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Abstract

The medical community heis expressed a need for flexible medical instruments. Hence,
this work investigates the possibility to use "flexible fluidic actuators" to develop such flexible
instruments. These actuators are driven by fluid, i.e. gas or liquid, and présent a flexible
structure, i.e. an elastically déformable and/or inflatable structure.

Diflferent aspects of the study of these actuators have been tackled in the présent work:

« A literature review of these actuators has been established. It has allowed to identify
the different types of motion that these actuators can develop as well as the design
principles underlying. This review can help to develop flexible instruments based on
flexible fluidic actuators.

« A test bench has been developed to characterize the flexible fluidic actuators.

« A interesting measuring concept has been implemented and experimentally validated

on a spécifie flexible fluidic actuator (the "Pneumatic Balloon Actuator”, PBA). Ac-
cording to this principle, the measurements of the pressure and of the volume of fluid
supplied to the actuator allow to détermine the displacement of the actuator and the
force it develops. This means being able to détermine the displacement of a flexible
fluidic actuator and the force it develops without using a displacement sensor or a force
sensor. This principle is interesting for medical applications inside the human body,
for which measuring the force applied by the organs to the surgical tools remains a
problem.
The study of this principle paves the way for a lot of future works such "is the implémen-
tation and the testing of this principle on more complex structures or in a control loop
in order to control the displacement of the actuator (or the force it develops) without
using a displacement or a force sensor.

« A 2D-model of the PBA has been established and has helped to better understand the
physics underlying the behaviour of this actuator.»

* A miniaturization work has been performed on a particular kind of flexible fluidic actu-
ator: the Pleated Pneumatic Artificial Muscle (PPAM). This miniaturization study has
been maide on this type of actuator because, according to theoretical models, minia-
turized PPAMSs, whose dimensions are small enough to be inserted into MIS medical
instruments, could be able to develop the forces required to allow the instruments to
perform most surgical actions. The achieved miniaturized muscles have a design similar
to that of the third génération PPAMs developed at the VUB and présent a total length
of about 90 mm and an outer diameter at rest of about 15 mm. One of the developed
miniaturized PPAMs has been pressurized at p = 1 bar and it was able to develop a
pulling force F — 100 N while producing a contraction € = 4 %.

Propositions have been made regarding a further miniaturization of the muscles.
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Chapter 1

INntroduction

1.1 Context of the research

Flexible instruments, i.e. instruments presenting a large number of degrees of freedom (DOFs)
and able to perform snake-like movements when avoiding obstacles, can find a lot of appli-
cations in the medical field and the three following examples will bring this to light.

1. During a Minimally Invasive surgery (MIS) procedure, only a few small incisions are
performed in the patient’s body to insert the surgical tools and a caméra for visualiza-
tion. The tools manipulated by the surgeons are rigid rods, presenting four DOFs (see
Fig. 1.1), sliding in trocars (which are used to keep the incisions open) and whose tips
are analogous to the instruments used in open surgery [69].

Robotically-assisted Systems for MIS (such as the Zeus System or the da Vinci System)
héave been commercially available for about ten years. Compared to traditional MIS, the
rigid rods are equipped with articulated wrists placed at their tips and which présent
up to two DOFs. These robotically-assisted Systems brought about a lot of advantages
to MIS such as a more comfortable settling of the surgeon during the operation and an
improved motion précision thanks to tremor filtering and motion scaling [33].
Nonetheless, some drawbacks remain in chest surgery such as a limited dexterity and
working space. Due to these two inconveniences, the insertion points sometimes need to
be replaced during the operation, to allow the surgeons to do the necessary movements
and to reach the target points [69]. In [33], a surgeon trained with the Zeus System
explains that this is due to the rigid rods passing between the ribs and he proposes to
develop flexible instruments. In addition to this opinion, [69] gathers the views of other
surgeons and engineers about the shortcomings of the existing surgical robots (notably
the da Vinci System) and underlines a need for instruments presenting high mobility.

2. In the fleld of endoluminal surgery, where the surgical tools pass through natural ori-
fices, a need for flexible tools is also expressed by the medical community [4].

3. Concerning cathéters, which are flexihle tubes inserted into vessels, [46] mentioned the
need for active cathéters, i.e. actuated cathéters able to move their shaft, to ease their
insertion. Indeed, the insertion of classical passive cathéters is difficult due to the small
diameter of the vessels and their complex shape (with bending, twisting and branching).

For MIS applications, instruments must hdve a diameter less than 10 mm [66] while the

diameter of cathéters can be as low as 1 mm or less [60]. Developing flexible instruments for
medical applications is thus a miniaturization challenge.

11



1.2. Flexible Fluidic Actuators and aim of the thesis

Figure 1.1: Four DOFs in Minimally Invasive Surgery: one translation, one axial rotation
and two rotations around the insertion point. Figure adapted from [28].

1.2 Flexible Fluidic Actuators and aim of the thesis

"Flexible Fluidic Actuators” is the name we decided to give to actuators driven by fluid,
i.e. gas or liquid, and presenting a flexible structure, i.e. an elastically déformable and/or
inflatable structure. As will be shown later in more details, such actuators présent interesting
features regarding medical applications. Hence, the aim of the thesis is to study these actu-
ators and to investigate whether it is interesting to use them to develop flexible instruments
for medical applications.

1.3 Content and contributions of the thesis

Chapter 2 allows to become familiar with the flexible fluidic actuators. It lists the advantages
and drawbacks linked to the use of these actuators, discusses about the miniaturization of
the périphéries of these actuators and présents a literature review of these actuators. This
review has been published (see [40]) and is the first contribution of the thesis. It shows the
different design principles of these actuators and it sorts them according to their ability to
stretch themselves or shorten, bend themselves or rotate. Hence, this review can help to
design medical flexible instruments based on flexible fluidic actuators.

Among the interesting features linked to the use of flexible fluidic actuators, one has

caught our eye. Indeed, in [79], a flexible fluidic actuator, called "the Flexible Microactuator",
is presented and it is suggested that the measurements of the fluid pressure and of the volume
of supplied fluid allow to détermine and control the position of the actuator and the force
it develops. This property, that will hereafter be referred to as the "Pressure-Volume-Force-
Position principle" or "PVFP principle", means being able to détermine the displacement of
a flexible fluidic actuator and the force it develops without using a displacement sensor or
a force sensor [79]. The PVFP principle is schematically presented in Fig. 1.2. According
to us, this measuring principle can be applied to ail flexible fluidic actuators whatever the
actuation fluid (compressible or incompressible).
To study and implement the PVFP principle, a flexible fluidic actuator called "Pneumatic
Balloon Actuator” (PBA) has been used. This actuator, invented by [50], has been selected
among the actuators of the review because it has a simple design, one DOF and because it
is easily manufactured. An example of such an actuator is presented in Fig. 1.3. A PBA is
composed of two square layers whose materials have different rigidities, the upper layer being
less rigid than the lower one. Both layers are fixed to each other along their surrounding edge
and this forms a square cavity. The actuator is fixed as a cantilever and when the cavity is
pressurized, the actuator free end moves upwards.

12



1.3. Content and contributions of the thesis

measurement of . displacement of
the fluid pressure PVFP principle the actuator
implemented on the
measurement of the . flexible fluidic actuator force developed
volume of supplied fluid by the actuator

Figure 1.2: Schematic représentation of the PVFP principle: according to this principle, the
measurements of the fluid pressure and of the volume of supplied fluid allow to détermine
and control the position of the actuator and the force it develops.

Bendup
SUicene nibber

Polyintide
substrate

Silicon ribs

Figure 1.3: Working principle of a Pneumatic Balloon Actuator (PBA): PBA at rest and
pressurized PBA on the left hand side and the right hand side, respectively.

Fig. 1.4 présents a PBA linked to a syringe-pump; the actuation fluid is air. The volume

of fluid supplied to the actuator is considered to be the volume swept by the piston during
its displacement; this swept volume is proportional to the piston displacement u and equals
Su, where S is the syringe-pump cross-section. Therefore, the piston displacement u will be
used for the PVFP principle rather than the swept volume.
When a displacement u is imposed to the piston, the inner pressure pin increases and the
PBA inflates and its free end A moves upwards. The vertical and horizontal displacements of
this point are Aj/lo and Axq, respectively. Afterwards, keeping the piston position constant,
if a weight w is hung from the PBA free end, the inner pressure pi, increases and the
displacements Ay and Ax of the PBA free end decrease. According to the PVFP principle,
knowing the values of pi,, and u allows to détermine the displacements of point A and the
value of the weight w.

Pout — Patm

Figure 1.4: Pneumatic Balloon Actuator (PBA) linked to a syringe-pump.
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1.3. Content and contributions of the thesis

PBAs have been manufactured and the PVFP principle has been successfully implemented
on a PBA. To do so, experimental models of the behaviour of the PBA have been established
and then used to predict the actuator displacements Ax and Ay and the load tu attached
from its end, on the basis of the meeisurements of u and pi,. This experimental validation
of the PVFP principle on a PBA constitutes the second contribution of the thesis and it
is presented in Chapter 5 as well as a discussion about the practical implémentation of the
PVFP principle in a targeted application.

The PVFP principle is an interesting measuring concept for applications where the space is
limited and where a miniaturization effort is required. This is for example the case in Tele-
operated MIS where it is necessary to measure the force applied by the tools to the organs to
ensure a force feedback of good quality. Obtaining this measurement is not straightforward.
Indeed, if the force sensor is placed on the tool, outside the body of the patient, the measure-
ment will be polluted by the friction of the trocar. To solve this problem, some researchers
propose to place the sensor at the end of the tool inside the body but this raises the challenge
to develop a small and sterilizable force sensor [64]. Using flexible fluidic actuators to actuate
the surgical tools and exploiting the PVFP principle would allow to measure the force applied
to the organs without the need for a force sensor. Besides, the measurements of the fluid
pressure and of the volume of supplied fluid could be performed outside the patient’s body.

A 2D-model of the PBA is presented in Chapter 6; it has been built in order to better
understand the physics underlying the behaviour of this actuator. The results provided by
this model hadve been compared with the measurements performed on two PBAs. Because of
the numerous assumptions on which the model rests, its quantitative results are far from the
measurements performed on the prototypes and other comparisons with experimental results
are needed to assess whether the qualitative results provided by the model are correct. How-
ever, this model is able to predict the bidirectional behaviour that heis been experimentally
noticed by different researchers on PBAs made of only one material (the upper membrane
being thinner than the lower one). A PBA presenting a bidirectional behaviour moves its end
upwards when it is pressurized until a given pressure level is reached and above this level,
the PBA tip is moved downwards.

This model constitutes the third contribution of this thesis.

A literature review (see Table 1.1) has established that a force of about 13 N is required
at the end of a surgical instrument to allow the execution of ail the surgical gestures. Fig. 1.5
présents schematically a surgical instrument having a length L and a width /. F is the force
applied by the organs to the tip of the surgical instrument, a is the angle of inclination of
the instrument. Two actuators are located at the basis of the instrument and apply vertical
downwards forces F' and F" to the points A and B of the instrument, respectively. The
actuators act one at atime: if F' >0, F*=0and when F" >0, F' =0. ForL =21, ifa
equals tt/2 and if only the actuator acting on point A applies a force to the instrument, it has
to develop a force F' = 104 N so that the instrument can develop a force F = 13 N at its tip.
On the other hand, if a equals tt/6, the actuator has to develop a force F* = 208 N so that
the instrument can develop a force F = 13 N at its tip. According to theoretical models, a
miniaturized Pleated Pneumatic Artificial Muscle (PPAM, see Fig. 1.6), whose dimensions
are small enough to be inserted into a MIS medical instrument, could able to develop the
required force of 104-208 N. Therefore, the PPAMs héave been studied in order to assess their
miniaturization potential. The fourth contribution of the thesis is the miniaturization work
donc on the PPAM, in collaboration with the Vrije Universiteit Brussel (VUB) which has
developed this actuator; this is presented in Chapter 7. The achieved miniaturized muscles
have a design similar to that of the third génération PPAMs developed at the VUB and
présent a total length of about 90 mm and an outer diameter at rest of about 15 mm. One
of the miniaturized PPAMSs h£is been pressurized at p = 1 bar and it was able to develop a

14



1.3. Content and contributions of the thesis

pulling force F = 100 N while producing a contraction e = 4 %.

Source Action Organ Force measurement
1361 Piercing Sheep heart Max force: 0.3 N
[64T< Suturing Rat: skin, muscle and Max force: 2.3 N

liver tissue
|83r<¢ MIS actions: Cutting, suturing Pelvi-trainer (in vitro), Force range:
dissecting, biopsy by traction, pig, human (coelioscopy, 0.48 N to 12.86 N
knotting, palpation, préhension thorticoscopy)
|58r Vtirious MIS Varions Force range: 0.1 N to 3 N

interventional tasks

Table 1.1: Forces measured at the tip of the surgical tools during the execution of different
surgical gestures. For source [83], the minimum value of the force range has been computed,
by a torque equilibrium, from the measurement of the force applied to the handle of the
tool; the maximum value of the force range is the différence between the force applied to the
handle of the tool (14.34 N) and the friction in the trochar (1.48 N).

F'>0and F" =0
F'.d=F.L

with d - -sin(a)

l.sin{a)

ForL=21and F=13 N

Na="mn/2
F'=104 N
2 a—n/6
d F' =208 N

Figure 1.5: The surgical instrument has a length L and a width I. F is the force applied by
the organs to the tip of the surgical instrument, a is the angle of inclination of the instrument.
Two actuators are located at the basis of the instrument and apply vertical downwards forces
F' and F" to the points A and B of the instrument, respectively. The actuators act one at
atime: if F* >0, F” =0 and when F" > 0, F' = 0. For L = 21, if a equals tt/2 and if only
the actuator acting on point A applies a force to the instrument, it has to develop a force
F' = 104 N so that the instrument can develop a force F = 13 N at its tip. On the other
hand, if a equals tt/6, the actuator has to develop a force F' = 208 N so that the instrument
can develop a force F = 13 N at its tip.

To study the PVFP principle and to characterize the PBAs and the miniaturized PPAMs,
a test bench has been developed. It constitutes the fifth contribution of this thesis and its
design and building are described in Chapter 3. This test bench is basically a syringe-pump
composed of a linear motor linked to a cylinder and the output of the cylinder is linked to
the actuator to be studied by a tube. When the motor moves the cylinder piston, the fluid
located in the cylinder chamber and the tubes is compressed and the flexible fluidic actuator
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Figure 1.6: Deflated and inflated States of a PPAM. When pressurized gas is introduced in
this actuator, the membrane bulges out and contracte axially. Figure from [84].

is pressurized.

Finally Chapter 8 présents the conclusions of the thesis and the perspectives for future
Works.

1.4 Reading suggestion

The reader in a hurry can get the gist of this work by reading the following parts:
e Chapter 2 "Flexible fluidic actuators":

— Advantages and drawbacks of flexible fluidic actuators: Section 2.2
— Miniaturization of fluidic actuators périphéries: Section 2.3

— Literature review of the flexible fluidic actuators: the introduction (Section 2.4.1),
the general descriptions of the different categories of flexible fluidic actuators (the
first pages of Sections 2.4.2, 2.4.3, 2.4.4 and 2.4.5) and the conclusion (Section
2.5).

e Chapter 3 "Test bench":

— Description of the test bench: Section 3.5

— Conclusions: Section 3.6

* Chapter 4 "Study of the PVFP principle and of the Pneumatic Balloon Actuators: Test
bench particularities"”

e Chapter 5 "The PVFP principle"
« Chapter 6 "Model of the Pneumatic Balloon Actuator"
e Chapter 7 "Miniaturization of Pleated Pneumatic Artificial Muscles"

« Chapter 8 "Conclusions and perspectives"
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Chapter 2

Flexible fluidic actuators

2.1 Introduction

The aim of this chapter is to get familiar with the flexible fluidic actuators. These actuators
are driven by fluid, i.e. gas or liquid, and présent a flexible structure, i.e. an elastically
déformable and inflatable structure.

Section 2.2 lists the advantages and difflculties linked to the use of these actuators while
Section 2.3 discusses about the miniaturization of their périphéries (such as the valves and
the flow control devices). Indeed, according to the application targeted for the flexible fluidic
actuators, some miniaturization might be necessary and miniaturizing the actuators means
also miniaturizing their périphéries.

Section 2.4 présents a literature review of these actuators. The goal of this review is to
help to develop medical flexible instruments based on flexible fluidic actuators. Therefore,
the review identifles the movement types that these actuators can generate and the design
principles underlying. Hence, it présents the working principle of each actuator and also
focuses on other characteristics such as the DOFs, the materials, the manufacturing process,
the actuator dimensions, the actuation mode (pneumatic or hydraulic), the pressure range
and the performance in terms of developed force and displacement.

Finally, conclusions are presented in Section 2.5.

2.2 Advantages and drawbacks of the flexible fluidic ac-
tuators

The fluidic actuation présents nice features regarding an application inside the human body.
Indeed, it has the non-negligible advantage to prevent having energized parts, i.e. under
electrical voltage, (unlike the electrostatic actuators, the piezoelectric actuators [82], the
Electroactive Polymers or the electromagnetic motors when used inside the body) or high
température parts (unlike the Shape Memory Alloys and thermal actuators) inside a patient’s
body; this increases the safety. As no electrical power is used, operation in presence of
radioactivity or magnetic fleld is possible [25]. In the case of a hydraulic actuation, a stérile
physiological saline solution could be used so that a leakage of the System would have no
conséquence on the patient’s body.

One can think of miniaturizing classical piston-based fluidic actuators but it raises difflculties
regarding the sealing of the chambers. 0-rings and lip seals are no longer suitable [34] because
small variations of the shape or size of the components (seal, seal house or piston) involve
high friction or leakage. [34] proposes to use "restriction seals", i.e. small clearances between
the rod and the orifice. These generate less friction and allow a compromise between the
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leakage and the manufacturing accuracy; the actuator can présent virtually no leakage but
then tolérances in the range of 1 [xm or less are required. However, to avoid leakages and
friction which limit efBciency, we chose to use pressurized elastic déformable chambers, i.e.
flexible fluidic actuators, as suggested by [79].

