessary to
apply some strengthening fibres, which allow the bladder to be crushed but do not allow
its uncontrolled volumetric expansion. For this purpose, a cotton gauze was placed
inside the mould. For the correct positioning of the gauze inside the silicone matrix,
it was sufficient to place the gauze halfway through the silicone casting process in the
mould, then cover it with the remaining quantity of silicone. Finally, to facilitate the
removal of the moulded part, the two parts of the mould were covered with a film of
releasing agent.

Finally, the membrane was closed by means of rigid attachment with a rigid lower

2The degassing process must be carried out to eliminate the air bubbles trapped in the compound
during the mixing of the two parts. It involves an intermediate phase in which the mixture greatly
increases its volume due to the expansion of the air bubbles, after which the mixture collapses leading to
the evacuation of the bubbles.
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Figure 3.5: (a) Exploded view of the molds for the production of SPSC in silicone, shown
in an axonometric view. A cotton strengthening fabric is inserted during the silicone
pouring to inhibit uncontrolled volumetric expansion of the bladder when pressurized.
(b) Exploded view of the SPSC in assembly design, where the deformable part is made
of silicone via compression molding. Minor air leaks are prevented by silicone sealant
or two-component adhesive.

base, according to the assembly diagram in Figure 3.5 (b). Similarly to the BiSoft.Q
actuator, the base plate has the multiple tasks of closing the chamber under pressure,
allocating the internal tubing to pressurise the chamber and rigidly connecting the sens-
ing unit to the robotic gripper. The rigid connection was made by means of an external
clamping ring, fixed to the headplate by screws. Any minor air leaks were prevented
by means of two-component glue or silicone sealant. Prior to tightening the screws on
the baseplate, for example, a quantity of selalant had to be applied to the thread. This
assembly design also allows for the integration of a spillage screw into the base, should
it be necessary to fill the SPSC with liquid.
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Figure 3.6: Soft pneumatic sensing chambers prototypes. Coin for scale. (a) Com-
pression moulded (type A) silicone bladders. ℎ = 10 mm, 𝑖 = 8 mm, 𝑙 = 11 mm,
𝑎 = 0.70, 𝑏 = 0.75, 𝑐 = 1.45, 𝑑 = 0.61. 1: EC AS40 𝑠 =1 mm, 2: EC AS40 𝑠 =2 mm, 3:
Ecoflex 00-50 𝑠 =1 mm, 4: Ecoflex 00-50 𝑠 =2 mm. (b) FDM-manufactured monolithic
TPU membranes (typologies A-D).

Figure 3.6 (a) shows four prototypes of the SPSC made by means of the above. The
nominal geometry is type A, and its geometrical parameters are shown in the figure
caption. In the case of both EcoFlex 00-50 and Easy Comp. AS40, SPSCs with thickness
𝑠 ∈ [1, 2]mmweremanufactured. Thismanufacturingmethodology, however, requires
a high time effort. Firstly, any change in geometry requires the production of a new
mould. In addition, the curing process takes several hours to complete3.

In order to speed up and simplify the process, thus, SPSC prototypes were also
built by additive manufacturing. Figure 3.6 (b) shows TPU 60A membranes made by
FDM, in the four types identified in Figure 3.4. Similar results were also obtained by
SLA, in which case materials with shore hardness ranging from 40 to 50A were used.
Compared to FDM, the SLA method guarantees a higher finish of the part, but requires
post-processing operations for cleaning and curing the part, and is also more expensive.

For further considerations regarding the durability and reliability of the manufac-
tured SPSCs, please refer to sub-section 3.3.2.

3.3.1 Characterization and hysteresis
In this subsection, the effect of the geometrical parameters in Figure 3.3 on the stiffness
and sensitivity of the system is illustrated. In the simple case of contact with a plane
that uniformly squeezes the SPSC, it should be recalled that they depend on the set-up
conditions of the system, i.e. the terms 𝑃𝑖 and 𝑉𝐶,𝑖, as well as the contact area 𝐴(𝑦𝑠)
and the volume of pressurised air 𝑉 (𝑦𝑠) = 𝑉𝐶,𝑖 − Δ𝑉 (𝑦𝑠).
FEA methods allow the estimation of these terms, as well as the overall stiffness and

33 hours for Ecoflex 00-50, 24 hours for Easy comp. AS40.
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Figure 3.7: Static characterization experimental layout.

sensitivity [165, 157], but the aim here is to simplify and speed up the characterisation
of the sensing unit by means of experimental identification.

Figure 3.7 shows the experimental set-up used for this purpose. The SPSC was con-
nected to a single auxiliary volume, and a pressure transducer reads the pressure value
inside the chamber. A rigid plane is used to press down on the membrane, which is
constrained by a linear guide4 to translate along ̂𝑗 along only. A load cell reads the
value of the pressing force 𝐹 (𝑦𝑠).
Figure 3.8 and following show the characterisation results for the four SPSCs in TPU 60A
shown in Figure 3.6 (a). A first test, the results of which are shown in the respective
sub-figures (a), was carried out to characterise only the structural stiffness part of the
membrane 𝑘𝑠. During a loading and unloading cycle, starting from the rest configura-
tion 𝑦𝑠 = 0, the material exhibits hysteretic behaviour. In the four graphs 𝐹𝑠 versus 𝑦𝑠,
the average value of 𝐹𝑠 over the cycle is identified by a dashed black line. The ratio be-
tween the hysteresis area and the area subtended by this average value ranges between
15 % (type C) and 38 % (type A).

Sub-figures (b) then show the experimental data of squeezing force 𝐹 and internal
pressure 𝑃 acquired with set-up values of 𝜉1 ≈ 6.2 and 𝑃𝑖 ∈ [120, 160] kPa. Recalling

4The guide resolution is 10−2 mm
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Equation 3.6, it is possible to estimate the contact area as:

𝐴(𝑦𝑠) =
𝐹 (𝑦𝑠) − 𝐹𝑠(𝑦𝑠)

𝑝(𝑦𝑠)
(3.11)

The volume of squished air, on the other hand, depends on the pressure reading alone
using the polytropic law:

Δ𝑉 (𝑦𝑠) = (𝑉𝐶1 + 𝑉𝑖) (1 −
𝑃𝑖
𝑃

1
𝑛

) (3.12)

The two values, with relative variation spans, are shown in sub-figures (c). The D-
type SPSC presents the largest contact area, with increasing monotonic behaviour. The
remaining three membranes present, in the final squeezing phase relative to values of
𝑦𝑠 > 7 mm, a decrease in the contact area value. This is quite pronounced in type C,
while type A and B show a less marked inflection. This could be due either to an actual
inward deflection of the membrane (in support of this, the decrease in area is smaller
for higher 𝑃𝑖), or to the simplifying assumption introduced, which does not consider
the dependence of 𝑘s on internal pressure.

Nevertheless, once 𝐹s(𝑦s), 𝐴(𝑦s) and Δ𝑉 (𝑦s) have been identified, it is possible to
estimate the behaviour of the sensing system in terms of 𝐹 and 𝑃 according to the same
equations as above. Furthermore, since the variation span in sub-figures (c) is relatively
small, it is possible to estimate 𝐴(𝑦s) and Δ𝑉 (𝑦s) by means of a single pressure test.
Sub-figures (d) show the theoretical versus experimental comparison of 𝐹 and 𝑃, where
the model is based on a single test (e.g. the test at 𝑃𝑖 = 140 kPa). The method turns
out to be quite reliable, with evident deviations only in the test at 𝑃𝑖 ∈ [150,160] kPa
for Type C. In the remaining cases, however, the estimation is enough accurate, and
notably reduces the time required for characterisation5.

5In incremental steps of 0.2 mm, the two tests take a total time of about 20 min
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Figure 3.8: Type A experimental results with 𝜉 = 6. (a) Structural stiffness and hystere-
sis. (b) Contact force and pressure. (c) Contact area and squeezed volume. (d) Model
versus experimental comparison, 𝑃 (𝑦𝑠 = 0) = 140 kPa test is used for the model.
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Figure 3.9: Type B experimental results with 𝜉 = 6. (a) Structural stiffness and hystere-
sis. (b) Contact force and pressure. (c) Contact area and squeezed volume. (d) Model
versus experimental comparison, 𝑃 (𝑦𝑠 = 0) = 140 kPa test is used for the model.
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Figure 3.10: Type C experimental results with 𝜉 = 6. (a) Structural stiffness and hystere-
sis. (b) Contact force and pressure. (c) Contact area and squeezed volume. (d) Model
versus experimental comparison, 𝑃 (𝑦𝑠 = 0) = 140 kPa test is used for the model.
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Figure 3.11: Type D experimental results with 𝜉 = 6. (a) Structural stiffness and hys-
teresis. (b) Contact force and pressure. (c) Contact area and squeezed volume. (d)
Model versus experimental comparison, 𝑃 (𝑦𝑠 = 0) = 130 kPa test is used for the model.
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Figure 3.12 compares the characterization results for the four SPSC types. In terms
of sensitivity, i.e., 𝑃 (𝑦s), Types B and C are substantially similar, while Type D shows
slight differences, with higher sensitivity for approximately 𝑦s < 0.6 ℎ. Type A, on the
other hand, deviates significantly due to a higher Δ𝑉 (𝑦s) compared to the other three
types.

In terms of structural stiffness, Types A and C exhibit an initial interval with mod-
erate slope, a central phase with nearly zero slope, and a final interval with high slope.
Type B, on the other hand, stiffens for values of about 𝑦s > 0.6 ℎ. For all three types,
the final stiffening phase is due to the activation of edge stiffness. In terms of contact
force 𝐹, Type C shows the lowest values among all, despite higher stiffness, due to its
smaller contact area. Type D exhibits the opposite behavior, with 𝐹 being higher than
all other cases for 𝑦s > 0.7 ℎ due to its larger contact area.

In conclusion, Type A is preferable when high sensitivity of the sensing unit is
required, while Types B and C have lower sensitivity but higher contact force. Type
D also has the largest contact area among the four types. Due to the high structural
stiffness for high squeezing level and the significant deviation between theoretical and
experimental results in this phase, Type C is of interest only for moderate squeezing,
i.e., 𝑦s < 0.5 ℎ, and when modest contact areas are required.

Figure 3.12: Characterization results for the four bladder typologies. (a) Structural stiff-
ness (average). (b-c) Contact force and internal pressure. 𝜉1 ≈ 6.2
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3.3.2 Reliability
Notwithstanding the fact that the research activity presented here is still at the proto-
type level, and not at the level of a commercial product, a minimum quantification of
the reliability of the membranes is considered of interest. Indeed, it must be recalled
that the sensing unit presented here is based on a closed, pressurised pneumatic system,
and any damage to the SPSC would significantly damage its operation.

Firstly, SPSCs were tested at a pressure of 𝑝𝑖 = 100 kPa (gauge). The membrane was
classified as compliant if it was free of air leaks for a duration of thirty minutes [157]. It
was also observed that, at this pressure, the membranes underwent slight deformation,
with an approximate rise of 0.1 ℎ along the 𝑘̂ axis. The maximum geometry imposed in
the design, as well as the type of membrane, remained valid. Subsequently, it was con-
sidered worthwhile to verify the fatigue limit of the membranes. To this end, the SPSC
was subjected to a cyclic squeezing cycle imposed by a pneumatic piston. During the
cycle, the bladder transitioned from the resting configuration 𝑦s = 0 to the maximum
crushing configuration 𝑦s = 𝑦s,max. The test bench configuration utilised for this inves-
tigation is depicted in Figure 3.13. In this instance, the SPSC part is of type B, fabricated
from TPU 60A by Recreus employing the FDMmethodology. The nominal geometry is
analogous to that illustrated in Figure 3.9. The pneumatic cylinder head functions as an
infinitely rigid plane that exerts pressure on the specimen, similarly to the description
in Figure 3.7 (a) for the SPSC characterisation. A second type of test performed was a
puncture test with a conical puncture probe. This type of test is described in standards

Figure 3.13: Fatigue test on an SPSC Type B made of TPU 60A. (a) Membrane at rest.
(b) Membrane completely squeezed and resulting damage.
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for evaluating the puncture resistance of protective clothing materials (e.g. plastics,
coated fabrics, flexible materials) [172, 173], and it is used in the literature to test the
puncture resistance of rubber membranes [174]. In the present case, where such mem-
branes are the physical interface between a robotic gripper (or the haptice device) and
the object to be gripped (or the human being), it provides an indication in the case of
gripping objects with sharp or pointed edges. Figure 3.14 shows the test bench in the
two configurations of rest and maximum puncture. The geometry of the conical probe
is specified in Figure 3.14 (a), while (b) shows a detail of the type of damage suffered by
a type B specimen made of Elastic V2 material from Formlabs (geometry definition in
Figure 3.9).
In both types of test, membrane damage was automatically detected by measuring the
pressure inside the chamber, with a threshold value of 0.95 𝑝𝑖.

Table 3.3 summarises the results of the tests for three specimens with the same ge-
ometry and made with the four different materials described above, and Figure 3.15
shows the damages occurred. The silicone-moulded bladder proved to be the most re-
sistant in the fatigue tests, reaching 5000 cycles without damage. For puncture tests,
however, it proved to be the most fragile, with maximum forces of 27 N. It should be
noted, as a reference, that the Kinova KG2 on which the SPSCs were mounted can apply

Figure 3.14: Puncture test on an SPSC Type B made of Elastic 50A. (a)Membrane at rest
and conical puncture probe geometry. (b) Membrane when punctured and resulting
damage.
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Table 3.3: Results of the destructive tests on the SPSCs.

SPSC type Manufacturing
methodology

Fatigue test(1)
(cycles to failure)

Puncture test(1)
Force to failure (N)

Easy Comp.
AS40 Compression moulding >5000(2) 27

Recreus
TPU 60A FDM 3D print(3) 4100 45

Formlabs elastic
(V2, cured) SLA 3D print(3) 1330 40

Formlabs silicone
(40A, cured) SLA 3D print(3) 2075 >80(2)

(1) The bladder supply pressure for this test is 𝑝𝑖 = 50 kPa (gauge).
(2) The membrane has passed this test without rupture.
(3) The print plane is parallel to the plane < ̂𝑖, ̂𝑗 > reported in Figure 3.3.

gripping forces on the distal phalanx of approximately 40 N [156].
If both fatigue tests and puncture tests are considered, the TPU 60A membrane fab-

Figure 3.15: Types of damage incurred by bladders during testing. Minor damages are
marked with red circles. (a) TPU 60A, fatigue test. (b) Elastic 50A, fatigue test. (c-e)
Easy Comp. AS40, TPU 60A and Formlabs Elastic 50A, puncture test.
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ricated via FDM proves to be the most reliable. SPSCs produced through compression
molding exhibit high fatigue resistance but low puncture resistance, while SPSCs made
from the same material using SLA demonstrate moderate fatigue resistance and high
puncture resistance. Elastic 50A, on the other hand, proves to be particularly unreliable.

Further attention must be given to the type of damage and the possibility of repair
in the event of failure. Fatigue tests resulted in damage forming in the < ̂𝑖, ̂𝑗 > plane
of Figure 3.3 for both TPU and Elastic. This outcome was expected since, in both cases,
this plane is parallel to the printing plane during the fabrication of the membranes.
However, the damage observed in the TPU SPSC is significantly smaller compared to
that of the Elastic SPSC, which instead undergoes total membrane failure. A similar
result is observed in puncture tests.

The extent of the damage, as well as thematerial type, allows for repair in the case of
TPU by melting and locally applying additional TPU using a soldering tip. In contrast,
damage to Elastic material is irreparable. Similarly, for SPSCs in silicone fabricated
through compressionmolding or SLA, the puncture test resulted inminor (or negligible)
damage, which can be repaired by sealing the damage with a silicone sealant.