As these actuators présent no relative motion of parts, static sealings can be used and this
means no need for lubricants, no leakages and no wear particles; consequently these actuators
could possibly operate in clean room, food or agriculture industries [25]. Besides, smooth
motion and précisé positioning are possible to achieve since there is no friction [79] (unlike
piston-based actuators or Systems actuated with cables). In the field of robotics, compliant
structures héve relevant additional advantages over traditional rigid body robots:

e They can handle délicate objects without causing any damage thanks to their own
compliance [25]. This compliance allows them to adapt themselves to their environment
during contacts [25] [67].

» Compared to traditional mechanisms made of articulated rigid parts, compliant struc-
tures allow the réduction of the number of parts necessary to perform a given task [44].
This is an interesting feature regarding miniaturization.

* When they are made of membranes, flexible structures can be very lightweight. If the
instrument is actuated thanks to inflatable membranes, its volume may be reduced
when the membranes are deflated. This is an interesting characteristic if the whole
device has to be inserted into a small orifice.

The combination of a fluidic actuation and a flexible structure also brings advantageous
properties:

* Regarding a medical application, reducing the fluid pressure lets the device loose its
rigidity and lets it regain its initial shape. In emergency cases, it then allows to take
the instrument out of the patient’s body quickly.

e Concerning the "Flexible Microactuator" (FMA, see section 2.4.2) whose actuation
is obtained by the deformation of elastic chambers, [79] said that "By measuring the
volume and pressure of an operating fluid having been supplied, the operator can leam
about the posture of the actuator and the acting force; that is, it is possible to control
the posture and the acting force without equipping a sensor on the distal end of the
actuator.” This remark seems to be applicable to ail devices based on the same actuation
principle.

Nevertheless, a fluidic actuation présents some drawbacks:

< It needs equipment such as pumps, valves and pipes that can be bulky. However, in
the case of a medical application, the pump is placed outside the patient’s body and
will not increase the bulkiness of the instrument inside the body.

* Regarding fluidic micro-actuators, [23] mentioned different drawbacks: the pipes used
to drive the fluid can présent leakages and cause pressure losses which limit efficiency.
Moreover, controlling pressures and débits in small sections is often more délicate than
controlling electrical quantities.s

« Still, an important shortcoming of flexible fluidic actuators lies in their control strategy,
as explained by [25]: "Fluidic flexible robots require sophisticated Controls in order to
reach accurate and repeatable positioning. Purther their dynamics modeling has to fight
with the déformable structure and with not conventional actuations.”

18



2.3. Miniaturization of fluidic actuators peripherics

Comparing liquids and gases, one can note that the compressibility of gases brings more
compliance, leads to a more difficult study and involves thermal losses upon compression.
Air is a readily available source and exhaust gases can be freely evacuated in the ambient air
[71]. Finally, gases lead to more lightweight actuators and to pressure losses a hundred times
smaller than for liquids [80].

2.3 Miniaturization of fluidic actuators peripherics

Regarding the miniaturization of the actuators, [71] explains that the size of the valves and
of the flow control devices needs to be correspondingly reduced as the scale decreases. To
answer this need, the Lee company [6] provides miniature fluidic equipments and custom
miniature valves can be found in the literature, as people developing micro flexible fluidic
actuators sometimes develop their own miniature valves (for example [68] and [46]). Besides,
as thermal time constants decrease nicely when the scale decreases, thermo-pneumatically
controlled valves can be used, in pneumatic Systems, at the meso- and micro-scales [71].

2.4 Literature review of the flexible fluidic actuators

2.4.1 Introduction

This section proposes a review of the flexible fluidic actuators found in the literature. The
goal of this review is to help to develop medical flexible instruments based on flexible fluidic
actuators. Therefore, this review identifies the movement types that these actuators can
generate and the design principles underlying. The working principle of each actuator as
well as some applications are presented and the review also focuses on other characteristics
such as the DOFs, the materials, the manufacturing process, the actuator dimensions, the
actuation mode (pneumatic or hydraulic), the pressure range and the performance in terms
of developed force and displacement. Tables 2.1 and 2.2 summary the characteristics of many
actuators described in this review.

At the light of this review, it has been established that the flexible fluidic actuators can
bend themselves, stretch themselves, shorten or develop a rotational motion and some of
them présent several DOFs. The review sorts the actuators in three categories according to
their bending, rotation or stretching/shortening ability. Two different methods to achieve
bending have been identified and will be described in more details later. The first technique
is based on "internai chambers differently pressurized" and the other one on "anisotropic
rigidity”. Besides, two methods to generate a rotational motion have also been identified.
The actuators based on the first technique présent a structure reinforced in places (with
fibres or by increasing the material thickness) in such a way that when the actuators are
pressurized, their structure involves a rotation. The second method to generate a rotational
motion consists in an articulated structure in which one or several flexible fluidic actuators
are inserted. When the actuators are pressurized, they actuate the structure which involves
a rotation.

The cleissification of the flexible fluidic actuators, according to the movement types they can
generate, is schematically presented in Fig. 2.1.

2.4.2 Bending thanks to internai chambers differently pressurized

The devices based on this principle will hereafter be referred to as "chambers actuators".
They présent elongated chambers placed between two plates and the chambers are designed
in such a way that when they are pressurized, their length increases or decreases. Hence,
when a chamber is pressurized, its length changes while the other chambers keep their initial
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Figure 2.1: Classification of the flexible fluidic actuators according to the movement types
they can generate.

length and consequently the whole device bends. According to the type of actuator, the
bulging of the chambers may be hampered.

Fig. 2.2 présents a chambers actuator having three chambers and the chambers are such that
they stretch themselves when they are pressurized. Hence, if chamber no. 1 is pressurized,
its length increases and the device bends as shown in the figure.

hamber no. |
hamber no. 2

hamber no. 3

Figure 2.2: Chambers actuator presenting three elongated chambers placed between two
plates. The chambers are designed in such a way that their length increases when they are
pressurized. Hence, if chamber no. 1 is pressurized, its length increases while the other
chambers keep their initial length and consequently the whole device bends as shown in the
figure.

The chambers can be of different types (see Fig. 2.3 and 2.4):

e bellows which expand when pressurized (see no. 1 in Fig. 2.3).
For example, a chambers actuator based on bellows has been used in a coloscope [82],
a "Dextrous Underwater Manipulator” [62] and a cathéter or endoscope [47].

« pneumatic artificial muscles which contract when pressurized (see no. 2 in Fig. 2.3).
For example, a chambers actuator based on McKibben pneumatic artificial muscles has
been used in the "Octarm™ [57] which is a continuum manipulator.«

» elastic tubes with mechanical constraints (see no. 3 in Fig. 2.3). The mechanical
constraints are obtained thanks to fibres fixed to the tubes and according to the type
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of mechanical constraints, the elastic tube will shorten, stretch itself, bend itself or
develop a torsion motion.
For example, a chambers actuator based on such elastic tubes is used in [43] and [85].

microballoons (see no. 4 in Fig. 2.3).

A chambers actuator based on microballoons has been used in a positioning System
for a cathéter [68] (see the figure illustrating no. 4 in Fig. 2.3). The balloons are
pressed against the vessel walls and this allows to fix the cathéter tip at a certain place
in the vessel. After this is achieved, changing the balloon’s size enables to change the
orientation of the cathéter tip.

flexible and extensible tubes fixed to a core member (see no. 5 in Fig. 2.4).

Such a chambers actuator is presented in [59]. The core member is made of a flexible
but inextensible material. The tubes are designed in such a way that when pressurized,
they will extend axially but will not bulge radially. When the pressure is increased in
one tube, the other tubes keep their initial length while the core member is not able to
lengthen and it causes the bending of the device. Three designs A, B and C are shown
in the figure illustrating no. 5 in Fig. 2.4; they are composed of one, two and three
tubes, respectively.

internai chambers in a tube (see no. 6 in Fig. 2.4). These chambers are designed in
such a way that they stretch themselves when they are pressurized.

For example, the "Flexible Microactuator" of [73] présents such chambers and it will
be described in more details later.

balloons in a bellows tube (see no. 7 in Fig. 2.4). When they are pressurized, these
balloons stretch themselves.

For example, the "Fluidic Bellows Manipulator" of [25] présents such chambers and it
will be described in more details later.

21



2.4. LiTERATURE review OF THE FLEXIBLE FLUIDIC ACTUATORS

bellows

pneumatic artificial
muscles

elastic tubes
with mechanical
constraints

S V| (fibers)

microballoons

Figure 2.3: "Chambers actuators"; they présent elongated chambers placed between two
plates and the chambers are designed in such a way that when they are pressurized, their
length increases or decreases. Hence, when a chamber is pressurized, its length changes while
the other chambers keep their initial length and consequently the whole device bends. These
chambers can be of different types such as bellows (figure from [67]|), pneumatic artificial
muscles (figure from [26]), elastic tubes with mechanical constraints (figure from [43]) or
microballoons (figure from [68]).

) = core member

= flexible and
extensible tube

internai
chambers
in a tube

Elongated chambers

placed between two
plates balloons in a
bellows tube

Figure 2.4: "Chambers actuators": they présent elongated chambers placed between two
plates and the chambers are designed in such a way that when they are pressurized, their
length increases or decreases. Hence, when a chamber is pressurized, its length changes
while the other chambers keep their initial length and consequently the whole device bends.
These chambers can be of different types such as flexible and extensible tubes fixed to a core
member (figure reproduced from [59]), internai chambers in a tube (figure adapted from [73])
or balloons in a bellows tube.
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A) Example of a chambers actuator presenting internai chambers in a tube: the
"Flexible Microactuator” (FMA)

In [73], [74], [75] and [72], K. Suzumori et al. describe the "Flexible Microeictuator" (FMA),
which is a pneumatic rubber actuator. It is a cylinder presenting three internai chambers and
it is composed of silicone rubber reinforced with nylon fibres disposed in a circular direction
(see Fig. 2.5). The function of these fibres is to create anisotropic elasticity in order to
prevent radial deformations. When a chamber is pressurized, its length increases while the
other chambers keep their initial length and consequently the cylinder bends in the direction
opposite the pressurized chamber. For example, Fig. 2.6 présents a bending FMA whose
chambers no. 1 and 2 are pressurized.

Figure 2.5: Parts of a Flexible Microactuator (FMA); it is a cylinder presenting three internai
chambers and it is composed of silicone rubber reinforced with nylon fibres disposed in a
circular direction. The function of these fibres is to create anisotropic elasticity in order to
prevent radial deformations. Figure from [73].

Figure 2.6: Bending Flexible Microactuator (FMA): when a chamber is pressurized, its length
increases while the other chambers keep their initial length and consequently the cylinder
bends in the direction opposite the pressurized chamber. The figure présents a bending FMA
whose chambers no. 1 and 2 are pressurized. Figure from [73].

An electro-pneumatic (or electro-hydraulic) System is used to control the motion of the
FMA and it enables to control the pressure in the chambers independently. This System
comprises flexible tubes connected to the chambers and to pressure control valves.

The FMA is said to bend in any direction thanks to appropriate pressures in the chambers.
Besides, it can stretch in the axial direction when the pressure is equally increased in ail the
chambers. Hence, an FMA haa three DOFs (one stretching and two bending DOFs).

Several FMAs can be connected in sériés to increeise the number of DOFs and FMAs have
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been used to build a multi-fingered robot hand, walking robots, pipeline inspection robots,
etc.

The FMAs reinforced with fibres are obtained from liquid silicone rubber and nylon fibres,
by a moulding process. The small dies used for this operation are made using an electrical
discharge machining process [74].

In [76] and [77], the authors wanted to miniaturize and integrate FMAs. To achieve this,
the moulding process was no longer suitable and stereo-lithography weis preferred. Since a
product produced by stereo-lithography must be made of a single material, a new design has
been developed to obtain anisotropic elasticity without fibres. This has been achieved thanks
to "restraint beams" (see Fig. 2.7). These are rubber walls added to the FMA chambers to
prevent the radial deformation of the actuator.

Figure 2.7: Cross-section view of a Flexible Microactuator (FMA) with two "restraint beams"
in each chamber: the restraint beams are rubber walls added to the FMA chambers to prevent
the rEidial deformation of the actuator. Hence, they allow the manufacturing of a fibreless
FMA made of only one material, which can thus be processed by stereo-lithography. Figure
redrawn from [76].

Another FMA fibreless design is presented in [78]. The cross-section of this FMA présents
three chambers (and no restraint beams) and the shape of the cross-section has been opti-
mized, by increasing or decreasing the material thickness in places, in order to limit radial
deformation. This design has been developed to allow the manufacturing by an extrusion
moulding process, which reduces the manufacturing costs in comparison with the moulding
process of the fibre-reinforced FMA.

B) Example of a chambers actuator presenting two balloons in a bellows tube:
the "Fluidic Bellows Msuiipulator™

A "Fluidic Bellows Manipulator" is presented in [25]. It comprises two vulcanized balloons
placed in an elastomer bellows tube, closed at both ends (see Fig. 2.8). The bellows tube
is made of an alternation of rigid and compliant rings which enable the tube to bend and
stretch. A polycarbonate floating spine, stiffened by a high-strength Steel sheet, séparates
the balloons.

To operate the device, it has to be fixed at one end while the other remains free. When a
balloon is inflated with air, it expands and the floating spine shifts and takes the shape of the
tube Wall (see Fig. 2.9). The inflated balloon applies a force to the inner side of the device
tip and générates a bending moment with respect to the neutral axis of the structure and
this involves the bending of the manipulator. An equilibrium position is reached when this
bending moment is balanced by the bending moments corresponding to the deformations of
the floating spine and of the tube. Fig. 2.10 présents the actuator bending when one balloon
is pressurized with a given pressure and when the actuator is loEuied by a weight hung at its
end.
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Figure 2.8: Parts of the Fluidic Bellows Manipulator: it comprises two vulcanized balloons
placed in an elastomer bellows tube, closed at both ends. The bellows tube is made of
an alternation of rigid and compliant rings which enable the tube to bend and stretch. A
polycarbonate floating spine, stiffened by a high-strength Steel sheet, séparates the balloons.
Upper figure from [25] and lower figure adapted from [25].

Figure 2.9: Views of the inside of the Fluidic Bellows Manipulator when it is actuated:
when a balloon is inflated with air, it expands and the floating spine shifts and takes the
shape of the tube wall. The inflated balloon applies a force to the inner side of the device
tip and generates a bending moment with respect to the neutral Eixis of the structure and
this involves the bending of the manipulator. An equilibrium position is reached when this
bending moment is balanced by the bending moments corresponding to the deformations of
the floating spine and of the tube. The left figure présents a transverse view of the actuator
while the right figure présents a cross-section view. Figures from [25].
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Figure 2.10: Bending Fluidic Bellows Manipulator: one balloon is pressurized with a given
pressure and a given weight is hung at the end of the actuator. The bending angle a of the
actuator is defined as presented in the figure. Figure adapted from [25].

2.4.3 Bending thanks to anisotropic rigidity

The devices based on this principle présent an elongated shape closed at one end and an
elongated area whose rigidity is higher than that of the rest of the device. This différence in
rigidity is called "anisotropic rigidity”. Fig. 2.11 présents such an actuator whose right side
is more rigid than its left side. When the device is pressurized, the length of the stiffer area
increases less than the rest of the device and consequently the device bends.

Figure 2.11: Side view of a device bending thanks to anisotropic rigidity. The right side is
more rigid than the left side. When the device is pressurized, the length of the stiffer side
increases less than that of the other side and consequently the device bends.

Anisotropic rigidity can be achieved by different ways (see Fig. 2.13 and 2.14):

< by using different thicknesses of material in the actuator, the thicker area being stiffer
than the rest of the device (see no. 1 in Fig. 2.13).
[42] présents an example of such an actuator.s

< by using different matériels presenting different rigidities (see no. 2 in Fig. 2.13).
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The "Pneumatic Balloon Actuator" of [50] is such an actuator and it will be described
in more details later.

* by fixing inextensible fibres or sheets to the actuator or by embedding them in its
material (see no. 3 in Fig. 2.14).
The "FMA gripper" of [74] is such an actuator and it will be described in more details
later. Other examples can be found in [37] (inextensible fibre fixed to the actuator),
[35] (inextensible sheet fixed to the actuator) or [85] (inextensible fibre embedded in
the rubber of the actuator).

* by weakening an area of the actuator with incisions, bellows, etc (see no. 4 in Fig.
2.14).
For example, the "Hydraulic Suction Active Cathéter" presented in [60] (see Fig. 2.12)
belongs to this category. It is composed of a Ti-Ni super elastic alloy structure (pro-
cessed by laser ablation) and of a flexible tube (of silicone rubber) covering the Ti-Ni
structure. The Ti-Ni structure consists of rings connected by "meandering beams" (see
Fig. 2.12) and it créates the anisotropic rigidity of the device. The cathéter is filled
with water and the suction of it involves the bending of the device.

Figure 2.12: Hydraulic Suction Active Cathéter: it is composed of a Ti-Ni super elastic alloy
structure and of a flexible tube (of silicone rubber) covering the Ti-Ni structure. The Ti-Ni
structure consists of rings connected by "meandering beams" and it créates the anisotropic
rigidity of the device. The cathéter is filled with water and the suction of it involves the
bending of the device. Figure adapted from [60].

Concerning the "Hydraulic Forceps" of [54], it is an actuator bending thanks to the
presence of incisions in its structure; it will be described in more details later. Other
examples can be found in [48] and [46] (actuators bending thanks to the presence of
bellows in their structure).
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transverse view; right side

anisotropic thicker than the left side
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&and up
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material B
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cross-section view than material A

Figure 2.13: Flexible fluidic actuators bending thanks to "anisotropic rigidity”. These actu-
ators présent an elongated shape closed at one end and an elongated area whose rigidity is
higher than that of the rest of the device. This différence in rigidity is called "anisotropic
rigidity”. When the device is pressurized, the length of the stiffer area increases less than the
rest of the device and consequently the device bends. Anisotropic rigidity can be achieved by
different ways such as using different material thicknesses in the actuator or using different
materials presenting different rigidities (figure adapted from [50]).