3.4 Application in Service Robotics
In this section, the described technology will be applied in two service robotics con-
texts. The first one follows what has been mentioned throughout the chapter and also
alluded to in Figure 3.1 (a), namely the use of SPSCs as soft fingertips for robotic grip-
pers. In this case, the aim will be to provide the global planner of the manipulator with
additional information, such as the grasp success, the position of the grasped object
and its stiffness. In the second application, the soft bladders will be used as interface
elements with the fingers of a human user, and will be a constituting part of a wireless
haptic device.

In both cases, the development of the technology starts from the design need for
an interface element, in this case the SPSC, with variable stiffness when squeezed. Fur-
thermore, the geometry of the bladder will be adapted to allocate additional elements,
i.e. sensors or actuators, to increase its functionality.
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3.4.1 Pneumatic sensing chambers for robotic manipulation

Figure 3.16: High-level architecture of PneuTact.Q mounted on the end-effector of the
manipulator. Three force sensing resistors are placed in the middle of the upper wall
of the membrane to provide indications on the contact area during gripping. A single
auxiliary volume is used for each SPSC, meaning there is only one possible jump in
stiffness.

The interposition of a compliant element between the object to be grasped and the
rigid gripper finds its main utility in simplifying the grasping control, which from a
force control becomes a position control [158]. Additional functionality relates to pro-
viding information about gripping operations, such as contact loss detection, stiffness
identification, grasping force estimation and the object contouring [175].
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Figure 3.16 schematises the architecture of the system, named PneuTact.Q, that im-
plements the variable stiffness SPSCs on the distal links of a rigid commercial gripper6.

According to the schematic, it is intended to allocate, on the manipulator’s end
effector, two SPSCs with an auxiliary pneumatic system, together with an electronic
I/O management board. For the sake of simplicity, the schematic is devoid of secondary
electronic elements, e.g. drivers, mosfets.

The choice of a single auxiliary volume for SPSC is motivated by the need for a small
encumbrance and, in this context, the jump between only two levels of system stiffness
is considered to be sufficient. The basic idea is, therefore, to employ a normally open 𝐷1
directional valve and, in the case of contact with a body classified as rigid, to switch 𝐷1
in order to exert greater contact forces. Conversely, 𝐷1 can be closed during the early
stages of contact in order to assess the stiffness of the object with greater sensitivity on
the part of the sensing unit and, in the case of a soft object, can be opened for a more
delicate grip.

The local control unit, summarised in the figure by the symbol of a micro-controller,
is responsible for collecting data from the SPSCs. In addition to the pressure informa-
tion inside the chambers, three force sensing resistors (FSRs) are inserted inside the
upper wall of the bladder. These sensors allow the contact force normal to them to
be read, and are used here to provide an estimate of the distribution of contact forces
across the membrane. Thus, the control unit collects, from the single sensing unit, a
total of four measurements; and has as its only output signal the switching state of the
on-off valve 𝐷1.
With regard to the fabrication of the SPSC, it is necessary here, in addition to what
has already been discussed, to create a suitable housing for the three FSRs, as well as a
suitable geometric coupling in order to rigidly fix the sensing unit to the gripper. Fig-
ure 3.17 shows a design solution that includes both features in a monolithic design. The
housings of the force sensors are made by means of pockets, into which the FSRs are
inserted post-fabrication of the SPSCs, and which protect the FSRs from damage due to
direct contact with the bodies [176]. In view of the results discussed in sub-section 3.3.1,
the fingertip chambers have a shape that can be traced back to Type A, due to the high
contact area and higher sensitivity. The monolithic part also has a second chamber,
with two associated FSRs. This distal chamber, which has a smaller volume than the
fingertip chamber, is designed to provide information in the case of operations such as
pressing keys, buttons or touching a surface. According to this design, the local control
unit collects a total of seven measurements from the single SPSC. For the distal cham-
ber, however, the jump between two stiffness levels is not of interest. Therefore, the
only output signal remains the switching state of 𝐷1.

6In the specific case in the figure, this is the same Kinova Gen2 with KG2 gripper mentioned for the
development of the BiSoft.Q gripper

75



Soft Pneumatic Chambers for Tactile Sensing and Haptic Systems

Figure 3.17: Representation of the sensing element that is mounted on the robotic grip-
per distal link. It has a monolithic design and includes the housing for the link insertion,
two fingertip chambers and pockets for positioning the FSRs. The geometry of the fin-
gertip chamber is Type A.

Figure 3.18 shows the prototype of the system mounted on the end effector of the ma-
nipulator. PneuTact.Q system is on-board except for two electrical cables, one power

Figure 3.18: PneuTact.Q prototype mounted on the end-effector of a Kinova Gen2 ma-
nipulator. The prototype mass is 750 g, that is the 15% of the arm payload.
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cable and a second data cable, which are directed to the external power supply and
global planner respectively. The realisation of a wireless version is not excluded in fur-
ther developments. In terms of payload subtracted from the manipulator, the prototype
has a total mass of approximately 750 grams, which corresponds to 15 % of the manip-
ulator payload. The FSRs have a circular active area with a diameter of 5.6 mm (model
FSR05BE, by Ohmite), and a force range of up to 5 kg. The diameter of the FSRs deter-
mines the resolution achievable in terms of contact point reading, and it is planned to
increase this functionality in the future using an FSR matrix (or similars). The pressure
transducers used have a full-scale range of 100 kPa (gauge) and an accuracy of 0.25 %
(model ELVH-015G-HAND-C-NAA5, by Amphenol All Sensors).

Given the geometric complexity of the SPSCs in monolithic design, they were fabri-
cated using SLA in both Elastic 50A and silicon 40A, although the latter is to be preferred
due to the higher reliability demonstrated in sub-section 3.3.2 tests.
Figure 3.19 shows an example of data collected using PneuTact.Q. The displacement of
the contact point on finger 1, from the middle-rear to the front, is detected by the FSRs,
whose measurements are displayed both in charts (top right) and through the opacity
of the circles (top center), where higher opacity indicates a higher value. The squeezing
level is also measured through pressure data, from which it is possible to observe that,
in addition to shifting the contact point, the squeezing level of the SPSC is lower.
Figure 3.20 shows similar results but during the grasping of a rigid cylindrical object.
In this case, the grasp is initially recognized as symmetric, with contact in the middle-
front area of the SPSCs, but slippage is detected in (b) since the contact point shifted
toward the tip and the pressure values are constantly decreasing.
Figure 3.21 instead shows the stiffness estimation functionality during the grasping of
cylindrical objects with varying diameters. The detection of a grasp is recognized by
setting threshold values on the pressure and its first derivative as a function of the clo-
sure angle 𝛼, where 𝛼𝑐 represents, for all grasps, the angle at which contact with the
object occurs. For these tests, both directional valves 𝐷1 and 𝐷2 were open, i.e., both
sensing units had low stiffness and low sensitivity. The light blue curve represents the
grasp of an object considered infinitely rigid, while the cyan-green curve represents the
grasp of a plastic bottle. Between these two extremes, it is possible to distinguish, after
at least 10 deg of closure, the stiffness of three different types of objects. Note, in the
case of the cyan-green and yellow curves, that it is possible to recognize a softening
behavior due to the inward bending of the object’s outer shell as it is being grasped.
Figure 3.22 shows how the data from Figure 3.21 can be used during the grasping of an
object with unknown stiffness. In a potential real-time grasp control scenario, in the
case of manipulating an object like the one in the figure, the directional valves 𝐷1 and
𝐷2 could be switched during the gripper’s closure to ensure a more robust grasp.
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Figure 3.19: Data acquired from finger 1 of PneuTact.Q. 𝑃 (𝑦𝑠 = 0) = 10 kPa. Data
values from FSRs are represented by the opacity of the circles. Higher opacity indicates
a higher value. Numerical values are also reported on the right.
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Figure 3.20: (a) Values measured when gripping a cylindrical rigid object. 𝑃 (𝑦𝑠 = 0) =
10 kPa. (b) Slippage detection observed due to the change in contact point and the
decrease in internal chamber pressure.
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Figure 3.21: Pressure data are used for object stiffness evaluation. Thresholds on pres-
sure values, supported by FSRs data, are used to detect contact (𝛼𝑐).
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Figure 3.22: Object stiffness evaluation during graspig. In 𝛼𝑐 the contact with the object
is detected

3.4.2 Pneumatic handheld haptic device
Besides the use on robotic manipulators, this work also discusses the use of the SPSC
system as a sensing unit for an untethered haptic device. This idea has led to the devel-
opment of the PAL-HAND.Q haptic device, that has been subject of a national patent
application by Colucci and Quaglia, n. 102024000002331 filed in february 2024. The
PAL-HAND.Q concept and development has also been published by Duretto, Colucci,
Jabbari and Quaglia in [167].

As shown in Figure 3.23, a haptic device is a human-machine interface capable of
enabling bidirectional physical communication between a remote control unit and an
end-user. The use of haptic devices is primarily employed for entertainment purposes
[177, 178, 179], tele-operations [180, 181, 182, 183, 184, 185], or tele-rehabilitation [186,
187, 188, 189, 190], as it is well established that the repetitive and voluntary execution
of hand opening/closing actions significantly helps in restoring motor functionality of
the limb [191, 7] and also stimulates neurogenesis [8].
There are different types of haptic feedback, e.g., force feedback, mechanical vibration,
heat, frictionmodulation, and the design of the device strongly depends on the intended
application, as well as the part of the end-user’s body with which the device interacts
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Figure 3.23: Schematic diagram of a generic haptic device. The interface element, in
this case, are five SPSCs mounted on the hard cover of a handheld device.

[192].
Figure 3.24 depicts the basic design of a handheld device consisting of a rigid case, on
which five SPSCs are positioned. The device is designed to be held in the user’s hand,
similar to commercial video game joysticks, as shown in the subsequent Figure 3.25.
The five deformable membranes serve as the physical interface between the device and
the user’s five fingers. By pressing the membranes, the user can send a signal to the

Figure 3.24: Exploded axonometric view of the haptic device under investigation.
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remote control unit. The stiffness perceived by the user when pressing the membranes
can be controlled similarly to what is described in previous sections.
Figure 3.26 shows the system architecture of the resulting device, that is named PAL-

Figure 3.25: PAL-HAND.Q grasped by the hand of an end-user. (a) Top view. (b) Front
view.

HAND.Q (Pneumatic and Lightweight Handheld Device). PAL-HAND.Q shares the
design requirements of lightness and compactness with the previous technology for
robotic grasping, which are essential here to allow the user to easily grasp and manip-
ulate PAL-HAND.Q [193]. Therefore, in this case, the 𝑚-th membrane is connected to a
single auxiliary volume, and there is only one possible jump between two stiffness lev-
els, depending on the state of the on-off directional valve. To generate multimodal hap-
tic feedback by combining different types of sensory feedback, a vibrating mini-motor
(Linear Resonant Actuator, LRA) is mounted inside the SPSC chamber. This feature al-
lows the user to perceive not only a variable stiffness of the SPSC, but also a localised
vibratory feedback on the phalanx in contact with the SPSC. The scientific literature
on the development of wearable or handheld haptic systems interacting with the user’s
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Figure 3.26: The PAL-HAND.Q system architecture. All the cited components are allo-
cated within the rigid case.
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Figure 3.27: The PAL-HAND.Q prototype.

hand also suggests making the device wireless to increase its portability and ease of use
[193]. This requirement is met here by integrating a power supply unit and a wireless
communication unit into the system. An inertial measurement unit (IMU) completes
the design, allowing for membrane squeezing tracking and hand motion tracking.

Figure 3.27 shows the prototype of PAL-HAND.Q. According to this design, all nec-
essary spaces for the elements shown in Figure 3.26 are allocated within the case, which
essentially fills the volume inside the user’s hand. At the top of the device is the printed
circuit board (PCB), which manages power supply, I/O signals, and wireless commu-
nication. The microcontroller used is the Arduino Nano 33 BLE, which integrates the
9-axis IMU LSM9DS1 and a Bluetooth Low Energy (BLE) module for wireless communi-
cation. The five check valves, whose blue push-in connectors are visible, are accessible
from the outside without the need to open the device. For positioning the LRAs inside
the SPSCs, these were made using FDM with TPU 60A. Once printed, a partial cut was
made at the base of the membranes to insert the vibrating mini-motors. The cut was
then repaired by applying melted rubber using an electronics soldering iron. The pres-
sure sensors used are the same as those in the previous subsection, while the vibrating
mini-motors are DFRobot FIT0774.

Similar commercial systems, whether handheld or wearable, provide force feedback,
also known as kinesthetic feedback, to the user’s fingers using electrical actuation [194],
cables [189], or fluids [188, 187]. The use of active systems to control kinesthetic feed-
back certainly improves the functionality of the device, but it also increases its size and
weight, making it impossible to create a completely wireless device that fits completely
in the hand. The PAL-HAND.Q model represents a compromise between two design
requirements: lightness and practicality on the one hand, and extensive functionality
on the other.

Figure 3.28 shows an example of data collected by the remote control unit from
PAL-HAND.Q. In the top left, the pressure measurements are shown, in this case for
only three membranes. These measurements can be used to recognize, for instance,
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Figure 3.28: Example of data collected from PAL-HAND.Q. In the top left, internal pres-
sure data in the SPSCs. In the bottom left, data from the 9-axis IMU. In the bottom right,
representation of the user’s hand and PAL-HAND.Q in the graphical interface on the
remote control unit.

Table 3.4: PAL-HAND.Q technical specifications.

Name Value
Encumbrance (mm) 160 x 120 x 100

Mass (with and without battery) (g) 300-500
Membrane deformation stroke (mm) 10

Set-up pressure 𝑝𝑖 (kPa gauge) 20-50
Autonomy (min) ≈ 30

the compression of the thumb membrane at t=12.5 s and the compression of the index
membrane at t=16 s. The raw angular and linear acceleration data from the 9-axis IMU
are post-processed to measure the position and orientation of the hand7. In the bottom
right, a screenshot of a graphical interface, developed in Python, is shown, rendering

7A Madgwick filter was used for the angular acceleration data.
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the real-time movement of the user’s hand and fingers8. The data were collected here
by connecting the microcontroller to the remote control unit’s serial port, allowing for a
higher data write frequency. With wireless connection, the upper limit for the sampling
frequency is approximately ≈ 30 Hz.

Table 3.4 reports the technical specifications of PAL-HAND.Q. The intended appli-
cations for the haptic device presented here mainly concern active hand telerehabil-
itation, the development of alternative forms of communication, and inclusive video
games. The implementation of the device in these contexts, as well as the development
of dedicated software, however, are not covered in this thesis.

8Developed using PyGame and ModernGL
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Chapter 4

Conclusion and further research

Pneumatics applied to Service Robotics is an active and extremely fascinating area of
research. Chapter 1 provided an overview, describing how requirements and paradigms
have changed over the last two decades, and the latest methods and materials for man-
ufacturing soft pneumatic robots.

The BiSoft.Q actuator

Chapter 2 presented a novel soft pneumatic actuator that utilizes the principle of antag-
onistic chambers to achieve a bi-directional linear behavior. The use of additive man-
ufacturing techniques makes the actuator lightweight, cost-effective, and easily repro-
ducible. Two types of BiSoft.Q have been identified based on the internal arrangement
of the membranes.

The BiSoft.Q design methodology is based on a simplified analytical model for cal-
culating the actuator’s performance under quasi-static conditions. This translates to
the estimation of stroke, forces (both push and pull), and air consumption in the case of
simple actuation or in case of more sophisticated energy-saving strategies. This method
showed a good correspondence with experimental results obtained through isometric
tests under nominal operating conditions. In the case of excessively high supply pres-
sures, the assumption of inextensibility of the longitudinal fibers of the pleated mem-
brane is no longer valid, and the actuator undergoes additional deformation due to
the elastic deformation of the fibers. This also limits the actuator’s energy work den-
sity. Further research may be conducted to improve the design shown in Figure 2.9 to
strengthen the structure of the two membranes.