3. inextensible fiber or sheet fixed to the
actuator or embedded in its material

inextensible fibre

anisotropic fixed to the tube

rigidity 4. area weakened by the presence of
incisions, bellows, etc.

Figure 2.14: Flexible fluidic actuators bending thanks to "anisotropic rigidity"”. These actu-
ators présent an elongated shape closed at One end and an elongated area whose rigidity is
higher than that of the rest of the device. This différence in rigidity is called "anisotropic
rigidity”. When the device is pressurized, the length of the stiffer area increases less than the
rest of the device and consequently the device bends. Anisotropic rigidity can be achieved
by different ways such as fixing inextensible fibres or sheets to the actuator or embedding
them in its material or weakening an area of the fictuator with incisions, bellows, etc.
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A) An example of anisotropic rigidity achieved by using different matériels pre-
senting different rigidities: the "Pneumatic Balloon Actuator” (PBA)

In [50], Konishi et al. propose a "Pneumatic Balloon Actuator" (PBA). This device is fixed
as a cantilever and comprises two flexible films. The upper one acts as a membrane and is
a silicone rubber film while the lower one plays the réle of a substrate and is a polyimide
film (see the left part of Fig. 2.15). This différence in the film rigidities involves anisotropic
rigidity. The films are glued to one another along their surrounding edge with silicone rubber
glue and this configuration forms a cavity. When pressurized air is introduced in this cavity,
the silicone rubber film inflates without supporting any bending load (like a membrane). On
the other hand, the polyimide film bends due to the moment produced by the tensile forces
in the membrane. This behaviour results in a large out-of-plane vertical displacement (i.e.
in the j/-direction in Fig. 2.15) and in a horizontal displacement (i.e. in the x-direction in
Fig. 2.15) of the free end of the actuator.

. B«txi up
Silicone rubber

Polyimide
snbstrate

Siliconribs

Figure 2.15: Working principle of a Pneumatic Balloon Actuator (PBA), cross-section views:
PBA at rest and pressurized PBA (P = pressure) on the left hand side and the right hand
side respectively. The PBA is fixed as a cantilever and comprises two flexible films. The
upper one acts as a membrane and is a silicone rubber film while the lower one plays the
réle of a substrate and is a polyimide film. When pressurized air is introduced in the PBA,
the silicone rubber film inflates without supporting any bending load and the polyimide film
bends due to the moment produced by the tensile forces in the membrane. Figure adapted
from [50].

In Fig. 2.15, one can notice the presence of ribs below the polyimide film. These are Sili-
con ribs (obtained by dicing a Silicon beam) glued to the substrate and aimed at preventing
an unwanted swelling of the substrate and at forcing the device to bend around the z-axis of
the ribs, in order to avoid an unwanted corner folding [50].

In order to miniaturize the PBA, the air compresser, that had been used, needed to be
replaced and the authors considered and successfully tested a "liquid to gas" phase transfor-
mation by Joule heating, to obtain the pressure supply.

Miniaturized PBAs can be achieved thanks to micromachining. Indeed, the planar structure
of the PBA suits this technique well and allows distributed micro PBA arrays to be produced
in batches.

PBAs have been used to make a "ciliary motion conveyance System" in which they héave
to Work in a co-operative way to displace an object horizontally, such as a glass plate for
example. Another application is a two DOFs actuator comprising two PBAs.

In [51], Konishi et al. describe micro PBAs which have been used to eictuate a micro hand.
They are composed of two layers of different thicknesses made of PDMS elsistomer, one of the
layers presenting a cavity. When the same PDMS is used for both layers, the PBA présents
a bidirectional bending motion. Indeed, when fixed as a cantilever (with the thicker layer be-
low) and pressurized, the PBA moves its end upwards, until a given pressure level is resiched;
above this level, the PBA tip is moved downwards. On the other hand, a unidirectional
bending motion (i.e. upwards motion only) is achieved in the case of a PBA whose layers are
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made of different PDMS.

The micronsize "Balloon-Jointed Micro-fingers" presented in [56] (see Fig. 2.16) work on
the same principle as the PBA. These fingers are made of two Silicon parts jointed by a Pary-
lene balloon. The balloon comprises two membranes: the upper one is free to deform while
the lower one is fixed and unable to inflate. When the balloon is pneumatically pressurized,
the upper membrane inflates and pulls on the Silicon parts, involving the finger to close itself.

Figure 2.16: Balloon-Jointed Micro-finger: it is made of two Silicon parts jointed by a Parylene
balloon. The balloon comprises two membranes: the upper one is free to deform while the
lower one is fixed and unable to inflate. When the balloon is pneumatically pressurized, the
upper membrane inflates and pulls on the Silicon parts, involving the finger to close itself.
Figure from [56].

B) An example of anisotropic rigidity achieved by fixing inextensible fibres or
sheets to the actuator or by embedding them in its material: the FMA Gripper

A gripper placed at the end of an FMA is presented in [74]. Fig. 2.17 shows this gripper,
made of rubber-like material. It comprises an internai chamber whose four sides A, B, C
and D are fibre-reinforced in the transverse direction. Besides, fibres reinforce side C in
the longitudinal direction and cause anisotropic rigidity. Consequently, when the pressure is
increased in the chamber, the gripper bends to side C (dashed-dotted Unes in Fig. 2.17) and
if an object is placed between the plate and side C, it will be gripped.

r top view

-

Figure 2.17: Views of the FMA Gripper: gripper at rest and pressurized gripper in continuons
and dash-dotted Unes, respectively. Fibres reinforce side C in the longitudinal direction.
Consequently, when the pressure is increased in the chamber, the gripper bends to side C
and if an object is placed between the plate and side C, it will be gripped. Figure adapted
from [74].
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C) An example of anisotropic rigidity achieved by weakening an area of the
actuator with incisions, bellows, etc.: the "Hydraulic Forceps"

[54] présents a "Hydraulic Forceps". A forceps is a medical tool used during MIS operations
"to move tissue away from the operation field or to stretch tissue that has to be dissected"
[54].

The Hydraulic Forceps présents two tubes (see Fig. 2.18): a very flexible material is used for
the inner tube, which contains water, while a stiffer material heis been chosen for the outer
tube. As can be seen in Fig. 2.18, small incisions have been performed in the outer tube,
perpendicularly to it and these involve anisotropic rigidity. Both tips of both tubes are flxed
to each other and this implies equal deformations of the tubes.

Figure 2.18: Working principle of the Hydraulic Forceps: when filled with pressurized water,
the forceps curls due to the incisions in the outer tube. Figure from [54].

When the pressure of water is increased, eixial and radial forces are generated. The radial
forces do not participate to the bending of the device because they are applied over the total
length of the tubes. On the other hand, the Eixial forces are applied to the end of the tubes
and are at the origin of the bending. The outer tube CEirries most of the axial forces because
its stiffness is bigger than that of the inner tube. More precisely, the axial forces are dis-
tributed only over one half of the cross-section of the outer tube because of the presence of
the small incisions in the other half. This asymmetrical force distribution créates a bending
moment which involves the bending of the entire device.

The forceps has been integrated in a teleoperation System with force feedback. A manipu-
lator actuated by the surgeon’s finger constitites the master device of this system while the
hydraulic forceps is its slave device. When the surgeon moves the master, the slave has to
reproduce its movements, i.e. the évolution of the surgeon’s finger curvature. On the other
hand, force feedback aims at making the surgeon feel the forces applied to the forceps and it
is obtained by measuring and introducing these forces to the master.

The principle of the forceps is said to be suitable for other (surgical) applications where the
handling of soft objects is required and it could also be used for the positioning of instruments
in fields such as endoscopy or robotics [54].
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2.4.4 Rotation

This section présents actuators having a rotational ability. As shown in Fig. 2.19, two ways
of generating a rotational motion have been found in the literature:

* Some actuators are based on a structure reinforced in places (with fibres or by increasing
the material thickness) in such a way that when the actuator is pressurized, its structure
involves a rotation (see no. 1 in Fig. 2.19). The "Pneumatic Rotary Soft Actuator" of
[61] is such an actuator and it will be described later in more details.

« Another way to generate a rotational motion consista in an articulated structure in
which one or several flexible fluidic actuators are inserted (see no. 2 in Fig. 2.19). These
actuators présent only one DOF, such as stretching, shortening or expanding. When
the actuators are pressurized, they actuate the structure which involves a rotation.
For example, an antagonistic structure in which two Pneumatic Artificial Muscles are
inserted is a System belonging to this second category. This example and three others
will be described later in more details.

I. structure reinforced in places (with fibres
or by increasing the material thickness)

2. flexible fluidic actuator(s) placed in an
articulated structure

motion deflated inflated

Pleated Pneumatic Artificial
Muscle (PPAM): it contracts Two PPAMS in an
when pressurized. antagonistic structure

Figure 2.19; Two ways of generating a rotational motion: Some actuators are based on a
structure reinforced in places (with fibres or by increasing the material thickness) in such
a way that when the actuator is pressurized, its structure involves a rotation (figures from
[61]). Another way to generate a rotational motion consists in an articulated structure in
which one or several flexible fluidic actuators are inserted. These actuators présent only one
DOF, such as stretching, shortening or expanding. When the actuators are pressurized, they
actuate the structure which involves a rotation. For example, an antagonistic structure in
which two Pneumatic Artificial Muscles are inserted is a System belonging to this second
category (figures from [84] and [31]).
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A) An example of rotational motion achieved thanks to a structure reinforced in
places: the "Pneumatic Rotary Soft Actuator"

In [61], a pneumatic actuator made of silicone rubber is described (see Fig. 2.20). It is called
"Pneumatic Rotary Soft Actuator”. This actuator acts as a rotary joint and can be used in
micro-manipulators and Angers. It is composed of two side plates (see (a) in Fig. 2.21), a
sector circular arc (see (b) in Fig. 2.21) and a pneumatic tube (see (c) in Fig. 2.21) which is
connected to one of the side plates and which feeds the actuator with air.

Figure 2.20; Pneumatic Rotary Soft Actuator. This actuator is made of silicone rubber and
fibres and it acts as a rotary joint. Figure from [61].

Figure 2.21: Parts of the Pneumatic Rotary Soft Actuator: (a) two side plates (b) sector
circular arc (c) two side plates + sector circular arc + tube = complété Pneumatic Rotary
Soft Actuator. Figure from ]61].

The thickness of the side plates is higher than that of the sector circular arc, which is
reinforced thanks to fibres placed in the radial and vertical directions (see Fig. 2.20). When
the device is pressurized, the thickness of the side plates prevents them from deforming while
the radial deformation of the sector circular arc is hindered by the fibres. Consequently the
device expands only in the circumferential direction, its opening angle is increased and a
rotation is achieved (see Fig. 2.22).

To manufacture the different components of the actuator, liquid silicone rubber is poured

into métal moulds and left to harden. Two additives, a hardener and a diluent (called "RTV
thinner"), are mixed in the rubber. Changing the quantity of the diluent allows to control
the stifiness obtained after hardening.
Two pressurized tubes and a rotary soft actuator hdve been used eis phalanxes and joint,
respectively, to construct a soft finger. Changing the inner pressure of the tubes allows to
modify the compliance of the finger. A soft hand comprising three soft Angers has also been
developed and has allowed to grip objects moving in arbitrary directions, objects presenting
different shapes and easily déformable objects.
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Figure 2.22: Actuation of the Pneumatic Rotary Soft Actuator: when the device is pressur-
ized, the thickness of the side plates prevents them from deforming while the radial deforma-
tion of the sector circular arc is hindered by the fibres. Consequently the device expands only
in the circumferential direction, its opening angle 6 is increased and a rotation is achieved.
Figure from [61].

B) First example of rotational motion achieved thanks to an articulated structure
in which one or several flexible fluidic actuators are inserted: an antagonistic
architecture in which "Pneumatic Artificial Muscles" (PAMs) are inserted

"Pneumatic Artificial Muscles" (PAMs) are made of a flexible closed membrane that is rein-
forced and flxed to fittings at both ends. When pressurized gas is introduced in such a device
(when gas is sucked out), the membrane bulges out (squeezes) and contracts axially (see Fig.
2.23) [31]. A PAM is then able to pull a load attached to one of its ends.

Figure 2.23: Deflated and inflated States of a Pneumatic Artificial Muscle (PAM) presenting
a pleated structure. When pressurized gas is introduced in this PAM, the membrane bulges
out and contracts axially. Figure from [84].

Although they can only contract, perform linear motion and develop pulling force, PAMs
can generate a rotation when used in an antagonistic set-up, as shown in Fig. 2.24. Antag-
onistic architectures are composed of two muscles but they can be used with other types of
contracting actuators. Some architectures allow to obtain a bidirectional rotation but others
allow a bidirectional linear motion [31].

A detailed description of the different kinds of PAMs can be found in [29], [31], [49], etc.
According to [31], the PAM'’s behaviour rules are the following:

 "A PAM shortens by increasing its enclosed volume.”
< ”It urill contract against a constant load if the pneumatic pressure is increased.”
* "A PAM mil shorten at a constant pressure if its load is decreased.”

« "Its contraction has an upper limit at which it develops no force and its enclosed volume
is maximal.”
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e "For each pair of pressure and load a PAM has an equilibrium length".

Figure 2.24: Antagonistic set-up generating a bidirectional rotational motion. It is composed
of two Pneumatic Artificial Muscles (PAMs) and of an articulated structure. When one of
the PAMs is pressurized, it contracts and actuates the structure which generates a rotational
motion. Figure from [31].

The PAM'’s behaviour contrasts with that of bellows which stretch when pressurized. It
also differs from the behaviour of a pneumatic cylinder which develops the same force for
a constant pressure, whatever the piston displacement (while, at constant pressure, a PAM
develops a different pulling force according to its length).

PAMs are mostly used in robotic applications where two important features are the compli-
ance and a high power to weight ratio [31]. For example, they actuate the anthropomorphic
robot LUCY [84] and [31] relates applications such as prosthesis/orthotics and an underwater
manipulator (for which the driving fluid was water without causing weight problems because
the surrounding fluid was also water). At présent, the company Festo Ag. & Co. [38] sells
fluidic muscles which can be used in a wide range of applications such as positioning Systems,
machining, etc.

Remark: According to [31], the McKibben PAM "is the most frequently used and published
about at présent”.

C) Second and third examples of rotational motions achieved thanks to ein ar-
ticulated structure in which one or several flexible fluidic actuators are inserted:
the "Expansion Behaviour Bsised Actuators” (EBBAs) and the "Pneumatically
Driven Microcage™

In [70], small size flexible fluidic actuators, based on an "expansion behaviour", are presented.
They will hereafter be referred to as "EBBASs" (“'Expansion Behaviour Based Actuators").
These actuators consist of a chamber connected to two movable parts. When pressurized
fluid (air or liquid) is introduced in the chamber through a feeding channel, the volume and
height of the chamber increase, involving the movable parts to move relatively to each other.
This is what is called the "expansion behaviour". Different kinds of joints can be obtained
by using EBBAs. For example, to design a linear joint, two parallel plates can be linked by a
chamber in such a way that a pressure rise increeises the gap between the plates while keeping
them parallel. On the other hand, a rotation joint can be achieved with a chamber placed
between two movable parts linked by a joint; a pressure increfise then involves a rotation of
the movable parts, as shown in Fig. 2.25.
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Figure 2.25; Rotation joint composed of a chamber placed between two movable parts linked
by a joint. When the pressure in the chamber is increased, a rotation of the movable parts
is involved. Figure from [70].

EBBAs are said to présent high flexibility (due to their mechanical construction), are

lightweight and bave a very low manufacturing cost. Besides, using several EBBAs enables
to achieve very complex motions.
An artificial hand, based on these actuators, bas been developed. It is equipped with minia-
turized rotation joints based on EBBAs and integrated into the fingers and the wrist. Many
different objects can be grasped by the hand which adapts itself to their shape, thanks to
the EBBAS’ flexibility. Moreover, it performs movements that appear very natural.

In [63], a "Pneumatically Driven Microcage" is presented. This device aims at capturing
microscale objects in biological liquid. It works on the same principle as the EBBAS; the
deformation of an elastic membrane is used to achieve the displacement of rigid parts. The
cage consists of curved beams or Angers placed in a circular manner and resting on a rubber
membrane. When the pressure under the membrane is increased, the latter inflates and
involves the rotation of the beams and thus the opening of the cage (see Fig. 2.26).

Figure 2.26: Actuation of the Pneumatically Driven Microcage: the cage consists of curved
beams or Angers placed in a circular manner and resting on a rubber membrane. When the
pressure under the membrane is increased, the latter inflates and involves the rotation of the
beams and thus the opening of the cage. Figure adapted from [63].

D) Fourth example of rotational motion achieved thanks to an articulated struc-
ture in which one or several flexible fluidic actuators are inserted: the Torsion
joint based on Flexible Pneumatic Actuators (FPAS)

A "Flexible Pneumatic Actuator" (FPA) is presented in [85]. It is a hollow cylinder made of
elastic rubber (see no. 3 in Fig. 2.27) and containing a spiral Steel wire (see no. 2 in Fig.
2.27). This wire reinforces the cylinder and prevents its deformation in the radial direction.
Covers (see no. 4 in Fig. 2.27) close both ends of the device and an air feeding tube (see no. 1
in Fig. 2.27) is connected to one of them. When the FPA is pressurized, the cylinder expands
in the axial direction without any other deformation. When the pressure is decreased, it goes
back to its initial State thanks to the elasticity of the rubber.