When compared to the elementary case of a bellows and a pleated actuator placed in
parallel, the BiSoft.Q presents greater construction challenges but yields better results in
the static apply graph. This is mainly due to better optimization of the available space.
Compared to mono-directional PPAMs, the BiSoft.Q sacrifices some strain rate for its
bi-directionality but retains the advantages of pleated geometries, such as negligible
energy losses and low supply pressure thresholds. In terms of energy consumption, the
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BiSoft.Q’s air demand is strongly influenced by the dead volumes in the two chambers.
The use of energy-saving methods has shown significant potential for improvement.
Future development thus concerns the executive design of a version of the actuator
with an integrated energy-saving system, followed by experimental validation.

The anticipated applications for this technology mainly target the field of assistive
robotics, where soft actuators are widely employed. The gripper presented, actuated
by a BiSoft.Q Type A, has proven to be an interesting solution due to its reduced mass
and versatility in grasping objects of various shapes. Further applications may include
the use of the BiSoft.Q in exoskeletal systems, where joint actuation is often achieved
through multiple soft linear actuators positioned in an antagonistic configuration.

PneuTact.Q and PAL-HAND.Q

Chapter 3 discussed the development of a pneumatic sensing unit applied to robotic
manipulation for tactile sensing and to haptic systems for human interaction and fin-
ger active tele-rehabilitation. The single deformable pressurized chamberwas described
through a geometric model that allows the creation ofmembranes with different shapes.
This results in varying sensitivity and stiffness in the experimental characterization
phase, which were analyzed to provide guidelines for selecting the appropriate geom-
etry based on design requirements. The initial setup parameters, i.e. pressure and vol-
ume in the auxiliary chambers, also allow control over the static performance of the
sensing unit. Further research could explore modifications to enable continuous stiff-
ness control, e.g., through real-time adjustments of the auxiliary volume.

The prototyping phase involved fabricating the membranes using additive manu-
facturing techniques and silicone molding. The reliability of the membranes was quan-
tified through destructive fatigue tests and puncture tests.

This concept was first applied to develop a tactile sensing unit for robotic grip-
pers. PneuTact.Q demonstrated various functionalities, including object estimation,
grip force measurement and slippage detection. The system’s current limitations lie
in the resolution of contact force data obtained from the FSR sensors positioned on the
membrane. Further work can be done to improve this resolution, such as implementing
an FSR matrix to assess potential contact on the membrane’s sides.

Another application involved using the sensing unit to develop a graspable and
untethered haptic device for interaction with a human user’s hand. The sensing unit
allowsmeasurement of finger motion and provides kinesthetic feedback, i.e., force feed-
back, by modifying the stiffness of the membranes. The main application for PAL-
HAND.Q is post-stroke active rehabilitation of patients with finger impairments, pro-
moting functional recovery and neurogenesis. Future development of the device should
focus on a comfort study for designing an ergonomic case, the creation of rehabilitation
exercises using the device, and software development for an interface enabling exercises
in virtual or augmented reality environments.
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Appendix A

BiSoft.Q geometry details

This appendix describes the methodology for deriving the nominal and undeformed
BiSoft.Q geometry from the parameters outlined in Table 2.1. All the equations are
referred to the 𝑥 = 0 configuration, although this notation is omitted for brevity. For
similar reasons, the subscript [ ][ ],𝑝 will be omitted, while [ ][ ],𝑏 will be used to refer to
the bellows geometry.
The geometrical definition of the BiSoft.Q pleated membrane starts from the terminal
cross-section B-B in Figure A.1. Among this plane, the only unknown value is 𝑅𝑜𝑒,
which can be derived by considering the longitudinal crest fibre geometry as:

𝑅𝑜𝑒 = 𝑅𝑜𝑚 − 𝑙𝑐 (
1 − cos(𝜑𝑐)

2 𝜑𝑐
) (A.1)

where the outer radius 𝑅𝑜𝑚 in the middle cross-sectional plane depends on the 𝑅𝑖𝑚/𝑅𝑜𝑚
ratio and 𝑅𝑖𝑚 is equal to:

𝑅𝑖𝑚 = 𝑅𝑖𝑒 + 𝑙𝑣 (
1 − cos(𝜑𝑣)

2 𝜑𝑣
) (A.2)

The two angles 𝜑[𝑐,𝑣],𝑝, respectively referred to the crest and valley fibres can be nu-
merically derived from the following equation:

sin(𝜑[𝑐,𝑣])
𝜑[𝑐,𝑣]

= 𝐿
𝑙[𝑐,𝑣]

(A.3)

Hence, basing on the geometrical construction in Figure A.2 (a), the coordinates of the
two tangency points 𝑆𝑐𝑒 and 𝑆𝑣𝑒 are respectively:

O′Sce = [
𝑅𝑐𝑒 cos(𝜀)

𝑅𝑜𝑒 + 𝑅𝑐𝑒 (sin(𝜀) − 1)] (A.4)

O′Sve = [
(𝑅𝑖𝑒 + 𝑅𝑣𝑒) sin(𝛼𝑝/2) − 𝑅𝑣𝑒 cos(𝜀)
(𝑅𝑖𝑒 + 𝑅𝑣𝑒) cos(𝛼𝑝/2) − 𝑅𝑣𝑒 sin(𝜀)] (A.5)

91



BiSoft.Q geometry details

Figure A.1: Pleated geometry representation in the terminal cross-sectional plane. 𝐴𝑎,[]
is the antagonistic area which causes a decrease in actuator pull forces.

where the auxiliary angle 𝜀 can be derived from Figure A.2 (a) as:

𝜀 = 𝜋
2

− sin−1
(

𝐻𝐶𝑣𝑒
𝐶𝑐𝑒𝐶𝑣𝑒

) − tan−1
(

𝐵𝐶𝑣𝑒
𝐵𝐶𝑐𝑒

) (A.6)

𝐶𝑐𝑒𝐶𝑣𝑒 = √𝐵𝐶2
𝑣𝑒 + 𝐵𝐶2

𝑐𝑒 (A.7)

𝐻𝐶𝑣𝑒 = 𝑅𝑐𝑒 + 𝑅𝑣𝑒 (A.8)

The remaining two auxiliary angles 𝛿 and 𝛾 can be obtained from the two geometrical
construction in Figure A.2 (b) and (c) by means of the sine formula for the two 𝑂′𝐶𝑐𝑒𝑆𝑐𝑒
and 𝑂′𝑆𝑣𝑒𝐶𝑣𝑒 triangles:

𝛿 = tan−1
⎛
⎜
⎜
⎜
⎝

sin (𝛽𝑒)
𝑅𝑜𝑒
𝑅𝑐𝑒

+ cos(𝛽𝑒) − 1

⎞
⎟
⎟
⎟
⎠

(A.9)

𝛾 = tan−1
⎛
⎜
⎜
⎜
⎝

sin (𝛽𝑒 − 𝛼𝑝/2)
𝑅𝑖𝑒
𝑅𝑣𝑒

+ cos(𝛽𝑒 − 𝛼𝑝/2) − 1

⎞
⎟
⎟
⎟
⎠

(A.10)

where

𝛽𝑒 = 𝜋 − tan−1
(

𝑦𝑆𝑐𝑒
− 𝑦𝑆𝑣𝑒

𝑥𝑆𝑐𝑒
− 𝑥𝑆𝑣𝑒 )

(A.11)

The geometry thus defined in the terminal cross-sectional plane is extruded along
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Figure A.2: (a) Geometric construction to derive 𝑆𝑐𝑒 and 𝑆𝑣𝑒 points. (b) Computation
of 𝛿 angle, (c) computation of 𝛾 angle.