A torsion joint beised on FPAs has been developed (see Fig. 2.28); it is composed of a

steady plate (see no. 3 in Fig. 2.28), a moving plate (see no. 1 in Fig. 2.28) and two FPAs
(see no. 2 in Fig. 2.28). The moving plate is connected to the steady plate through a bearing
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and the FPAS' ends are fixed to eaeh plate. When the air pressure is increased in the FPAs,
they expand, push on the moving plate and force it to turn around its axis.

Figure 2.27: Structure of a Flexible Pneumatic Actuator (FPA): 1) Air feeding tube 2) Spiral
Steel wire 3) Elastic rubber cylinder 4) Cover. An FPA is a hollow cylinder made of elastic
rubber and containing a spiral steel wire. This wire reinforces the cylinder and prevents its
deformation in the radial direction. When the FPA is pressurized, the cylinder expands in
the axial direction without any other deformation. Figure redrawn and adapted from [85].

Figure 2.28: Torsion joint based on Flexible Pneumatic Actuators (FPAs): 1) Moving plate
2) Two FPAs 3) Steady plate. The moving plate is connected to the steady plate through a
bearing and the FPASs’ ends are fixed to each plate. When the air pressure is increased in the
FPAs, they expand, push on the moving plate and force it to turn around its axis. Figure
redrawn and adapted from [85].

2.4.5 Stretching or shortening

Some flexible fluidic actuators are able to stretch themselves or to shorten when they are
pressurized. They are listed below:

e Stretching ability:

— bellows (see no. 1 in Fig. 2.3)
— the "Flexible Pneumatic Actuator" (FPA) presented in Fig. 2.27

« Shortening ability:
— the "Pneumatic Artificial Muscles" (PAMs) (see Fig. 2.23)
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— an eleistic tube with fibres fixed to it in the axial direction (see no. 3 in Fig. 2.3)

Besides, ail the actuators that bend thanks to internai chambers differently pressurized (see
Section 2.4.2) can stretch themselves or shorten when ail their chambers are equally pressur-
ized.

2.5 Conclusions

Flexible fluidic actuators présent interesting characteristics regarding an application in the
field of robotics or inside the human body. According to the application targeted, it might
be necessary to miniaturize the actuators but also their périphéries and some solutions have
been presented in this respect.

At the light of the literature review, it has been established that the flexible fluidic ac-

tuators can bend themselves, stretch themselves, shorten or develop a rotational motion and
some of them présent several DOFs. Two different methods to achieve bending have been
identifled. The first technique is based on "internai chambers differently pressurized" and the
other one on "anisotropic rigidity". Besides, two methods to generate a rotational motion
have also been identifled. The actuators based on the first technique présent a structure
reinforced in places (with fibres or by increasing the material thickness) in such a way that
when the actuators are pressurized, their structure involves a rotation. The second method
to generate a rotational motion consista in an articulated structure in which one or several
flexible fluidic actuators are inserted. When the actuators are pressurized, they actuate the
structure which involves a rotation.
There exista a multitude of flexible fluidic devices and additional actuators can be obtained
by combining different principles, in order to achieve more or less DOFs. Hence, this review
can helps to develop medical flexible instruments based on flexible fluidic actuators. Besides,
tools to be placed at the tips of the instruments could also be designed and based on flexi-
ble fluidic actuators such as, for example, the Hydraulic Forceps, the FMA Gripper or the
Pneumatically Driven Microcage.

According to the bulkiness that is allowed for the instrument in the targeted application,
it will be necessary to assess the miniaturization potential of the actuators presented in the
review. In this respect, actuators presenting a simple structure with a small number of parts
will be better candidates to design miniature instruments. Hence, the actuators that seem
to have the best miniaturization potential in each category are the following;

< Bending thanks to internai chambers differently pressurized: the "Flexible Microactu-
ator" (FMA) (see Fig. 2.6)

< Bending thanks to anisotropic rigidity: the four ways presented in Fig. 2.13 and 2.14
can lead to actuators quite easy to miniaturize. In the actuators presented in details,
the "Pneumatic Balloon Actuator" (PBA, see Fig. 2.15) and the FMA gripper (see
Fig. 2.17) are good candidates.

* Rotational motion: the actuators beised on a structure reinforced in places and designed
to develop a rotational motion are better candidates to be miniaturized than those based
on an articulated structure.

» Stretching ability: bellows (see no. 1 in Fig. 2.3) and the "Flexible Pneumatic Actua-
tor" (FPA) presented in Fig. 2.27¢

« Shortening ability: an elastic tube with fibres fixed to it in the social direction (see no.
3in Fig. 2.3)
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Finally, it is worth noting that preventing unwanted deformations of the membranes,
thanks to fibres or a larger thickness at strategie places, is a rule of design that permeates
this review.

Tables 2.1 and 2.2 summary the characteristics of most of the actuators described in this
review. These characteristics are the DOFs, the materials, the manufacturing process, the
actuator dimensions, the actuation mode (pneumatic or hydraulic), the pressure range and
the performances in terms of developed force and displacement.

Remark: Complementary information about some of the actuators mentioned in the review
can be found in [40] as well as a sériés of patented flexible fluidic actuators sorted into the
different categories.

Among the interesting features linked to the use of flexible fluidic actuators, one has

caught our eye. Indeed, in [79], the "Flexible Microactuator® (FMA) is presented and it is
suggested that the measurements of the fluid pressure and of the volume of supplied fiuid
allow to détermine and control the position of the actuator and the force it develops. This
property has been called the "Pressure-Volume-Force-Position principle” or "PVFP princi-
ple" and it means being able to détermine the displacement of a flexible fluidic actuator and
the force it develops without using a displacement sensor or a force sensor [79].
To study and implement this principle, that could hadve applications in the medical field, a
flexible fluidic actuator having a simple design, one DOF and which is easily manufactured
has been looked for in the review presented above and the "Pneumatic Balloon Actuator"
(PBA) has been selected. The implémentation of the PVFP principle on this actuator is
detailed in Chapter 5.

A miniaturization work has been performed on a spécial type of Pneumatic Artificial
Muscle called the "Pleated Pneumatic Artificial Muscle" (PPAM). Although it is not one
of the better candidates to be miniaturized, this actuator has been selected because it can
generate large forces and theoretical models predict that miniaturized PPAMs, whose di-
mensions are small enough to be inserted into MIS medical instruments, could be able to
develop the forces required to allow the instruments to perform most surgical actions (see
Section 3.2.2 and Table 3.1). Therefore, the PPAMs héve been studied in order to assess
their miniaturization potential; this is detailed in Chapter 7.
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Device

FMA reinforced
with fibres |73|-[72)
FMA with

restraint beams |76|
Optimized

fibreless FMA [78]
Positioning System
for cathéter tips [68]
Fluidic Bellows
Manipulator |25|

Suction Active
Cathéter [60]
Balloon Jointed
Micro-Finger [56]
PBA

[50]

Micro PBA

152| [51]

FMA

Gripper [74]
Hydraulic

Forceps [54]
Pneumatic Rotary
Soft Actuator (61)

FPA

85|

EBBA rotation joint
[70j

PAM

1311

Table 2.1: Characteristics of the flexible fluidic actuators presented in Section 2.4.

Actuation
mode

PorH

PorH

PorH

P

P

PorH

PorH

PorH

Pressure
range

some bar

some bar

some bar
0.1 to 0.2 bar

up to
4 bar

up to
0.8 bar
0 to ~ 8 bar

up to
0.6 bar

0 to 2.1 bar
some bar

not
specified
up to
0.4 bsu-

up to
3.5 bar
up to
0.5 bar
up to max
5-8 bar

Dimensions

D: 1 to 20 mm

reported values of D:

1.8 mm and 4.8 mm
initial D: 1 to 100 mm
initial L: 2 to 100 times D
1 balloon : maximum D = 3 mm
L =4 mm
D =2b mm j L — 365 mm

L =55 mm
D =0.94 mm

1 finger = 2 blocks (900 pm X 300 pm, t — 200 pm)
-f- 2 balloons (540 pra X 640 pm, t = 6 pm)

L =16 mm
| =16 mm
t =775 pm

1 PBA : IV =300 to 700 pm
L — 700 to 1500 pm
L=18mm /| =8 mm

not specified
side plate: 17 mm x 17 mm, t =3 mm
sector circular arc: t = 0.5 mm
max opening angle: 85’
not specified

not specified

see [31]

DOFs

S,2Bi

S,2Bi

S,2Bi

2Bi

S,Bi

B2

B2

B2

B2

B2

B2

Py

Do on~r

"prtHr DT ML

Materials

silicone rubber

and nylon fibres
rubber-like material
reacting to UV light
rubber-like material

balloon: polyuréthane

vulcanized balloons,
elastomer tube, ABS
parts, Steel wire,

spine (polycarbonate +
high-strength Steel sheet)
Ni-Ti tube.

silicone rubber tube
blocks: Silicon

balloons: parylene
polyimide film.

silicone rubber membrane,
(silicone rubber glue)

2 PDMS with

different stiifnesses
rubber-like material

and nylon fibres

flexible materiail

silicone rubber,
fibres

elastic rubber,
Steel wire

flexible material

see [3l]

71" and "t" mean "pneumatic”,

"hydraulic”, "diameter”, "length", "width" and "thickness", respectively. "5", "Sh", "Bi", "2Bi", 782" and "R” mean "stretching ability",
"shortening ability”, "bending thanks to chambers differently pressurized"”, "two bending motions thanks to chambers difierently pressurized”,
"bending thanks to anisotropic rigidity” and "rotation ability", respectively. Concerning the positioning System for cathéter tips, two bending
DOFs are mentioned in [68] but a third DOF (a stretching DOF) is probably available.



Device

FMA reinforced
with fibres [73)-[72]
FMA with

restraint beams [76]
Optimized

fibreless FMA [78]
Positioning System
for cathéter tips [68]

Fluidic Bellows
Manipulator |25|
Suction Active
Cathéter (60|
Balloon Jointed
Micro-Finger [56]
PBA

[50]

Micro PBA

1521 |51|

FMA Gripper [74]
Hydr. Forcep>s [54]
Pneumatic Rotary
Soft Actuator [61]

Manufacturing
Process

Moulding
Stereolithography

Extrusion
moulding process
balloons: polsoirethane tubes locally
widened
other pEirts : moulding
Not specified

Ni-Ti tube:
laser ablation
RIE etching + vapor
phase déposition of parylene
Gluing

coating, spin-coating
and curing processes
Moulding
Not specified
Moulding

Results

D =12mm / L =50 mm

P = 4 bar in one chamber / A = 100"
restr =21 D =48mm j L—\hmm

P = 3 bar in one chamber / A ss 60"

P = 4 bar

A = 90"

into a glass tube with 4 mm inner diameter
P = 0.15 bar / maximum deflection = 5"
maximum latéral displacement = 0.5 mm
IF S$0.13 kg / P = 4 bar in one balloon
=9 N (2 N) / a=30" (115"

curvature radius = 1.4 mm

A = 160"

PR54 bar j F,, = 1.225 mN (0 N)

Az S5 300 pm (760 p™)

P =0.2 bar

Fv =0.05 N (O N) / Az =0 mm (4.5 mm)

able to generate a 2 N gripping force

the prototype succeeded in producing a force of 1 N
P = 0.4 bar / variation of the opening angle = 25" (0" and
opening angle constrained at 65") / torque — 0 Nm (0.15 Nm)

FPA [85] Not specified P =3.5 bar / AL = 10 mm
EBBA rotation joint Low cost but finger equipped with EBBA rotation joints: VF = 20 g / max force at the
(70] not specified finger tip > 3 N for p = 0.5 bar / At= 100 ms
PAM Not specified Pleated PAM: p=3 bar/ D=25mm ! L = 100 mm
[311 VF = 60 g / pulling force of 3500 N

Table 2.2: Characteristics of the flexible fluidic £w:tuators presented in Section 2.4. For a given device, ail the data presented in column "Results"
are part of the same resuit (data given in brackets constitute a second resuit). The notations are the following: D=diameter, T=length,
iy=weight of the device, p=pressure, A=bending angle (defined as shown in Fig. 2.6), AL=lengthening, restr=number of FMA restraint beams
per chamber, F,=developed vertical force (the device being initially placed horizontally), a®bending angle of the Fluidic Bellows Manipulator
(deflned eis shown in Fig. 2.10), Az=vertical out-of-plane displacement of the actuator tip (the device being initially placed horizontally),
At=duration taken by a finger equipped with EBBA rotation joints to flex completely and to extend.
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Chapter 3

Test bench

3.1 Introduction

To charzicterize flexible fluidic actuators, a test bench bas been developed. Section 3.2 es-
tablishes the requirements of the test bench and Section 3.3 présents the design solution
chosen for the test bench. This solution consists in a syringe-pump composed of a linear
motor linked to a cylinder and Section 3.4 describes the methodology followed to select the
linear motor and the cylinder. Afterwards, Section 3.5 describes the whole test bench and
Section 3.6 finally concludes about the fulfilment of the requirements listed for the test bench.

Among ail the actuators listed in the literature review (see Section 2.4), it has been decided
to study PBAs ("Pneumatic Balloon Actuators", see Section 2.4.3) and miniaturized PPAMs
("Pleated Pneumatic Artificial Muscles", see Section 2.4.4 for the PAMs and Chapter 7 for
the PPAMSs). Miniaturized PPAMs will be developed and characterized in order to assess the
miniaturization potential of the PPAMs while PBAs will be used to implement and study
the PVFP principle. They have been chosen since they présent one DOF, a simple design
and are easily manufactured.

According to the PVFP principle, it is possible to détermine the position of a flexible fluidic
actuator and the force it develops thanks to the measurements of the pressure and of the
volume of the fluid having been supplied to the actuator. Fig. 3.1 présents a PBA linked to
a syringe-pump; the actuation fluid is air. The volume of fluid supplied to the actuator is
considered to be the volume swept by the piston during its displacement; this swept volume is
proportional to the piston displacement u and equals Su, where S is the syringe-pump cross-
section. Therefore, the piston displacement u will be used for the PVFP principle instead of
the swept volume.

When a displacement u is imposed to the piston, the inner pressure pin increases and the
PBA inflates and its free end A moves upwards. The vertical and horizontal displacements of
this point are Ayo and Axq, respectively. Afterwards, keeping the piston position constant,
if a weight w is hung from the PBA free end, the inner pressure pi, increases and the
displacements Ay and Ax of the PBA free end decrease. According to the PVFP principle,
knowing the values of and u allows to détermine the displacements of point A and the
value of the weight w.

In conclusion, the test bench will be used to characterize the miniaturized PPAMs and
to study the PVFP principle implemented on a PBA.
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Pont — Palm

Figure 3.1: Pneumatic Balloon Actuator (PBA) linked to a syringe-pump.

3.2 Requirements

3.2.1 List of requirements

The features the test bench has to présent to allow the characterization of flexible fluidic
actuators and the study of the PVFP principle are the following:

* measurement of the pressure inside the studied flexible fluidic actuator,

* measurement of the volume of fluid supplied to the actuator: in practice, this volume
will be considered to be the volume swept by the piston of a syringe-pump connected
to the actuator,

* measurement of the force developed by the actuator,

< measurement of the displacement of the actuator,

the test bench should be able to maintain the pressurization states of the actu-
ator,

the test bench should be able to dynsimically pressurize the actuator at a given
frequency.

the test bench is also meant to control the displacement and the developed force
of the studied actuators.

Also,

< the test bench should allow the characterization of a large range of flexible fluidic
actuators and in particular of the PBAs and miniaturized PPAMSs,

« the test bench should allow the study of flexible fluidic actuators driven by gas or
by liquid.
3.2.2 Quantitative requirements
A) Meocimum required pressurization frequency

The test bench should be able to pressurize the studied flexible fluidic actuator in 0.05 s.
Indeed, a human reflex action can reach a frequency up to 10 Hz [65]. As a conséquence, an
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actuated surgical instrument should have a bandwidth of at least 10 Hz to be able to properly
follow the surgeon’s movements. To test the bandwidth of the flexible fluidic actuators, the
test bench should thus be able to actuate them at a rate up to 10 Hz. Hence, if the studied
actuator haa a bandwidth of 10 Hz, it means that it is able to go from its lower position to
its upper position and back again in 0.1 s; its displacement between its extreme positions
lasts 0.05 s and its pressurization should be performed in 0.05 s.

B) Ranges of the pressure, the volume of fluid supplied to the actuator, the
developed force and the displacement of the studied actuator

Concerning the other requirements listed before, different application cases related to PBAs
and PPAMs have been considered in order to get an idea of the pressure, volume of supplied
fluid, developed force and displacement ranges of these actuators. Ail these cases consider
that the actuation fluid is air.

e PBAs

— The first two application cases (cases no. 0.1 and 0.2, see Table 3.1) concern a
home-made PBA. It is made of two Thermoplastic Polyuréthane (TPU) sheets of
different thicknesses (100 pm and 200 pm). The sheets hdve been welded to each
other with a soldering iron in order to croate a square-shaped pocket presenting a
cavity of 30 mm x 30 mm. The actuator is pressurized with air thanks to a syringe.
When it is pressurized to the maximum, its inner volume Vmax equals 10 ml
while the syringe is completely empty. On the other hand, when the actuator is
completely deflated, the volume at atmospheric pressure Patm of the syringe equals
Vatm = 15 ml (the volume of the actuator is assumed to equal zéro). The absolute
pressure Pmax corresponding to the volume Vmax of the pressurized actuator is
then computed as follows, using the gas law for a System whose gas quantity is
constant and assuming that the température is constant:

Pmax — n (3.1)
max
The gauge pressure pr_max corresponding to the absolute pressure Pmax is com-
puted as follows:

Pr_max —Pmax Patm (.0

Besides, when pressurized and fixed £is a cantilever, the home-made PBA heis been
able to generate at its free end a vertical force F of 0.07 N while the produced
vertical displacement Ay equals 0 mm.

Ail these results are summarized in the cases no. 0.1 and 0.2 in Table 3.1.