𝑘̂ direction following the longitudinal crest and valley primitive arcs depicted in Fig-
ure 2.1 (a). To derive 𝑅𝑜𝑚 and 𝑅𝑖𝑚, let consider the two arc angles 𝜑[𝑐,𝑣], respectively
referred to the crest and valley fibre and defined in Figure 2.3 (a) and Figure 2.2. The
two values can be linked to 𝐿 and 𝑙[𝑐,𝑣] by means of the following equation:

sin(𝜑[𝑐,𝑣])
𝜑[𝑐,𝑣]

= 𝐿
𝑙[𝑐,𝑣]

(A.12)

that does not have an analytical solution but can be numerically solved. Thus, 𝑅[𝑜,𝑖]𝑚
can be computed as:

𝑅[𝑜,𝑖]𝑚 = 𝑅[𝑜,𝑖]𝑒 +
𝑙[𝑐,𝑣]

2 𝜑[𝑐,𝑣]
(1 − cos(𝜑[𝑐,𝑣])) (A.13)
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To derive the two remaining terms 𝑅[𝑐,𝑣]𝑚, namely the radii of arcs I and II in the cross-
sectional median section, it is here assumed 𝛿 and 𝛾 remain constant moving from plane
B-B to A-A in Figure 2.2. They are, therefore, calculated in a similar manner to that
described above.
Let now consider the bellows geometry, reintroducing the notation [ ][ ],𝑏 to refer to a

Figure A.3: Bellows primitive geometry representation.

bellows geometric quantity. Referring to Figure A.3, the half-height ℎ𝑏 and the length
of segment 𝐴𝑏𝐵𝑏 can be easily obtained:

ℎ𝑏 = 𝐿
2𝑁𝑏

(A.14)

𝐴𝑏𝐵𝑏 =
𝑙ℎ,𝑏

cos 𝛼𝑏
(A.15)

𝑙ℎ,𝑏 =
ℎ𝑏

tan 𝛼𝑏
(A.16)

where it was implicitly assumed that the bellows has the same height 𝐿 as the pleated
geometry. Lastly, the lengths 𝑟[𝑐,𝑣],𝑏 are:

𝑟𝑣,𝑏 = 𝑅𝑖,𝑏 + 𝑅𝑣,𝑏 (A.17)

𝑟𝑐,𝑏 =
𝐷𝑏
2

−
𝑅𝑐,𝑏

sin 𝛼𝑏
(A.18)

with:
𝐷𝑏 = 𝑑𝑏 + 2𝑙ℎ,𝑏 (A.19)

𝑑𝑏 = 2 (𝑅𝑖,𝑏 − 𝑅𝑣,𝑏 (
1 − sin 𝛼𝑏
sin 𝛼𝑏 )) (A.20)

94



A.1 – Membrane analytical definition

A.1 Membrane analytical definition
This section describes the analytical definition of both the BiSoft.Q membrane in a
generic configuration 𝑥min ≤ 𝑥 ≤ 𝑥max. In a similar manner to the previous Appendix,
the subscript [ ][ ],𝑝 is omitted for brevity, while [ ][ ],𝑏 is used to refer to the bellows.
The pleated membrane geometry in its generic configuration can be estimated by im-
posing the translation of 𝑃𝑐𝑒,𝑝 along 𝑘̂ of a value 𝑥, as depicted in Figure 2.3 (a). For
the adopted fibre in-extensibility assumption, the angles 𝜑[𝑐,𝑣](𝑥) can be expressed by
introducing 𝑥 in Equation A.12:

sin(𝜑[𝑐,𝑣])
𝜑[𝑐,𝑣]

= 𝐿 + 𝑥
𝑙[𝑐,𝑣]

(A.21)

which leads, in particular, to the computation of the crest arc radius 𝑟𝑐(𝑥) and the posi-
tion of its centre 𝑂𝐶𝑐 = 𝑂𝐶𝑐(𝑥), both shown in Figure A.4:

𝑟[𝑐,𝑣] =
𝑙[𝑐,𝑣]

2 𝜑[𝑐,𝑣](𝑥)
(A.22)

Let now introduce the two polar coordinates (𝜗1, 𝜗2), respectively the latitude and lon-
gitude, displayed in Figure 2.4 (a). The following equation holds for the analytical defi-
nition of the longitudinal crest fibre 𝑂𝑊 (0, 𝜗2, 𝑥) = 𝑅(𝜗2, 𝑥):

𝑅(𝜗2, 𝑥) = 𝑌𝐶𝑐
cos(𝜗2) + √𝑟2

𝑐 − 𝑌 2
𝐶𝑐
sin2(𝜗2) (A.23)

where 𝑌𝐶𝑐
is the coordinate of 𝐶𝑐 along ̂𝑗. The generic outer radius 𝑅𝑜(𝜗2, 𝑥) can now

be written as:
𝑅𝑜(𝜗2, 𝑥) = 𝑅(𝜗2, 𝑥) cos(𝜗2) (A.24)

Before deriving the explicit surface formulation Σ(𝜗1, 𝜗2, 𝑥) as defined in Equation 2.3,
let introduce the following auxiliary values:

𝐴(𝜗2) =
𝑅𝑜
𝑅𝑐

, 𝐵(𝜗2) =
𝑅𝑖
𝑅𝑣

, 𝐶(𝜗2) =
𝑅𝑐
𝑅𝑣

(A.25)

that can be reformulated as follows:

𝐴(𝜗2) = 1 +
sin(𝛽(𝜗2))
tan(𝛿)

− cos(𝛽(𝜗2)) (A.26)

𝐵(𝜗2) =
sin(𝛽(𝜗2) − 𝛼/2)

tan(𝛾)
+ cos(𝛽(𝜗2) − 𝛼/2) − 1 (A.27)

𝐶(𝜗2) =
1 − (𝐵(𝜗2) + 1) cos(𝛽(𝜗2) − 𝛼/2)

(1 − 𝐴(𝜗2)) cos(𝛽(𝜗2)) − 1
(A.28)
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Figure A.4: Geometrical construction to derive the crest arc radius 𝑟𝑐(𝑥) and point 𝑂𝐶𝑐.

where 𝛽(𝜗2) is the inclination angle of segment II in the generic cross-section, and it
can be derived in a similar manner to what described in Appendix A.
The pleated geometry can hence be defined within the range:

0 ≤ 𝜗1 ≤ 𝛼𝑝/2
−𝜗2,max ≤ 𝜗2 ≤ 𝜗2,max

𝑥min ≤ 𝑥 ≤ 𝑥max

and 𝜗2,max defines the latitude of point 𝑃𝑐𝑒,𝑝:

𝜗2,max(𝑥) = tan−1
(

𝐿 + 𝑥
2 𝑅𝑜𝑒 ) (A.29)

Let consider the generic cross-section. As regards to the first segment I, it is described
as an arc with a radius of 𝑅𝑐(𝜗2, 𝑥) and centred in (0,𝑅𝑜 − 𝑅𝑐):

𝜌(𝜗1, 𝜗2, 𝑥)𝐼 = (𝑅𝑜 − 𝑅𝑐) cos(𝜗1) + √𝑅2
𝑐 − (𝑅𝑜 − 𝑅𝑐)2 sin2(𝜗1) (A.30)

and 𝑅𝑐 for the generic section can be derived from Equation A.25. Equation A.30 can
also be reformulated by introducing the term 𝐴:

𝑅𝑜 − 𝑅𝑐 = 𝑅𝑐 (
𝑅𝑜
𝑅𝑐

− 1) = 𝑅𝑐 (𝐴 − 1) (A.31)

thus leading to the following result:

𝜌(𝜗1, 𝜗2, 𝑥)𝐼 = 𝑅𝑐(𝜗2, 𝑥)((𝐴(𝜗2) − 1) cos(𝜗1) + √1 − (𝐴(𝜗2) − 1)
2 sin2(𝜗1) ) (A.32)
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for:
0 ≤ 𝜗1 ≤ 𝛿 (A.33)

On other hand, the second portion II is a straight segment, whose slope is equal to
− tan (𝛽) and its intercept 𝑞 results to be equal to:

𝑞 =
𝑅𝑐 + (𝑅𝑜 − 𝑅𝑐) cos(𝛽)

cos(𝛽)
(A.34)

and:

𝜌(𝜗1, 𝜗2, 𝑥)𝐼𝐼 =
𝑅𝑐(𝜗2, 𝑥) + (𝑅𝑜 − 𝑅𝑐) cos(𝛽)

cos(𝜗1 − 𝛽)
=

=𝑅𝑐(𝜗2, 𝑥)
(

1 + (𝐴(𝜗2) − 1) cos(𝛽)
cos(𝜗1 − 𝛽) )

(A.35)

for:
𝛿 ≤ 𝜗1 ≤ (𝛼𝑝/2) − 𝛾 (A.36)

Lastly, the latter portion III can be derived in a similarmanner towhat shown for portion
I, now considering an arc centred in (𝑅𝑖 + 𝑅𝑣)(sin (𝛼𝑝/2), cos (𝛼𝑝/2)) and with a radius
of 𝑅𝑣(𝜗2, 𝑥):

𝜌(𝜗1, 𝜗2, 𝑥)𝐼𝐼𝐼 = (𝑅𝑖 + 𝑅𝑣) cos(𝜗1 − 𝛼𝑝/2) − √𝑅2
𝑣 − (𝑅𝑖 + 𝑅𝑣)2 sin2(𝜗1 − 𝛼𝑝/2) (A.37)

that can be reformulated by introducing 𝐵 and 𝐶:

𝑅𝑖 + 𝑅𝑣 = 𝑅𝑣 (
𝑅𝑖
𝑅𝑣

+ 1) = 𝑅𝑣 (𝐵 + 1) =
𝑅𝑐
𝐶

(𝐵 + 1) (A.38)

which results in the following equation:

𝜌(𝜗1, 𝜗2, 𝑥)𝐼𝐼𝐼 =
𝑅𝑐(𝜗2)
𝐶(𝜗2) ((𝐵(𝜗2) + 1) cos(𝜗1 −

𝛼𝑝

2 ) +

− √1 − (𝐵(𝜗2) + 1)
2 sin2

(𝜗1 −
𝛼𝑝

2 ) ) (A.39)

for:
𝛼𝑝 / 2 − 𝛾 ≤ 𝜗1 ≤ 𝛼𝑝 / 2 (A.40)

Therefore, OW′ = 𝜌 can be defined piecewise and OW can be calculated according to
Equation 2.3:

OW′ = [
𝑋
𝑌 ] =

⎧⎪
⎨
⎪⎩

𝜌𝐼 0 ≤ 𝜗1 ≤ 𝛿
𝜌𝐼𝐼 𝛿 ≤ 𝜗1 ≤ 𝛼𝑝 / 2 − 𝛾
𝜌𝐼𝐼 𝛼𝑝 / 2 − 𝛾 ≤ 𝜗1 ≤ 𝛼𝑝 / 2

(A.41)
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Σ(𝜗1, 𝜗2, 𝑥) = OW =
⎡
⎢
⎢
⎣

𝑋
𝑌

√𝑋2 + 𝑌 2 tan (𝜗2)

⎤
⎥
⎥
⎦

(A.42)

Let now consider the bellows membrane. Similarly to what depicted for the pleated
geometry, the generic membrane configuration is shown in Figure 2.3 (c). By referring
to Figure A.3, the following geometrical bellows parameters can be estimated:

ℎ𝑏(𝑥) =
𝐿𝑏 + |𝑥|

2𝑁𝑏
(A.43)

𝛼𝑏(𝑥) = sin−1
(

ℎ𝑏(𝑥)
𝐴𝑏𝐵𝑏 ) (A.44)

𝑅𝑣,𝑏(𝑥) =
(𝑅𝑖,𝑏 − 𝑑𝑏/2) sin 𝛼𝑏(𝑥)

1 − sin 𝛼𝑏(𝑥)
(A.45)

𝑅𝑐,𝑏(𝑥) =
ℒ𝑏 − 𝑅𝑣,𝑏(𝑥) (𝜋/2 − 𝛼𝑏(𝑥))
𝜋/2 − 𝛼𝑏(𝑥) − 1/ tan 𝛼𝑏(𝑥)

−
(ℎ𝑏(𝑥) − ℎ1,𝑏(𝑥))/ sin 𝛼𝑏(𝑥)
𝜋/2 − 𝛼𝑏(𝑥) − 1/ tan 𝛼𝑏(𝑥)

(A.46)

with:
ℎ1,𝑏(𝑥) = 𝑅𝑣,𝑏(𝑥) cos 𝛼𝑏(𝑥) (A.47)

and ℒ𝑏 is computed with respect to the undeformed configuration:

ℒ𝑏 = 𝑅𝑣,𝑏 (
𝜋
2

− 𝛼𝑏) + 𝑅𝑐,𝑏 (
𝜋
2

− 𝛼𝑏) +
ℎ𝑏 − ℎ1,𝑏 − 𝑅𝑠,1 cos 𝛼𝑏

sin 𝛼𝑏
(A.48)

It is worth noting the above equations where derived by assuming the length 𝐴𝑏𝐵𝑏 as
constant, i.e. assuming the actuator deformation solely consists of the folding/unfolding
process.

The generic angle 𝜑(𝜃1, 𝑥) in Equation A.12 is a function of the latitude 𝜗1 and the
linear stroke 𝑥. Let consider the geometric construction in Figure A.5:

𝑟(𝜗1, 𝑥)(1 − cos(𝜑)) = 𝜌(𝜗1, 0, 𝑥) − 𝜌(𝜗1, 𝜗2,max, 𝑥) (A.49)

𝑟(𝜗1, 𝑥) sin(𝜑, 𝑥) = 𝐿 + 𝑥
2

(A.50)

Let combine Equations A.49 and A.50 by making 𝑟 explicit and let reformulate the re-
sulting equation by exploiting the half-angle and double-angle formulae for sine:

𝜑(𝜗1, 𝑥) = 2 tan−1
(

2
𝐿 + 𝑥 (𝜌(𝜗1,0) − 𝜌(𝜗1, 𝜗2,max))) (A.51)
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where the maximum longitude can be derived by considering the longitudinal crest
fibre, for which the following applies:

𝜌(0, 𝜃2, max) = 𝑅𝑜𝑒,𝑝 (A.52)

𝜗2,max(𝑥) = tan−1
(

𝐿 + 𝑥
2 𝑅𝑜𝑒,𝑝 ) (A.53)

Figure A.5: Representation of angle 𝜑(𝜃1, 𝑥).

A.2 Antagonist area and internal volumes
The evaluation of the antagonist area 𝐴𝑎 in Figure 2.5 (b) and (c) starts from the com-
putation of the three portions 𝐴𝑎,[𝐼,𝐼𝐼,𝐼𝐼𝐼] in Figure A.1. The area of the terminal cross-
section of the pleated membrane is clearly equal to:

𝐴𝑎,𝑝 = 2 𝑁 (𝐴𝑎,𝐼 + 𝐴𝑎,𝐼𝐼 + 𝐴𝑎,𝐼𝐼𝐼) (A.54)

The first portion 𝐴𝑎,𝐼 can be estimated as the union of the circular sector centred in
𝐶𝑐𝑒, a radius of 𝑅𝑐𝑒 and a central angle 𝛽𝑒; and the triangle 𝑂′𝐶𝑐𝑒𝑆𝑐𝑒 in Figure A.6 (a):

𝐴𝑎,𝐼 = 1
2

𝑅2
𝑐𝑒 𝛽𝑒 + 1

2
(𝑅𝑜𝑒 − 𝑅𝑐𝑒)𝑅𝑐𝑒 sin(𝛽𝑒) = 1

2
𝑅2

𝑐𝑒 𝛽𝑒 + 1
2

𝑅2
𝑐𝑒(𝐴 − 1) sin(𝛽𝑒) (A.55)

On other hand, the area of the second portion can be evaluated by considering the
triangle 𝑂′𝑆𝑐𝑒𝑆𝑣𝑒 in Figure A.6 (b):

𝐴𝑎,𝐼𝐼 = 1
2

𝑂′𝑆𝑐𝑒 ⋅ 𝑆𝑐𝑒𝑆𝑣𝑒 sin(
𝜋
2

− (𝛽𝑒 − 𝛿)) (A.56)
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Figure A.6: Computation of the antagonistic area, (a) portion I, (b) portion II.

where:

𝑆𝑐𝑒𝑆𝑣𝑒 = (𝑂′𝑆2
𝑐𝑒 + 𝑂′𝑆2

𝑣𝑒 − 2𝑂′𝑆𝑐𝑒 ⋅ 𝑂′𝑆𝑣𝑒 cos(𝛼𝑝/2 − 𝛿 − 𝛾))
1/2

(A.57)

𝑂′𝑆𝑐𝑒 = ((𝑅𝑜𝑒 − 𝑅𝑐𝑒)2 + 𝑅2
𝑐𝑒 − 2(𝑅𝑜𝑒 − 𝑅𝑐𝑒)𝑅𝑐𝑒 cos(𝜋 − 𝛽𝑒))

1/2
(A.58)

Finally, the area of the last portion can be computed as the difference between the trian-
gle 𝑂′𝑆𝑣𝑒𝐶𝑣𝑒 and the circular sector centred in 𝐶𝑣𝑒, a radius of 𝑅𝑣𝑒 and a central angle
of 𝛽𝑒 − 𝛼𝑝/2:

𝐴𝑎,𝐼𝐼𝐼 =1
2

(𝑅𝑖𝑒 + 𝑅𝑣𝑒)𝑅𝑣𝑒 sin(𝛽𝑒 −
𝛼𝑝

2 ) − 1
2

𝑅2
𝑣𝑒 (𝛽𝑒 −

𝛼𝑝

2 ) =

=1
2

𝑅2
𝑐𝑒

𝐶2 ((𝐵 + 1) sin(𝛽 −
𝛼𝑝

2 ) − (𝛽𝑒 −
𝛼𝑝

2 )) (A.59)

On other hand, the evaluation of the antagonist area of the bellows is straightforward:

𝐴𝑎,𝑏 = 𝜋𝑅2
𝑖,𝑏 (A.60)

The net antagonist area can thus be derived also considering the different type A and
B working modes, as observed in section 2.2.2:

𝐴𝑎 =
{

𝐴𝑎,𝑝 − 𝐴𝑎,𝑏 type A
𝐴𝑎,𝑝 type B

(A.61)
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Let now focus on the internal volumes computation. To this aim, let consider the di-
vergence theorem in its generic form:

∫𝑉
∇ ⋅ 𝑞 𝑑𝑉 = ∮𝜕𝑉

𝑞 ⋅ ̂𝑛 𝑑𝐴 (A.62)

where 𝛿𝑉 is the boundary of region 𝑉 and q is a vector field. Thus, thanks to the BiSoft.Q
geometric simmetry, let apply Equation A.62 to the (1/2𝑁)-th portion of the pleated
membrane, as shown in Figure A.7. The right-hand side on Equation A.62 can be de-
composed as follows:

∮𝜕𝑉
q ⋅ ̂𝑛 𝑑𝐴 =

5

∑
𝑚=1

∫𝐴𝑚

q ⋅ ̂𝑛𝑚 𝑑𝐴 (A.63)

where ̂𝑛1 is defined in Equation 2.5 and the remaining unit vectors are equal to:

̂𝑛2 = (0, 0, 1) (A.64)
̂𝑛3 = (0, 0,−1) (A.65)
̂𝑛4 = (−1, 0, 0) (A.66)
̂𝑛5 = (cos(𝛼𝑝/2),− sin(𝛼𝑝/2), 0) (A.67)

Let now choose a convenient expression for q:

q = (0, 0,𝑍) (A.68)

which enables to make null the fourth and fifth term of the summation in Equation A.63.
The remaining terms can be reformulated as follows:

𝐴2 = 𝐴3 = 𝐴𝐼 + 𝐴𝐼𝐼 + 𝐴𝐼𝐼𝐼 (A.69)

∫𝐴[2,3]

q ⋅ ̂𝑛[2,3] 𝑑𝐴 = 𝐿 + 𝑥
2

(𝐴𝐼 + 𝐴𝐼𝐼 + 𝐴𝐼𝐼𝐼) (A.70)

As regards to the left-hand side of Equation A.63, since ∇ ⋅ 𝑞 = 1, it merely represents
the internal volume of the (1/2𝑁)-th pleated membrane portion. The total volume 𝑉𝑝
is thus equal to:

𝑉𝑝(𝑥) = 2 𝑁( ∫
𝛼𝑝/2

0 ∫
𝜗2,max

−𝜗2,max

𝑍(𝜗1, 𝜗2, 𝑥) 𝑛1,𝑘 𝑑𝜗1𝑑𝜗2 + (𝐿 + 𝑥)(𝐴𝐼 + 𝐴𝐼𝐼 + 𝐴𝐼𝐼𝐼) )
(A.71)

On other hand, the bellows geometry can be estimated as:

𝑉𝑏(𝑥) = 2 𝑁𝑏(𝑉𝐼,𝑏(𝑥) + 𝑉𝐼𝐼,𝑏(𝑥) + 𝑉𝐼𝐼𝐼,𝑏(𝑥)) (A.72)

where the three bellows portions II, II and III are shown in Figure A.3, and are equal to:

𝑉𝐼,𝑏(𝑥) = 𝜋 𝑅𝑡1,𝑏(𝑥)2 ℎ1,𝑏(𝑥) − 2 𝜋 𝑟𝑣,𝑏(𝑥)𝐴𝑣,𝑏(𝑥) (A.73)
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Figure A.7: Representation of the internal volume of the (1/2𝑁)-th portion of the
pleated membrane. The flux of q through both 𝐴4 and 𝐴5 is null.

𝑉𝐼𝐼,𝑏(𝑥) = 1
3

𝜋 (ℎ2,𝑏(𝑥) − ℎ1,𝑏(𝑥))(𝑅𝑡1,𝑏(𝑥)2 + 𝑅𝑡1,𝑏(𝑥)𝑅𝑡2,𝑏(𝑥) + 𝑅𝑡2,𝑏(𝑥)2
) (A.74)

𝑉𝐼𝐼𝐼,𝑏(𝑥) = 𝜋 𝑅𝑐,𝑏(𝑥)2(ℎ𝑏(𝑥) − ℎ2,𝑏(𝑥)) + 2 𝜋 𝑟𝑐,𝑏(𝑥)𝐴𝑐,𝑏(𝑥) (A.75)

where:

𝐴𝑣,𝑏(𝑥) = 1
2(𝑅𝑣,𝑏(𝑥)2

(
𝜋
2

− 𝛼𝑏(𝑥)) − ℎ1,𝑏(𝑥)𝑅𝑣,𝑏(𝑥) cos(
𝜋
2

− 𝛼𝑏(𝑥))) (A.76)

𝐴𝑐,𝑏(𝑥) =1
2(𝑅𝑐,𝑏(𝑥)2

(
𝜋
2

− 𝛼𝑏(𝑥)) +

− (ℎ𝑏(𝑥) − ℎ2,𝑏(𝑥)) 𝑅𝑐,𝑏(𝑥) cos(
𝜋
2

− 𝛼𝑏(𝑥))) (A.77)

The internal volumes of the BiSoft.Q chambers can eventually be estimated as follows:

𝑉ch. 1(𝑥) =
{

𝑉𝑝(𝑥) − 𝑉𝑏(𝑥) type A
𝑉𝑝(𝑥) type B

(A.78)

𝑉ch. 2(𝑥) =
{

𝑉𝑏(𝑥) type A
𝑉𝑏(𝑥) − 𝑉𝑝(𝑥) type B

(A.79)
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