— The three application cases no. 1.1, 1.2 and 1.3 (see Table 3.1) are based on some
data found in [50]. The PBA described in [50] is a square-shaped pocket whose
side length is 16 mm, while the cavity is a 10 mm x 10 mm square. The PBA
is fixed as a cantilever. The maximum gauge pressure Pr max reached by the
actuator equals about 60 kPa (the actuation fluid is air). For this pressure, the
PBA generates at its free end a vertical displacement Ay = 6 mm and a vertical
force F = 0 N. The corresponding inner volume Vmax of the PBA is not specified
in [50] but it has been overestimated to 10 ml. Indeed, this is the volume of ten
cubes of 10 mm side.

When the PBA is pressurized at Pr max = 20 kPa, it can generate a vertical force
F = 0.05 N for a vertical displacement Ay = 0 mm but it can also generate a
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vertical force F = 0 N for a vertical displacement Ay » 4.5 mm.
Al these results are summarized in the cases no. 1.1, 1.2 and 1.3 in Table 3.1.

e Miniature PPAMs

The PPAMs are described in details in Section 7.2.2. As the miniature PPAMs will be
developed after the building of the test bench, theoretical models hdve been used to
design the application cases related to these actuators. These theoretical models (see
équations 3.3, 3.4 and 3.5) corne from [30] and are presented in details in Section 7.2.2.
These models assume an idéal PPAM having an ineleistic membrane (see Section 7.2.2
for a définition of an idéal PPAM). They allow to estimate the équatorial diameter D
and the enclosed volume V of the pressurized PPAM, as well as the pulling force F it
generates:

D =1de, j) (3.3)
= (3.4)
P=pl" /(e,™) (3.5)

where

I = initial length of the PPAM (i.e. length of the PPAM when it is not pressurized)
le = contracted length of the PPAM (i.e. length of the PPAM when it is pressurized)
e=1— e is the contraction of the PPAM

R = initial radius of the PPAM (i.e. radius of the PPAM when it is not pressurized)
P = gauge pressure inside the pressurized PPAM

d{e,-"), IE, and /(e, ;0) dimensionless functions. Figures 7.5, 7.6 and 7.8 in
Section 7.2.2 show the évolution of these functions with respect to the contraction e
and for different /™ ratios.

For each application case, a particular muscle of initial length | and initial radius R is
considered and a given contraction e is assumed. The ratio and the contraction e
are then used to déterminé the values of u{e, j*) and /(e, j*). Afterwards, the enclosed
volume Vmax of the pressurized muscle is calculated using équation (3.4) while the
corresponding gauge pressure pr max necessary for the muscle to reach a pulling force
P of 200 N is computed thanks to équation (3.5). As explained before in Section 1.3,
the miniaturized PPAMSs should be able to develop a force of this order of magnitude so
that once they would be integrated into a more complex medical instrument, the latter
would be able to generate a force of about 13 N at its tip (see Fig. 1.5), which would
allow it to perform most surgical gestures. Hence, the dimensions | and R héve also
been chosen so that the corresponding PPAMs would be small enough to be inserted
in MIS medical instruments whose diameter must no exceed 10 mm.

The displeicement Ay ofthe PPAM end corresponds to its contraction e and is calculated
as follows;

Ay = Le (3.6)

The quantity of gas located in the pressurized PPAM has a volume Vmax at pressure
Pr max and a volume Vatm at atmospheric pressure Patm- Hence, Vatm is computed as
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follows, using the gas law for a System whose gas quantity is constant and assuming
that the température is constant:

Aatm — ¢« (Pr i" Patm) 3.7)
Palm
The application cases related to miniature PPAMs are summarized in Table 3.1. The
application cases no. 2 to 5 and no. 2' to 5' assume a contraction e of 10%, while cases
2” to 5” assume a contraction e of 20%. For cases no. 2' to 5', the enclosed volume
Vmax is overestimated and computed as follows:

Voverestimated — 2) — (38)

with D that is calculated thanks to équation (3.3). VoveresUmated is the volume of the
cylinder whose cross-section is the central cross-section of the inflated PPAM.

The last four cases of Table 3.1 (no. 6.1, 6.2, 7.1 and 7.2) concern miniature McKibben
PAMs and héve been found in the literature. As can be seen, the forces developed
by these muscles are far lower than the forces the miniature PPAMs are expected to
produce.

3.2.3 Conclusions

As explained before in Section 3.2.1, the test bench will allow to measure the pressure, the
volume of supplied fluid, the developed force and the displacement of the studied flexible
fluidic actuator.

As can be seen in Table 3.1, the ranges of these parameters are the following:

* pressure range (see column entitled "Pr_max'\ in Table 3.1): up to 60 kPa for the PBAs
and up to 667 kPa for the PAMs. Since these ranges are very different, it will not be
possible to study these two kinds of actuators with the same pressure sensor. Indeed,
if the accuracy of a sensor is good enough to study the PAMs, it will not be suitable
for the PBAs. Two different pressure sensors will thus be used.

< range of the volume of supplied fluid (see column entitled "Vatm'\ in Table 3.1): up to
65.75 ml.

« force range (see column entitled "F", in Table 3.1): up to 0.07 N for the PBAs and up
to 200 N for the PAMs. Again, this large différence between the ranges will require a
solution adapted to each of the two actuator types considered here.

e displacement range (see column entitled "Ay”, in Table 3.1): up to 10 mm. The
displacement Ay = 37.8 mm of the miniaturized McKibben muscle from [55] is not
taken into account. Indeed, this large displacement is linked to the length {I = 180 mm)
of this actuator and this length is far bigger than the one expected for the miniaturized
PPAMs that will be developed.

These ranges will be used to design the test bench. However, even if these ranges are partic-

ular to PBAs and miniaturized PAMs, the test bench will allow to study other flexible fluidic
actuators, aa can be seen from Table 2.2.
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Application case R Vmoi Pr max Vatm F Ay
(mm)  (mm) (%) (ml) (kPa) (mh  (N)  (mm)
0.1 (home-m£ide PBA) / / / 10 50.65 15 0 NS
0.2 NS NS NS 0.07 0
1.1 (PBA, [501) / / / NS, but 10 60 14.92 0 6
1.2 NS 20 NC 0.05 0
1.3 NS 20 NC 0 »4.5
2 (PPAM, € = 109i) 50 5 10 18.75 106.7 38.76 200 5
3 (PPAM, £ = 10%) 30 2 1.0 4.05 404 20.41 200 3
4 (PPAM, e = 10%) 20 2 10 1.2 667 9.2 200 2
5 (PPAM, £ = I0"0) 20 4 10 2.4 526 15.02 200 2
2" (PPAM, £ = 16% 50 5 10 31.81 106.7 65.75 200 5
and "overestimated)
3 (PPAM, e = 10% 30 2 10 6.87 404 34.62 200 3
and \Moverestimated)
4' (PPAM, £ = 10% 20 2 10 2.04 667 15.65 200 2
and \"overestirnated)
5 (PPAM, £ = 10"0 20 4 10 3.62 526 22.66 200 2
and y"overtatxmaittU
27 (PPAM, £ = 20%) 50 5 20 25 106.7 51.68 200 10
3" PPAM, £ = 20Vo) 30 2 20 5.4 404 27.22 200 6
4” (PPAM, £ = 20M) 20 2 20 1.6 667 12.27 200 4
~5"NPPAMréN20%) 20 4 20 3.2 526 20.03 200 4
6.1 (McKibben, |55|) 180 0.5 21 NS 600 NO 0 37.8
6.2 0 NS 600 NC 3.8 0
7.1 (McKibben, jséj) 50 3 0 NS 100 NC 10 0
7.2 0.6 NS 100 NC 0 0.3

Table 3.1: Application cases related to PBAs, miniature PPAMs and miniature McKibben
PAMs. / and R are the initial length and radius of the considered miniature PAM. e is the
contraction presented by the muscle. Vmax is the enclosed volume of the pressurized actuator
and pr max is the corresponding gauge pressure of the actuator. The quantity of gas located
in the pressurized actuator has a volume Vmax at pressure Pr_max and a volume Vatm at
atmospheric pressure Patm- For the PBAs, Ay and F are the vertical displacement and force
generated by the end of the actuator when the latter is fixed as a cantilever. For the PAMs,
Ay is the displacement corresponding to the contraction e of the muscle and F is the pulling
force generated by the muscle. "NS" indicates that the data was not specified in the cited
source or that the data has not been measured. "NC" indicates that Vatm. bas not been
computed because Vmax was not specified in the cited source.

3.3 Design of the test bench

A syringe-pump design is chosen for the test bench. The flexible fiuidic actuator will be
connected to the output of the syringe-pump and this will create a fiuidic circuit composed
of the chamber of the syringe-pump, the connection tubes and the flexible fiuidic actuator.
When the piston of the syringe-pump will be actuated, the pressure in the fiuidic circuit will
increase or decrease according to the actuation direction and the actuator will be actuated.
In practice, a cylinder will be used as the syringe (see no. 5 in Fig. 3.2). Besides, although
a syringe-pump design can be used with gas or liquid, air will be used as fiuid. Indeed, this
will ease the use of the test bench because air is a readily available source, it can be freely
evacuated in the ambient air [71] and possible leakages will not risk damaging the test bench
(e.g. the electrical connections).

The volume of fiuid supplied to the actuator is considered to be the volume swept by the
piston of the syringe-pump. Hence, this volume is proportional to the displacement of the
cylinder piston and in practice, the piston displacement is the variable that will be used
instead of the swept volume.
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The solution chosen to implement the syringe-pump is presented in Fig. 3.2 and consista
in the Eictuation of the cylinder piston (no. 4 in Fig. 3.2) by a linear motor (no. 1 in Fig.
3.2). This motor will be equipped with a position sensor to mesisure the displacement of the
cylinder piston. To set up this solution, the linear motor only needs to be aligned with the
cylinder and a part linking the cylinder piston and the slider of the linear motor (no. 3 in
Fig. 3.2) needs to be manufactured.

This solution haa been chosen after studying different ones. The chosen solution has been
selected because most of its parts are already integrated which will ease the setting up of the
test bench and because it should offer a better positioning accuracy than the other considered
solutions. Section A.l présents these other solutions and compares them to the chosen one.

Figure 3.2: Scheme of the syringe-pump test bench: 1) linear motor + position sensor 2)
slider of the linear motor 3) linking part 4) pneumatic cylinder piston 5) pneumatic cylinder
6) pneumatic tube

3.4 Pneumatic cylinder and linear motor sélection

This section présents the methodology followed to select the pneumatic cylinder and the
linear motor.

3.4.1 Sélection of the cylinder type

As explained before, the volume of fluid supplied to the flexible fiuidic actuator is considered
to be the volume swept by the piston of the syringe-pump. However, considering this swept
volume does make sense only if the test bench does not présent any leakage. In this case, a
given displacement of the cylinder piston will always lead to the same pressurization of the
fiuidic circuit and of the flexible fiuidic actuator, when no external force is applied to the
latter. Hence, a mandatory requirement for the test bench in general and for the pneumatic
cylinder in particular is that there must be no leakages.

Another requirement for the test bench and the cylinder is to présent as little friction as
possible, because friction adds a non-linear characteristic to the System that will be difficult
to model if the PVFP principle is implemented in a control loop.

Following these two requirements, the DNC cylinder with option "low friction" heis been
chosen among the different pneumatic cylinder types proposed by the Festo company. This
cylinder présents 0.1 bar of friction. This means that at least 0.1 bar of pressure must be
applied to the cylinder piston to be able to displace it. This friction is due to the sealing
whose fonction is to insure the air-tightness of the cylinder. As long as the pressure inside
the cylinder chamber remains lower than the maximum recommended pressure (12 bar), the
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cylinder should not présent any leakage.
The chosen cylinder has the following characteristics:

e It is a DNC cylinder with "low friction" option (= option SU), sold by the Festo
company.

e It is a double-acting cylinder with a diameter of 32 mm (it is the smallest diameter
available in the DNC sériés).

< It présents flexible cushioning rings/pads at both ends.
e Its maximum recommended speed is 0.9 m/s.

The stroke still needs to be defined and this will be done in the next section.

Remark: The Airpot Company [9] proposes pneumatic cylinders presenting less friction
than those proposed by the Festo company but they have leakages.

3.4.2 Design of the "cylinder-linear motor" combination

To select a linear motor, the maximum stroke and continuons force required by the applica-
tion need to be known. Besides, once the motor is chosen, a dynamic study has to be made
to assess if the motor is able to perform the required movements when it is connected to its
load.

To détermine the maximum stroke and continuons force required for the test bench, the ap-
plication cases of Table 3.1 have been considered. The goal is to use the syringe-pump test
bench to inject gas in the PBAs or the miniature PPAMs of the application cases in order to
actuate them.

As explained before, each application case spécifiés the gauge pressure Pr_max of the pres-
surized actuator as well as its enclosed volume Vmax- To achieve this State of pressurization,
the cylinder and the linear motor need a given stroke L and to maintain this state of pres-
surization, the linear motor must be able to develop a given continuons force Fmax atatics-
These parameters have been computed for each application case with the method described
below. The maximum values of these parameters h&ve then been used to select a linear motor
among the products of the Linmot company [14] and to finalize the sélection of the cylinder.
However, there is another requirement to take into account: as explained in Section 3.2.2,
the test bench should be able to pressurize the studied actuator in 0.05 s. To assess whether
the combination "cylinder-linear motor" is able to fulfil this dynamic requirement, a dynamic
study has been made, as explained below.

A) Computation of the parameters L and Fmax statics

Let us consider an inflated flexible fluidic actuator connected to a cylinder, as presented
in Fig. 3.3. The enclosed volume, inner absolute pressure and inner gauge pressure of the
pressurized actuator are vmax> Vmax and Pr_max, respectively. The cylinder chamber is
assumed to be empty.

To maintain the state of pressurization, the linear motor needs to develop a continuons force
Fmax statics- This force is computed as follows, by multiplying the inner gauge pressure
Pr max Of the actuator by the cross-section 5 of the cylinder piston:

'max statics — ~ + Pr maxi (3.9)

(3.10)
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inflated actuator

deflated actuator
g Patm
L

Figure 3.3: Flexible fluidic actuator connected to the output of the test bench cylinder. When
inflated, the flexible fluidic actuator bas an enclosed volume Vmax and an inner absolute pres-
sure Pmax- To maintain the State of pressurization, the linear motor must apply a continuous
force Fmax atatica to the Cylinder piston. When the actuator is completely deflated, ail the
gas is assumed to be located in the cylinder chamber at the atmospheric pressure Patm and
with a volume Vatm- The stroke required for the cylinder and the linear motor to pressurize
the actuator is L.

In fact, équation 3.9 overestimates the force Fmoi atatica a little bit because the cylinder
présents a friction of 0.1 bar. This friction contributes to maintain the piston in place but it
is not taken into account in équation 3.9.

The relationship between Pr max and Pmax is the following;

Pt_max — Pmax Patmi «@TD

where Patm is the atmospheric pressure.
To compute the stroke L necessary to reach such a state of pressurization, it is assumed that
when the actuator is completely deflated ail the gas is located in the cylinder chamber at the
atmospheric pressure Patm and the volume of the actuator equals zéro (see Fig. 3.3). The
volume of the gas at atmospheric pressure is Vatm and it is computed £is follows, using the
gas law for a System whose gas quantity is constant and assuming that the température is
constant:

+ PtTIOX n

tO.iZzJ

atm = e
Patm

Vatm has already been computed in Section 3.2.2 and is listed in Table 3.1.
The stroke L required to pressurize the actuator is thus:

L=, (3.13)

Equation 3.12 assumes that the pneumatic tubes connecting the cylinder to the actuator are
completely empty.

As can be seen, these simple maths allow to déterminé:
» the stroke L necessary to reach the pressurization State of a given flexible fluidic actuator
« the continuous force Fmax atatica required to maintain the pressurization state.

The parameters vatm, Patm, Vmax and Pr max of the application cases are summarized in
Table 3.2, as well as the stroke L and the continuous force Fmax atatica required to perform
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each application case.

Remark Application cases no. 0.1 and 0.2 have been removed since being able to pres-
surize case no. 1.1 automatically allows to pressurize both cases. Cases no. 1.2 and 1.3
héve been removed for the same reason while case no. 1.1 has been kept under the nhumber
1. Finally, cases no. 6.1, 6.2, 7.1 and 7.2 have been removed since they concern miniature
McKibben muscles and because their Vatm parameter is not specified.

Application case Vatm Patm Vmai Pr max L Fmax atatica
(ml) (kPa) (ml) (kPa) (mm) (N)
1 (PBA, |50]) 15.92 101.3 10 60 19.79 48.25
2 (PPAM, £ = 10%) 38.76 101.3 18.75 106.7 48.19 85.81
3 (PPAM, £ = 10%) 20.41 101.3 4.05 404 25.38 324.92
4 (PPAM, £ = 10%) 9.2 101.3 12 667 11.44 536.43
5 (PPAM, £ = 10%) 15.02 101.3 2.4 526 18.68 423.04
2" (PPAM, € = 10% 65.75 101.3 3181 106.7 81.75 85.81
and Voverestimated) .
3 (PPAM, e = 10% 3462 101.3 6.87 404 43.05 324.92
and V"Qycfrgtxmated)
4 (PPAM, c = 10% ” 15.65 101.3 2.04 667 19.46 536.43
and Voverestimatedi)
5 (PPAM, ¢ = 10% 22.66 101.3 3.62 526 28.18 423.04
and "“overeatimated)
2" (PPAM, £ = 20%) 51.68 101.3 25 106.7 64.26 85.81
3" (PPAM, £ = 20%) 27.22 101.3 5.4 404 33.85 324.92
4" (PPAM, £ = 20%) 12.27 1013 1.6 667 15.26 536.43
5" (PPAM, £ = 20"0) 20.03 101.3 3.2 526 24.91 423.04

Table 3.2: Parameters vatrm Patrm ~maxi Pt max* ~ and Pmax statics Df the different applica-
tion cases of Table 3.1. Vmax is the enclosed volume of the pressurized actuator and Pr_max
is its corresponding gauge pressure. The quantity of gas located in the pressurized actuator
has a volume Vmax at pressure Pr_max and a volume Vatm at atmospheric pressure Patm- L
is the necessary stroke for the cylinder and the linear motor to reach the considered state of
pressurization of the actuator. Fmax_ataUca is the continuous force necessary for the linear
motor to maintain the considered state of pressurization of the actuator.

B) Sélection of the cylinder and of the linear motor

As can be seen in Table 3.2, the longest stroke and highest continuous force necessary to
perform the application cases are 81.75 mm and 536.43 N, respectively. These values have
been used to select a motor among the products proposed by the Linmot company [14] and
to select a DNC cylinder.

Among the proposed Linmot motors, the PO 1-48X240 sériés is the one that can develop the
highest continuous force. The value of this force is 257 N and to reach such a force, the motor
needs to be installed in a flange (see Fig. A.12) and to be cooled by a fan. Although this
force is approximately half of the maximum continuous force required, it will nevertheless be
sufficient for the experiments to be performed.

Indeed, the application cases related to miniature PPAMs (cases no. 2 to 5, 2' to 5' and 2" to
5") consider that the actuator develops a pulling force of 200 N. However, to get interesting
conclusions from the experiments, it is not necessary that the actuators reach such a force
and it will be sufficient to hdve a test bench able to pressurize miniature PPAMs so that they
develop a pulling force of 100 N. A linear motor developing a maximum continuous force of
257 N will thus be suitable.

The motor the P01-48X240/90X240 has been finally chosen. It is able to develop its maxi-
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mum peak force ail over a 90 mm stroke but it bas a total stroke of 240 mm. A 90 mm stroke
bas also been cbosen for the pneumatic cylinder.
More details about tbe cbosen motor are available in Section A.2.3.

C) Dynamic study of the "cylinder-linear motor" combination

Now tbat tbe cylinder and tbe linear motor bave been selected, tbe dynamic study can be
performed in order to answer tbe following question: is tbe "cylinder-linear motor" combi-
nation able to pressurize tbe studied actuator in 0.05 s?

To perform tbis study, a motor sizing software called "Linmot Designer" is used (tbis software
is available for download on tbe LinMot website [14]).

To study an application case witb tbis design software, some data must be provided sucb
as tbe motor type, tbe servo controller type (a BIIOOVF controller bas been cbosen, see
Section A.2.4 for more details about tbis cboice), tbe mass tbe motor bas to displace wben it
is actuated, tbe external force and friction applied to tbe motor, tbe motion cycle (tbe curve
type for tbe displacement, the velocity and the accélération, the displacement, the maximum
recommended velocity, etc.), etc. The details of ail the parameters encoded in the software
are available in Section A.2.4.

If the linear motor combined witb the controller and the cylinder, is not able to perform
the proposed motion cycle, warnings are indicated by the Linmot Designer program. These
warnings notify, for example, tbat the dynamic force the motor bas to produce exceeds the
peak force limits of the "motor - servo controller" combination.

For each application case of Table 3.2, a start position is cbosen for the motor (see Section
A.2.4 for more details on the start position cboice) and the following motion cycle is studied:

1. a forward motion of stroke L witb an external force F xt = —Fmax_statics and a maxi-
mum velocity Vmax = 0.9 m/s

2. a backward motion of stroke L witb an external force Fxt = —Fmax statics and a
msiximum velocity Vmax = 0.9 m/s

The external force Fext is the force applied by the pressurized gas to the cylinder piston.
According to the sign convention of the software, if this force bas a négative value, it means
tbat it tends to push the slider inside the stator.

The constraint on the velocity is due to the pneumatic cylinder. Indeed, according to the
Festo support, a velocity larger than 0.9 m/s could damage the flexible cushioning rings/pads
placed at both ends of the cbhosen cylinder.

The goal of the dynamic study is to approach a duration time of 0.05 s for the forward
motion and the backward motion, respectively. Witb tbis target in mind, a search is done
for each application case in order to find a curve type and the values of the corresponding
parameters so tbat the motor, combined witb the controller and the cylinder, would be able
to perform the motion cycle.

Remark 1. The available curve types for the travel through the stroke are: sine, standstill,
point to point, limited jerk or minimal jerk.

Remark 2. In the software, the external force FAxt = —Fmax_statica is applied contin-
uously to the cylinder piston during the motion. However, in practice, when the cylinder
piston is displaced and the actuator is pressurized (depressurized), the external force in-
creases (decreases) and its intensity finally becomes equal to Fmax_statica (0 N), at the end
of the displacement. Hence, considering that Fext = —Fmax_atatica during ail the motion
overestimates the real external force.
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Table 3.3 summarizes the results of the dynamic study of the application cases of Table
3.2. For each case, the following data are listed: the parameters L and Fmax_statics previously
computed (see Table 3.2), the start position of the motor, the motion cycle (forward motion
and backward motion) the motor, combined with the servo controller and cylinder, is able to
perform according to the Linmot Designer program (i.e. no warnings). The curve type and
its parameters are specified as well as the duration T of the motion and the external force
Fext applied during the motion.

As can be seen in Table 3.3, for a majority of the application csises related to miniature
PPAMs, the motor is not able to pressurize the actuators when a constant external force
F~Axt = —Fmax statica is applied to the motor. However, for a constant external force Fext N* «

" the motor can perform these application cases and this is sufRcient for the test
bench. Indeed, as explained before, this means that the motor can pressurize the miniature
PPAMSs so that they can develop a pulling force of about 100 N and besides, the constant
external force Fext overestimates the real external force applied to the motor.

Concerning the velocity of pressurization, the pressurization times of cases no. 2, 2', 3', 2" and

3" are too long. Nevertheless, the chosen “cylinder - linear motor - controller" combination
will be kept because;

e cases no. 2' and 3' consider an overestimated volume of the inflated PPAMSs, this in-
volves an overestimated stroke L and increases the time necessary to cover this distance

« the duration time of case no. 3" is very close to the required time

« ail the application cases are overestimated since the external force Fext is applied con-
stantly during the motion whereas in reality, this force increases or decreases while the
motor slider is displaced. For the motor, counterbalancing this constant external force

Fext consumes energy that could otherwise be used to accelerate more and decrease the
duration time.

Conclusion

At the light of this dynamic study, the chosen "cylinder - linear motor - controller" combi-
nation is kept.

Table 3.4 summarizes its main properties. The datasheets of the chosen linear motor and
controller are available in Section A.2.3, in Fig. A.1l, A.16, A.17 and A.18.
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Application case L Amax statics start curve acc. dec. T Next
position type

(mm) (N) (mm) (m/s2) (m/s2) (ms) (N)
1 (PBA, 1501) 19.79 48.25 25.21
forward motion pt 2 pt 35 35 47.6 -48.2
backward motion pt 2 pt 35 35 47.6 -48.2
2 (PPAM, £ = 10%) 48.19 85.81 -3.19
forward motion pt 2 pt 100 100 62.5 -85.8
backward motion pt 2 pt 100 100 62.5 -85.8
3 (PPAM, £ = 10%) 25.38 324.92 19.62
forward motion pt 2 pt 40 40 50.7 -220
backward motion pt 2 pt 40 40 50.7 -220
4 (PPAM, £ = 10%) 11.44 536.43 33.56
forward motion pt 2 pt 20 20 47.8 -250
backward motion pt 2 pt 20 20 47.8 -250
5 (PPAM, £ = 10%) 18.68 423.04 26.32
forward motion pt 2 pt 30 30 49.9 -240
backward motion pt 2 pt 30 30 49.9 -240
2" (PPAM, e = 10% 81.75 85.81 -36.75
and V~vereaCimated)
forward motion pt 2 pt 110 110 99 -85.8
backwEU'd motion pt 2 pt 110 110 99 -85.8
3 (PPAM, £ = 10% 43.05 324.92 1.95
and "overestimated)
forward motion pt 2 pt 50 50 65.8 -200
backward motion pt 2 pt 50 50 65.8 -200
4' (PPAM, £ = i0% 19.46 536.43 25.54
and "overestimated)
forward motion pt 2 pt 30 30 50.9 -240
backward motion pt 2 pt 30 30 50.9 -240
5 (PPAM, c = 10% 28.18 423.04 16.82
and "overestimated)
forward motion pt 2 pt 50 50 49.3 -200
backward motion pt 2 pt 50 50 49.3 -200
27 (PPAM, £ = 20%) 64.26 85.81 -19.26
forward motion pt 2 pt 110 110 79.6 -85.8
btickward motion pt 2 pt 110 110 79.6 -85.8
3”7 (PPAM, £ = 20%) 33.85 324.92 11.15
forward motion pt 2 pt 50 50 55.6 -200
backward motion pt 2 pt 50 50 55.6 -200
4" (PPAM, £ = 20%) 15.26 536.43 29.74
forward motion pt 2 pt 25 25 49.4 -250
bEtckward motion pt 2 pt 25 25 49.4 -250
57 (PPAM, £ = 20%) 2491 423.04 20.09
forward motion pt 2 pt 40 40 50.2 -220
backward motion pt 2 pt 40 40 50.2 -220

Table 3.3: Dynamic study of the application cases: the table lists the motion cycles (forward
motion and backward motion) that the motor, combined with the servo controller and the
cylinder, is able to perform according to the Linmot Designer software. During a cycle, an
external force Fext is applied to the motor slider and the motor makes a forward motion and
a backward motion of stroke L without exceeding the maximum velocity Vmax = 0.9 m/s.
The start position of the motor is specified as well ais the curve type of the motion ("pt 2
pt" means "point to point") and its parameters (the accélération ("acc."), the décélération
("dec."). T is the duration of the motion. L and F*ax statica are the parameters computed
previously in Table 3.2.
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Pneumatic cylinder

brand Festo
type DNC-32-90-p-Sli
(double-acting cylinder)

diameter 32 mm

stroke 90 mm

mriximum recommended speed 0.9 m/s

friction 10 kPa

damping flexible cushioning rings/pads
placed at both ends of the cylinder

piston mass 243 g

pneumatic connexion G1/8 female

Linear motor

brand Linmot

type P01-48X240/90X240
maximum stroke 240 mm

stroke SS 90 mm
maximum continuous 257 N

force with fan cooling

force constant 39 N/A
maximum peak force 39 N/A .8 A=312 N

(with a BIIOOVF controller:
i.e. maximum current 8 A)

position repeatability +0.05 mm
linearity +0.2 %
position repeatability +0.01 mm
with external sensor

linearity with +0.01 mm
external sensor

Controller

brand Linmot
type BIIOO-VF
maximum peak current 8 A
delivered to the motor

command types current command or

slider position command

Table 3.4: Main properties of the pneumatic cylinder, the linear motor and the controller
chosen for the test bench.
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3.5 Description of the test bench

3.5.1 Test bench board

Most parts of the test bench are installée! on a board (see Fig. 3.4). This is a M-TD-22
Breadboard proposed by Newport. Its dimensions are 600 mm x 600 mm x 28 mm. It
présents threaded M6 holes distributed every 25 mm in two perpendicular directions, over
the surface of the board.

Figure 3.4: Newport board on which most components of the test bench are installed. Figure
from [19].

3.5.2 Platform for measurement and control

As explained in Section 3.2.1, the test bench will allow to characterize flexible fluidic actuators
and to investigate the PVFP principle. To do so, it will be equipped with different sensors
whose measurements will need to be acquired. Besides, the test bench is also meant to
control the displacement and the developed force of the studied actuators. Hence, to acquire
the sensors measurements and to offer control possibilities to the test bench, an integrated
platform for measurement and control has been chosen.

National Instruments [18] and dSPACE [12] propose such platforms that have already been
used by colleagues. The products proposed by these companies offer quite similar services
however:

< If two similar solutions. National Instruments and dSPACE, are compared, it can be
noted that the National Instruments solution will be half as expensive as the other one.

* The Products proposed by National Instruments are developed for the industry. Hence,
National Instruments provides follow up for its products (e.g. it proposes software
updates and ensures compatibility for the components) for several tens of years. Con-
cerning dSPACE, the products are especially developed for the automobile industry
where the projects last approximately four years.

NB: Answering questions about the lasting of a given product, a dSPACE employée
said he couldn’t guarantee how long the product would be proposed and would receive
a follow up.

These two arguments have led to choose the National Instruments products and among the
proposed platforms, the NI PXI System heis been selected (see (a) in Fig. 3.5).

It uses the Labview software and is composed of a chéssis, a controller and different

modules that can be chosen according to the needs of the application. This makes this solution
very polyvalent. The main properties of the chosen NI PXI configuration are summarized in
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Main components of the chosen NI PXI configuration

Chassis with 8 slots and universal AC power supply

NI PXI-8106 controUer: core 2 duo, 2.16 GHz, Windows Vista
Extra memory: 1 GB DDR2 RAM
Module with 32 analog output channels
Data acquisition module: 32 analog inputs, 48 digital inputs/outputs

Connecter blocks for the analog output module and the data acquisition module

Table 3.5: Main components of the chosen NI PXI configuration

Table 3.5. A detailed list of the platform components is available in Section A.4. As can be
seen in Table 3.5, "connector blocks" (see (b) in Fig. 3.5) are used. They are connected to
the modules of the NI PXI platform and offer screw terminais for easy connections between
the modules and the points where signais need to be sent or collected.

(@) (b)

Figure 3.5: (a) NI PXI solution proposed by National Instruments (b) Connector block.
Figures from [18].

3.5.3 Pneumatic cylinder and linear motor

As explained before, the test bench is composed of a linear motor combined with a pneumatic
cylinder (see Fig. 3.7). This constitutes a syringe-pump that is connected to the flexible flu-
idic actuator to be studied. When the motor (no. 1 in Fig. 3.7) is actuated, its slider (no.
2 in Fig. 3.7) is displaced. This slider drives the piston of the cylinder (no. 4 in Fig. 3.7)
and this involves a pressure variation in the pneumatic circuit (i.e. the cylinder chamber, the
flexible fluidic actuator and the pneumatic tubes linking the cylinder and the actuator (no.
6 in Fig. 3.7), from which results the actuation of the actuator.

Figure 3.8 présents the practical implémentation of the test bench. As can be seen in this
figure,

e the linear motor (no. 1 in Fig. 3.8) is fixed on two aluminium plates A and A’ which
are screwed to the test bench board (no. 5 in Fig. 3.8).e

e the aluminum part B ensures the linking between the slider (no. 2 in Fig. 3.8) and the
piston (no. 3 in Fig. 3.8). The slider and the piston are screwed to this part.
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e the cylinder (no. 4 in Fig. 3.8) is fixed on two aluminium parts C and C’ which are
screwed to the test bench board.

« the linear motor is equipped with a flange and a fan (no. 1 in Fig. 3.8).

- the linear motor is equipped with an external position sensor (ho. 6 in Fig. 3.8).
The motor has an internai position sensor that allows to position the slider with a
repeatability of +0.05 mm and a linearity of +0.2 % (see Table 3.4). However, to have
the best possible accuracy, an external sensor available in the LinMot catalog has been
eidded to the test bench. Indeed, with such a sensor, a repeatability of £0.01 mm is
achieved as well as a linearity of +0.01 mm (see Table 3.4).

The external sensor has to displace above a magnetic strip (no. 6' in Fig. 3.8) and
the sensor implémentation has to fulfill some requirements presented in Fig. 3.6. The
connection between the sensor and part B has thus been designed with this in mind
and is ensured via the rods D and D’ Hence, when these rods are horizontal, the
requirements are fulfilled.

More information about the external position sensor is available in Section A.2.3, in
Fig. A.14 and A.15.

Minimum distance from slider

A

In order to rule out influence of the mag-

netic UnMot slider on the position measu-
. rement, the following minimal distances
| to the magnetic strip should be observed:

Linear Motor  Minimum distance;

P01-23... 30mm
P01-37... 40mm
| PO1-48... 60mm

Figure 3.6: Requirements to fulfill when installing the external position sensor of the linear
motor. Figure from [1].

« to ensure the horizontality of rods D and D’, the rotation of the slider must be avoided.
To do so, part B présents a flat surface which slides on the Teflon part E. Teflon has
been chosen to limit the friction.

Remark 1: Linear guides (see Fig. A.21, in Appendix A.2.3) are available in the Linmot
catalog [1]. Such guides should be used if the slider is subjected to radial loads, if the rota-
tion of the slider or the 0.5 mm gap between the slider and the stator causes inconvenience.
Hence, the Teflon part E could be replaced by a linear guide.

Remark 2. When the external position sensor is plugged to the motor controller, the
latter uses the mesisurement of the external sensor to control the slider position, instead of
using the meeisurement of the internai sensor of the linear motor.
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Figure 3.7: The syringe-pump test bench: 1) linear motor 2) slider of the linear motor 3)
linking part 4) piston of the pneumatic cylinder 5) pneumatic cylinder 6) pneumatic tubes
connecting the cylinder and the actuator (which is not represented in this figure)

Figure 3.8: Top view of the test bench: 1) linear motor + Range + fan 2) slider of the
linear motor 3) piston of the pneumatic cylinder 4) pneumatic cylinder 5) test bench board
6) external position sensor 6’) magnetic strip A&A’) mounting parts of the linear motor B)
linking part between the slider and the piston C&C’) mounting parts of the cylinder D&D’)
linking parts between the external position sensor and part B. E) Teflon part on which part
B slides to avoid the rotation of the slider.

3.5.4 Connections between the motor controller, the motor fan and
the different power supplies

Fig. A.32 in Appendix A.5 explains how the controller of the linear motor has to be connected;
it is connected to two power supplies: the linear motor supply (72 VDC) and the logic supply
(24 VDC). The 24 VDC logic supply was not provided with the linear motor. Hence, a
24 VVDC power supply has been bought and its main characteristics are summarized in Table
A.l, in Section A.5. Following the explanations of Fig. A.32, the connections between the
controller, the 72 VDC motor supply, the 24 VDC logic supply, the fan and its supply have
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been made as shown in Fig. 3.9. The main characteristics of the fan supply (this supply was
neither provided with the linear motor and has been bought separately) are summarized in
Table A.2, in Section A.5.

Figure 3.9; Connections between the controller, the 72 VDC motor supply, the 24 VDC logic
supply, the fan and its supply. "F", "SB", "L", "C" and "LS" stand for "fuse", "switching
break”, "line", "contactor" and "limit switch", respectively.

As can be seen, the circuit of Fig. 3.9 présents fuses ("F" in Fig. 3.9), switching breaks
("SB" in Fig. 3.9), limit switches ("LS" in Fig. 3.9), a contactor ("C" in Fig. 3.9), a shunt
and an E-stop button.

The E-Stop button allows to shut down the circuit when it is pressed (i.e. the current is
switched off). As for the limit switches, they héve been installed on the test bench because
they can help to increase the safety of operation of the linear motor. Indeed, as the motor
has a much larger stroke than the pneumatic cylinder, the limit switches can be used to
shut down the motor supply when the displacement of the motor slider risks exceeding the
cylinder stroke.

Fig. 3.10 présents the practical implémentation of the circuit of Fig. 3.9. As can be observed,
except the El-Stop button and the limit switches, ail the components presented in this section
are installed on two DIN rails, which are fixed to a gantry made of MiniTec parts (see Section
A.3 for a short description of the MiniTec parts). Concerning the fuses, they are inserted in
fuse holders that are fixed to the DIN rails.

More information about the circuit, its design and its components is available in Sec-

tion A.5, eis well as two summarizing tables (see Tables A.3 and A.4) presenting the main
characteristics of the circuit components.
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Figure 3.10; Picture of the test bench; the linear motor supply, the logic supply and the
fan supply, the linear motor controller, the fuses, the switching breaks, the shunt and the
contacter are installed on two DIN rails. The DIN rails are fixed to a gantry made of MiniTec
parts. 1) logic supply 2) fuses F + fuse holders 3) motor supply 4) fuses F + fuse holders 5)
MiniTec parts 6) two DIN rails 7) switching breaks SB4 8) shunt (bond to the SB4 switching
breaks) 9) switching breaks SB 10) contacter C 11) switching breaks SB 12) switching breaks
SB 13) fan supply 14) linear motor controller

Remark; In practice, the limit switches hdve not been used a lot. Indeed, the user-
friendly program "Linmot-Talk", that enables to control the motor, allows to program the
slider motion in different ways. For example, it is possible to specify a start position and an
end position for the slider and to specify the velocity and accélération of the slider when it
moves between both positions. If the start and end positions are chosen so that the slider
displacement does not exceed the cylinder stroke, the limit switches become superfluous.

3.5.5 Sensors

To characterize a flexible fluidic actuator, four parameters are measured for each measurement
point;

1. The volume of fluid supplied to the actuator. As explained before, this volume wiill
be considered to be the volume swept by the piston of a syringe-pump connected to
the actuator. Hence, this volume is proportional to the displacement of the cylinder
piston u (it is equal to the displacement of the motor slider) and in practice, the piston
displacement is the veiriable that will be used instead of the swept volume. It is imposed
by the linear motor which is equipped with a position controller and it is measured by
the external position sensor of the linear motor.

Remark; The piston displacement u is equal to the piston position with respect to the
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position for which the volume of the cylinder chamber is maximum.

2. The vertical force F developed by the flexible fluidic actuator. Itis measured by hanging
given weights from the tip of the flexible fluidic actuator. The gravitational force of
the weight corresponds to the vertical force developed upwards by the actuator.

3. The vertical displacement Ay of the actuator tip. It is measured by a caméra or a laser
sensor.

4. The relative pressure p inside the flexible fluidic actuator. It is measured by pressure
sensors. For static measurements (i.e. ail parameters are stabilized before a measure-
ment is taken), it is assumed that the pressure is uniform in the fluidic circuit.

The measurements are made as follows:
1. The motor imposes a given displacement ui to the cylinder piston.

2. No external load is applied to the actuator. The pressure p and the displacement Ay
are measured: their values are pi and Ayi, respectively.

3. The piston position is kept constant and a given weight w is attached to the actuator tip
(the corresponding force is F2). Consequently, the pressure increases and the vertical
displacement decreases. Their values are measured and are p2 (with p2 > Pi) and Ay2
(with Asz2 < Ayi), respectively.

These three steps are then repeated for each measurement point.

A) Measurement of the piston displacement u

The piston displacement u is measured by the external position sensor of the linear motor.
This sensor has a resolution of 0.001 mm and an accuracy of + 0.01 mm/m (see Fig. A.1l4
and A.15, in Section A.2.3). The measurement of the sensor can be read on the control panel
of the user-friendly software "Linmot-talk", which allows to control the motion of the motor.
With this sensor, the motor is able to position its slider (and thus the cylinder piston) with
a repeatability of = 0.01 mm and a linearity of = 0.01 mm (see Table 3.4, in Section 3.5.3).
The volume swept by the piston is computed by multiplying the displsicement of the cylinder
piston by its cross-section (diameter of the cross-section = 32 mm). Hence, the accuracy
of £ 0.01 mm/m on the measurement of the piston displacement involves an accuracy of
+ 0.01 ml/l on the measurement of the swept volume. Besides, since the displacement of the
cylinder piston can be imposed with an accuracy of + 0.02 mm (repeatability H- linearity),
the swept volume can be imposed with an accuracy of + 0.0161 ml.

B) Measurement of the actuator tip displacement Ay

The tip displacement Ay of the PBAs is measured with a Keyence caméra (CV-551 controller
+ CV-050 caméra). The controller screen présents 512 x 480 pixels (i.e. more than 240000
pixels).

The tip displacement Ay of the miniaturized PPAMSs is measured with a leiser sensor Keyence
LC-2440. This sensor has a measurement range of £ 3 mm, a resolution of 0.2 pm and a
linearity of + 0.05%.

C) Measurement of the force F developed by the actuator

The force F developed by the flexible fluidic actuator is measured by hanging given weights
at the tip of the actuator. The gravitational force of the weight corresponds to the vertical
force developed upwards by the actuator.
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To load the flexible fluidic actuators, KERN [13] précision weights of class MI have been
used. Some of these weights présent a slot (see Fig. 3.11) and can be placed on a 10 g hook
(see Fig. 3.12). The other weights (see Fig. 3.13) are already equipped with a hook. Table
3.6 présents the KERN weights and the tolérance on their values.

Dumbbell weights have also been used when heavier weights than the available KERN weights
were necessary.

Figure 3.11: Picture of the KERN 10 g hook and of the KERN weights presenting a slot.
These weights have been used to load the flexible fluidic eictuators.

Figure 3.12: Picture of the KERN 10 g hook loaded with KERN weights presenting a slot.
These weights h&ve been used to load the flexible fluidic actuators.

Figure 3.13: Picture of the KERN weights equipped with a hook. These weights have been
used to load the flexible fluidic actuators.
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KERN Weight Tolérance on the weight value

Slot weights

1g + 1 mg
249 + 1.2 mg
59 + 1.6 mg
10 g + 2 mg
20 g =t 2.5 mg
50 g + 3 mg
100 g + 5mg
Hook weights

29 + 1.2 mg
59 + 1.6 mg
10 g hook + 1.33 mg

Table 3.6: KERN weights (and the tolérance on their values) used to load the flexible fluidic
actuators.

D) Measurement of the relative pressure p inside the flexible fluidic actuator

To measure the pressure inside the PBAs and the miniaturized PPAMSs, different pressure
sensors are used. Indeed, as explained in Section 3.2.3, these two kinds of actuators présent
different pressure ranges: up to 60 kPa for the PBAs and up to 667 kPa for the miniaturized
PAMs, according to Table 3.1.

Hence, two relative pressure sensors presenting ranges of 0 — 1 bar and of 0 — 6 bar have been
used for the PBAs and for the miniaturized PPAMS, respectively.

The O—1 bar relative pressure sensor présents the features summarized in Table 3.7. The
cumulated error of this sensor has been computed on the basis of the sensor certificate of
calibration. This cumulated error takes into account the accuracy, the span tolérance, the
supply voltage sensitivity and equals maximum =+ 0.6 % of the measured pressure value.

O—1 bar relative pressure sensor

brand GEMS

type 2200RG AIO01 D3DB

pressure range 0—1 bar

zéro tolérance 1 % FS”

pressure port G1/4 male

respotise time 0.5 ms

cumulated error max + 0.6 % of the measured pressure value

Table 3.7: Characteristics of the O—1 bar relative pressure sensor

The 0 — 6 bar relative pressure sensor présents the features summarized in Table 3.9. Its
accuracy equals maximum = 0.25% FS, i.e. = 0.015 bar.
To measure the pressure inside the PBAs, a differential pressure sensor is used in addition to
the 0 — 1 bar relative pressure sensor. While the relative pressure sensor is used to measure
the actuator pressure corresponding to a given piston position, the differential pressure sensor
is used to measure the pressure variation involved when a weight is hung to the actuator tip,
for a given piston position. Indeed, it has been experimentally noticed that these pressure
variations are to small to be measured by the relative pressure sensor.
The differential pressure sensor has a measurement range of 1000 Pa and présents the char-
acteristics summarized in Table 3.8. Because the fluidic circuit présents small air leakages,
the pressure variation involved when attaching a weight at the PBA free end, is measured
by meeisuring the jump that the signal of the differential pressure sensor makes when the
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weight is hung. The pressure variation is thus a différence between two measurements made
by the differential pressure sensor. The non-linearity and the hystérésis of the sensor both are
< #0.10 % FS, i.e. < *1 Pa. The cumulated error on one measurement is thus < +0.20 %
FS, i.e. < %2 Pa. Since the pressure variation will be determined by doing the différence
between two measurements, the cumulated error on the pressure variation is < +0.40 % FS,
ie. < x4 Pa.

1000 Pa differentied pressure sensor

brand IMPRESS sensors and Systems

type DPS 100 differential pressure transmitter
200-0100-2-3-B -YOO-1

pressure range 0 — 1000 Pa

non-linearity (BFSL) < +0.10 % FS

hystérésis < #0.10 % FS

pressure ports 11 mm X 6.6 mm OD

for flex. tube with an ID =6 mm
O£>=outer diameter
/a?=inner diameter
response time T90 approx 0.02 s
cumulated error < +0.40 % FS

Table 3.8: Characteristics of the 1000 Pa differential pressure sensor

0 — 6 bar relative pressure sensor

brand Druck
type PMP 1400
pressure range 0 — 6 bar
accuracy (combined non-linearity, max % 0.25% FS

hystérésis and repeatability)
Best straight line définition

zéro tolérance + 0.5% FS
pressure port 61/4 female
response time / (not specified)

Table 3.9: Characteristics of the 0 — 6 bar relative pressure sensor

The measurements of the relative and differential pressure sensors are acquired by the NI
PXI platform at a sampling rate faampHng- Hence, anti-aliasing filters have been designed to
avoid the aliasing of the acquired signais due to the sampling of the data. Indeed, according
to the Shannon theorem, if a sampling rate fsampling is used, ail the acquired signais having
a frequency larger than fsampling/** will be aliased. To avoid this phenomenon, the sampling
rate fsampling niust verify the following condition:

fsampling ™ Mmax

where jmax is the maximum frequency of the acquired signal. In practice, the following
condition is applied:

Fsampling ™ 10/n (3.15)

Since, it has been chosen to acquire the measurements with a sampling rate of 10 kHz, the
maximum frequency of the acquired signal must verify the following condition:

1 kHz > fmax (3.16)

To fulfill this condition, anti-aliasing filters presenting a cutoff frequency of 1 kHz have been
designed and the measurements of the pressure sensors pass through these filters before being
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acquired by the NI PXI platform. The electronic circuit of these filters is presented in Fig.

3.14:

+12VDC
Cc2
C1
H +12VDC
C1
Hh
R4
rAA/S
Vi VD1
V2 V3
C1 R
H C1 D1
WTTIMTTT7T777T7 77 IWT 7777 77777TTT7T777777777777 TTIRVTMm
-12vDC

Figure 3.14: Electronic circuit of the anti-aliasing filters

This circuit is composed of:

More

an instrumentation amplifier (component Al in Fig. 3.14): it computes the différence
between the two input signais. The gain of this amplifier equals 1. This amplifier hais
been added to the circuit in order to have an anti-aliasing filter that could be used
for fioating sensors as well as for referenced sensors. Indeed, this amplifier offers a
differential input to the circuit.

In practice, ail the sensors of the test bench are referenced sensors whose reference is the
same as the reference of the rest of the circuit. "IN-h" and "GND" are the measurement
signal of the sensor and the reference of the circuit, respectively.

a second order Butterworth low-peiss filter (= components located between voltages VI
and V2, A2 is an operational amplifier). Strictly speaking, this filter is the anti-aliasing
filter. It has been designed so that its cutoff frequency equals 1 kHz. Its gain equals
1.586.

two Zener diodes (components DI in Fig. 3.14): they insure that the voltage V3, which
is acquired by the NI PXI platform, stays in the range allowed by this platform, i.e.
between —10 V and -1-10 V..

decoupling capacitors (components CI in Fig. 3.14): they help to stabilize the supply
voltages. Indeed, by providing their discharge current, they avoid that an inrush current
involves a voltage drop on the supply voltage fines.

details about the following points are given in Section A.6.
the components of these anti-aliasing circuits (see Table A.5)
the manufacturing of the electronic cards

the connections between the pressure sensors, the NI PXI platform, the supplies, the
anti-aliasing filters and other components
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3.6. Conclusions

Conclusions

A test bench bas been developed to characterize flexible fluidic actuators and to study the
PVFP principle. This test bench présents the following features:

The

it allows to characterize two spécifie kinds of actuators: the PBAs and the
miniaturized PPAMs. However, this test bench can be used to study other flexible
fluidic actuators, as can be deduced from the comparison of the summarizing tables of
the literature review (see Tables 2.1 and 2.2) and of the table presenting the application
cases used to design the test bench (see Table 3.1).

it is able to maintain the pressurization states of the studied actuator.

it is able to dynamically pressurize the studied actuator at a frequency up to
10 Hz.

it is equipped with a measurement and control platform that can be used to control
the displacement and the developed force of the studied actuator.

it allows to measure the pressure inside the studied actuator. The study of the
application cases (see Table 3.1) foresees pressure ranges of 0 — 60 kPa and 0 — 667 kPa
for the PBAs and the miniaturized PPAMSs, respectively. Pressure sensors have been
chosen accordingly and Table 3.10 présents the measurement ranges and accuracies of
these sensors.

Sensor range and type Accuracy

0 — 1 bar relative pressure sensor + 0.6 % of the measured pressure value
0 — 6 bar relative pressure sensor =+ 0.015 bar

1000 Pa differential pressure sensor < %4 Pa

Table 3.10: Measurement ranges and accuracies of the test bench pressure sensors

it allows to measure the cylinder piston displacement and the volume swept
by the cylinder piston. The test bench is able to measure the piston displacement u
with an accuracy of = 0.01 mm/m. Besides, it allows to impose the piston displacement
U with an accuracy of = 0.02 mm (repeatability + linearity). The test bench is able
to measure the swept volume with an accuracy of = 0.01 ml/l. Besides, it allows to
impose the swept volume with an accuracy of = 0.0161 ml.

it allows to measure the force developed by the studied actuator. To do so,
calibrated weights are hung at the tip of the actuator.

it allows to measure the displacement of the studied actuator. To do so, a
caméra or a laser sensor is used.

test bench is built as a syringe-pump whose fluidic circuit (i.e. the chamber of the

cylinder, the fluidic tubes and the flexible fluidic actuator) is closed. This actuation principle
can be used to pressurize pneumatic actuators with gas but also hydraulic actuators with
liquid. In practice, the linear motor can be used for ail the fluids while the cylinder and
the pressure sensors have to be compatible with the used fluid. If they are not, it will be
necessary to replace them by compatible components.
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Chapter 4

Study of the PVFP principle and
of the Pneumatic Balloon
Actuators: Test bench
particularities

4.1 Introduction

As explained before, a simple flexible fluidic actuator was necessary to investigate the PVFP
principle. Therefore, an actuator having one DOF, a simple design and which is easily
manufactured was looked for among the actuators listed in the review of the literature (see
Section 2.4). The actuator that has finally been chosen is the "Pneumatic Balloon Actuator"
(PBA, see Section 2.4.3 and [50]).

Section 4.2.1 briefly describes the original PBA developed by [50], while Section 4.2.2 présents
the PBAs manufactured for the test bench. Afterwards, the particularities of the test bench
linked to the study of the PBAs are presented in Section 4.3.

4.2 The Pneumatic Balloon Actuators

4.2.1 Short description of the original Pneumatic Balloon Actuator

Fig. 4.1 présents the "Pneumatic Balloon Actuator" (PBA) invented by S. Konishi et al.
[50]. This device is fixed as a cantilever and comprises two square-shaped flexible films. The
upper one acts as a membrane and is a silicone rubber film while the lower one plays the
réle of a substrate and is a polyimide film. These films are glued to one another along their
surrounding edge with a silicone rubber glue and this configuration forms a cavity. When
pressurized air is introduced in this cavity, the silicone rubber film inflates without supporting
any bending load (like a membrane). On the other hand, the polyimide film bends due to the
moment produced by the tensile forces in the membrane. This behaviour results in a large
out-of-plane vertical displacement (i.e. in the y-direction) and in a horizontal displacement
(i.,e. in the x-direction) of the free end of the actuator. In Fig. 4.1, one can notice the
presence of Silicon ribs glued below the polyimide film. They aim at preventing an unwanted
swelling of the substrate and at forcing the device to bend around the ribs z-axis, in order
to avoid an unwanted corner folding.
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4.2. The Pneumatic Balloon Actuators

Bend up
SUJcone nikber

substrate

Silicsnribs

Figure 4.1; Working principle of a Pneumatic Balloon Actuator (PBA): PBA at rest and
pressurized PBA on the left hand side and the right hand side, respectively. When the PBA
is pressurized (i.e. the pressure P is increased), its free end moves upwards. Figure adapted
from [50].

In conclusion, a PBA is an actuator presenting a cavity formed by two square-shaped
flexible films of different rigidities and fastened to each other along their surrounding edge.

4.2.2 Manufacturing of Pneumatic Balloon Actuators for the test
bench

As explained in Section 4.2.1, a PBA can be obtained by simply gluing two plastic squares
of different rigidities along their surrounding edges, in order to form a cavity. Since this
manufacturing process seemed very easy, it was decided to try developing home-made PBAs.
Three methods, presented in Section B.l, have been tested: gluing the films, welding the films
and moulding a PBA in latex. However, as each of these methods presented disadvantages,
it has been eventually decided to look for a company to produce the PBAs. The chosen
company is PRONAL [20], which is specialized in the design and manufacturing of flexible
structures.

PBAs with a 40 mm x 40 mm cavity have been ordered (see Fig. 4.2).

Connection with the tube

Figure 4.2; Drawing of the PBA to be manufactured by the PRONAL company. The dimen-
sions of the cavity are 40 mm x 40 mm.

The PBAs manufactured by PRONAL are made of Polyuréthane (PU), which is an elas-
tomer. An elastomer is necessary for its elasticity, so that the films deform elastically when
the PBA is pressurized and they regain their initial shape when the pressure decreeises. The
PBAs are obtained by fastening two layers of PU to each other by a high frequency welding
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4.2. The Pneumatic Balloon Actuators

method. To have different rigidities for the two PU layers, different thicknesses have been
used. Hence, the lower layer has a thickness of 1 mm and is more rigid than the upper one,
which h£is a thickness of 0.5 mm.

The PBA should not be pressurized above 0.2 — 0.3 bar to avoid leakages but also to avoid
the plastic deformation of the polyuréthane.

A flexible tube is welded to the PBA and the end of the tube is equipped with a standard
pneumatic connection. The rectangles ABCD and A'B'C'D’' (see Fig. 4.2) are aimed at
being clamped to fix the PBA as a cantilever. The rectangle EFGH (see Fig. 4.2) foresees
room at the extremity of the PBA to hang weights for the characterization tests.

The PBAs developed by PRONAL are shown in Fig. B.7, in Appendix B.2.

Remark 1. A PBA made of two layers of the same material has a different behaviour than
a PBA whose layers are of two different materials [51]. For PBAs made of only one material,
when the pressure increases, their free end lifts until some pressure is reached, it then goes
down when the pressure is increased further. The PBAs developed by PRONAL are entirely
made of the same material and risk presenting this behaviour. However, only the lifting stage
will be studied here.
Remark 2. If the PBA is placed between two plates instead of being fixed as a cantilever, it
can be pressurized at pressures up to 0.5 bar, according to PRONAL.
Remark 3. PU is non-porous to air.

Fig. 4.3 présents the mounting parts used to fix the PBAs as cantilevers.

Figure 4.3: Drawings of the mounting parts used to fix the PBAs as cantilevers: the rectangles
ABCD and A'B'C'D' of the PBA (see Fig. 4.2) are clamped between parts 4 and 5 so that
the PBA is fixed as a cantilever.

Parts 1, 2 and 3 are MiniTec profiles (see Section A.3). They are assembled together
with screws, nuts and squares. Part 4 is fixed to part 3 with screws, placed in the holes A
and B, and with nuts. The rectangles ABCD and A'B'C'D' of the PBA (see Fig. 4.2) are
clamped between parts 4 and 5 so that the PBA is fixed as a cantilever. Parts 4 and 5 are
assembled together with screws placed in the holes C and D and in the threads C and D'.
The mounting parts allow to modify the position of the PBA in the x-, y- and "-directions.
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4.3 Sensors and measurements

A PBA having a cavity of 40 mm x 40 mm is fixed eis a cantilever between the parts 4 and
5 described in Section 4.2.2. The PBA is placed so that its upper layer is the thinner one.
Fig. 4.4 présents a schematic view of the pressurized PBA and shows the convention chosen
for the x- and y-axes. Ay and AXx are the vertical and horizontal displacements of the free
end A of the PBA.

Figure 4.4: Cross-section of a pressurized PBA. The PBA is fixed as a cantilever so that its
upper layer is the thinner one of its two layers. This figure shows the convention chosen for
the x- and y-axes. Ay and AXx are the vertical and horizontal displacements of the free end
i4 of the PBA.

As explained in Section 3.5.5, two different pressure sensors are used to measure the
pressure inside the PBASs;

e a 0—1 bar relative pressure sensor, whose characteristics are summarized in Table 3.7.
This sensor is used to measure the actuator pressure corresponding to a given piston
position.

e a 0 — 10 mbar differential pressure sensor, whose characteristics are summarized in
Table 3.8. This sensor is used to measure the pressure variation involved when a
weight is hung to the actuator tip, for a given piston position. Indeed, it has been
experimentally noticed that these pressure variations are to small to be measured by
the 0 — 1 bar relative pressure sensor.

The relative and differential pressure sensors are integrated into the fluidic circuit pre-
sented in Fig. 4.5. This circuit is composed of the pneumatic cylinder chamber, the flexible
fluidic actuator to be studied, the pressure sensors, a solenoid valve and the fittings and
tubes connecting ail these components. More details about the fluidic circuit components
are available in Appendix B.3.

The solenoid valve is a 2/2-way valve presenting two pressure ports; when it is open/closed,
the ports are/are not connected. The solenoid valve is normally closed. This means that
when it is not powered, it is closed. On the other hand, as soon as power is supplied, it com-
mutes and opens itself. To control the closing/opening of the valve with the NI PXI platform
(see Section 3.5.2), an electronic circuit has been built and it is presented in Appendix B.3.

It is assumed that the pressure is uniform in the fluidic circuit and the pressure sensors
and the solenoid valve are used as follows to meetsure the pressure inside the PBA:

1. The solenoid valve is open and the motor moves the cylinder piston to a given position
u.
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4.3. Sensors and measurements

12 13 I tube (ID=5.7mm / OD=8mm)

Figure 4.5; Fluidic circuit implemented to study the PBAs: 1), 2), 4), 6), 8), 9) and 10)
are different kinds of fittings. 3) relative pressure sensor 5) solenoid valve 7) differential
pressure sensor 11) PBA 12) pneumatic cylinder 13) pneumatic cylinder chamber. The light
grey areas represent the tubes used to link the circuit components: ID=inner diameter and
OD=outer diameter. Ail the fittings are equipped with seals.

2. No external load is applied to the PBA. The pressure p of the fluidic circuit is measured,
once it is stabilized, with the relative pressure sensor. Indeed, as will be explained later,
the pressure p needs some time to establish itself and to become constant.

3. The piston position u is kept constant and the solenoid valve is closed. A quantity
of air at pressure p is thus trapped in the tube placed between the solenoid valve
and the differential pressure sensor. A given weight is then hung to the actuator tip.
Consequently, the pressure increases in the fluidic circuit (apart from the tube between
the solenoid valve and the differential pressure sensor which stays at pressure p) and
takes the value p + Ap. The pressure ports of the differential pressure sensor are thus
at pressures p and p + Ap and the pressure variation Ap is measured by this pressure
sensor.

Hence, for a given piston position and a given weight attached to the actuator, the pressure
p + Ap of the fluidic circuit is obtained by adding the measurements of the relative and
differential pressure sensors.

The X- and Y-displacements of the actuator tip Ax and Ay are measured thanks to the
Keyence caméra (see Section 3.5.5). A small black bail (diameter = 3 mm) is fixed at the ac-
tuator tip at 5 mm of the cavity and the position of the bail center is measured by the caméra.
Indeed, the caméra can be programmed in order to find a given pattern in the window frame
and to measure its position. Prior to making measurements with the caméra, the latter needs
to be calibrated in order to establish the pixels-millimeters relationship. This is done by visu-
alizing a rectangle of graph paper in the plane where the bail placed at the actuator tip moves.

The measurements are thus made £is follows:

1. The solenoid valve is open and the motor moves the cylinder piston to a given position
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u.

2. No external load is applied to the PBA,; the pressure p of the fluidic circuit is measured,
once it is stabilized, with the relative pressure sensor and the displacements Axo and
Ayo of the actuator tip are measured with the caméra.

3. The piston position u is kept constant and the solenoid valve is closed. A given weight
w is then hung to the actuator tip. Consequently, the pressure increases in the fluidic
circuit (apart from the tube between the solenoid valve and the difierential pressure
sensor which stays at pressure p) and takes the value p + Ap. The pressure variation
Ap is measured by the difierential pressure sensor. On the other hand, the actuator
tip moves downwards and its displacements Ax and Ay are measured with the caméra.
The weight is then removed.

These three steps are then repeated for ail the measurement points.

Remark: In practice, if the linear motor is asked to perform a given piston displacement
U*, it will perform a displacement u' close to u* but not equal to u*. The différence between
U* and u' can be as large as 1 mm; this diff'ers from the positioning accuracy foreseen by the
datasheets of the motor (see Section 3.5.5). Hence, in the measurements taken during the
experiments, u is the piston displacement u' performed in practice and not the asked value
u*. u'is measured with the external position sensor of the motor and its measurement can
be read on the control panel of the user-friendly software "Linmot-talk” (which allows to
control the motion of the motor) with an accuracy of = 0.01 mm.

The errors on the measurements are summarized in Table 4.1.

Variable Error on the measurement of the variable
piston displacement u #+ 0.01 mm
weight W < ==0.1 % of the weight

(see Table 3.6, the larger error (0.1 %
of the weight) corresponds to the tolérance
on the 1 g weight)

pressure p < +0.6 % of the metisured value

pressure variation Ap < *4 Pa

X- and Y- displacements Axo, Ayo, Ax, and Ay +0.13 mm

Table 4.1: Errors on the measurements

Although the test bench has been set up with a lot of care, it présents some air leakages.
Between the beginning and the end of a set of experiments, the maximum drop that has no-
ticed on the pressure p for a given piston displacement is 0.55 kPa. Hence, before performing
a new set of experiments with the test bench, it is refilled with air at atmospheric pressure.
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Chapter 5

The PVFP principle

5.1 Introduction

5.1.1 Understanding the PVFP principle with a simple flexible flu-
idic actuator

As explained before, a flexible fluidic actuator called "the Flexible Microactuator" is pre-
sented in [79] and it is suggested that the measurements of the fluid pressure and of the
volume of supplied fluid allow to détermine and control the position of the actuator and the
force it develops. This property, that is referred to as the "Pressure-Volume-Force-Position
principle" or "PVFP principle"”, means being able to détermine the displacement of a flexible
fluidic actuator and the force it develops without using a displacement sensor or a force sensor

[791.

To better understand this principle, let us consider the simple flexible fluidic actuator
presented in the left hand side of Fig. 5.1. It is composed of a cylinder whose top is closed
by a flexible membrane. The cylinder has a length d and a circular section S of radius U;
5 = -RH?. The atmospheric pressure is assumed to be constant and known and the pressure
is Eissumed to be constant.

The outside absolute pressure Pout equals the atmospheric pressure Patm and initially, the
inner absolute pressure pi,, is such that = po«t = Patm- When a displacement u is imposed
to the piston, the inner pressure pin increeises and the membrane deforms and takes the shape
of a spherical cap of radius r (see the right hand side of Fig. 5.1). The volume of the spherical
cap Vcaj> is completely determined by its radius r and is computed as follows:
2-7irn

Vcapir) = on e on (5.1)
If Poisson’s effect is neglected, the membrane surface tension 7 is also completely determined
by the membrane radius r and is calculated with the following équations;

7 = ae (5.2)
= (5-3)
. R
AL = 2r arcsm(T) — 2R (5.4)

where a are the stresses in the membrane, e is the membrane thickness, Em is the membrane
Young’s modulus, AL is the lengthening of the initial membrane length L = 2R.
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Pout — Patm

piston displacement u

Figure 5.1: Flexible fluidic actuator composed of a cylinder whose top is closed by a flexible
membrane. When a displacement u is imposed to the piston, the inner pressure pi,, increases
and the membrane deforms and takes the shape of a spherical cap of radius r. According
to the PVFP principle, knowing the values of Pin and u allows to détermine the vertical
displacement of point A and the external pressure peit applied to the membrane in addition
to the atmospheric pressure Patm (see Fig. 5.2).

The volume of fluid supplied to the actuator is considered to be the volume swept by the

piston during its displacement; this swept volume is proportional to the piston displacement
u and equals Su. Therefore, the piston displacement u will be the variable used for the PVFP
principle rather than the swept volume.
According to the PVFP principle, knowing the values of and u allows to détermine the
displacement of the flexible fluidic actuator and the force it develops. For the actuator consid-
ered here, the vertical displsicement of point A (see Fig 5.1) will be determined and instead of
the force developed by the actuator it is the external pressure Peit applied to the membrane
(in addition to the atmospheric pressure patm (see Fig. 5.2)) that will be determined.

First, no external pressure is applied to the membrane and the configuration is that of
the right hand side of Fig. 5.1; two cases can be considered:

1. The actuation fluid is incompressible. In this case, the cylinder is initially filled with a
volume V = Sdof fluid. When a displacement u is imposed to the piston, the volume of
fluid in the cylinder becomes Vv = S{d — u) and the volume of the spherical cap equals
V'cop(r) = V — V. Knowing Vcap, équation (5.1) allows to détermine the corresponding
radius r and knowing r, the vertical displacement of point A can be determined.

Since r is known, 7(r) can be computed with équations (5.2) to (5.4). Concerning the
inner pressure pi,, it is linked to the outside pressure Pout. the membrane radius r and
the membrane surface tension 7 by the Laplace’s équation:

27
Pin  Pout “© r (5'5)

Since the values of r and 7 are known, if the inner pressure pi, is measured, the
Laplace’s équation allows to détermine the outside pressure Pout- It is thus discovered
that Pout = Patm and it is deduced that there is no external pressure applied to the
membrane.

2. The actuation fluid is compressible. In this case, the cylinder is initially filled with
a volume V = Sd oi fluid at atmospheric pressure Patm- When a displacement u is
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imposed to the piston, the volume of fluid in the cylinder becomes Vv — S{d — u).

If the pressure is measured, r and Pout can be determined by the following two
équations:
Patmsd — PiniVcapir® "h S(d — u)) (b.6)
— 27(n
Pout — Pin (5**)

r

Equation (5.7) is the Laplace’s équation while équation (5.6) is the gas law applied
to the System whose fluid quantity is constant and assuming that the température is
constant.

Knowing the value of r, the vertical displacement of point A can be determined and
from the value of Pouti it can be deduced that there is no external pressure applied to
the membrane.

As can be seen, when the membrane is not loaded by an external pressure pext, the knowledge
of the piston displacement u and of the pressure pi,, allows to détermine the displacement of
the actuator and to establish that the actuator is not loaded.

Keeping the piston position constant, if an external load is applied to the membrane in
the form of an external pressure Peit, the inner pressure Pi, increases and the radius r of the
spherical cap decreases, as represented in Fig. 5.2.

Pout — Patm Pout — Patm  Pext

external load

Pin applied on the membrane

Figure 5.2: Flexible fluidic actuator composed of a cylinder whose top is closed by a flexible
membrane. When a displacement u is imposed to the piston, the inner pressure increases
and the membrane deforms and takes the shape of a spherical cap of radius r. Afterwards,
keeping the piston position constant, if an external pressure Pext is applied to the membrane
in addition to the atmospheric pressure Patm> the inner pressure increases and the radius
r of the spherical cap decreases. According to the PVFP principle, knowing the values of
Pin and u allows to détermine the vertical displacement of point A and the external pressure

Pext-

Again, two cases can be considered:

1. The actuation fluid is incompressible. In this case, the volume of the cap Vcap does not
change since the fluid volume V' in the cylinder remains the same. As a conséquence,
the membrane radius r also remains the same as well as 7(r) and as the vertical dis-
placement of point A. If Pin is meeisured, the external pressure pext can be determined
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5.1. Introduction

with the following two équations (the first one being the Laplace’s équation);

Pont = Pin — (5-8)
and

Pext — Pont — Patm (8.9)

In fact, since Pout increases by an amount pext while the shape of the membrane does
not change, Pin increases by the same amount.

2. The actuation fluid is compressible. Since the value of u is known, if is measured,
the following three équations allow to détermine Pext and r (the second équation is the
Laplace’s équation and the first one is the gas law applied to the System whose fiuid
quantity is constant and assuming that the température is constant) :

Patm~ — Pm(fap(®) H' s(d  "u) (5.10)
Bout = Bin 27r(r) (5.11)
Pext — Pout — Patm (5.12)

The vertical displacement of point A can then be determined from the value of r.

As can be seen, when the membrane is loaded, the knowledge of the piston displacement u
and of the inner pressure pi, allows to détermine the displacement of the actuator and the
external pressure applied to it.

For the simple actuator discussed in this section, the implémentation of the PVFP prin-
ciple consists thus in the équations that model the behaviour of the actuator and that allow
to détermine the displacement of the actuator and the external pressure applied to it, on the
basis of the values of u and pm-

In the mathematical developments presented in this section, the température is considered
to be constant as well as the atmospheric pressure. However, in practice, it can happen that
the ambient température or the atmospheric pressure changes. Let us now consider the
effect of those changes on the prédictions provided by PVFP principle, in the cases of an
incompressible and of a compressible fiuid.

1. The actuation fiuid is incompressible:

« If the atmospheric pressure increases by an amount p*, the absolute outside and
inside pressures pout and pPin increase by the same amount and the PVFP princi-
ple implemented on the actuator percoives this as the application of an external
pressure Pext = P*- To get rid of the influence of an atmospheric pressure change,
a gauge pressure sensor could be used to measure pi,, or the atmospheric pressure
could be measured and updated, if necessary, in the implémentation of the PVFP
principle (i.e. in équation (5.9)).

e If the ambient température increases by a small amount such that the volume
of fiuid does not change (no expansion), it will have no influence on the results
provided by the PVFP principle, i.e. the prédictions of the actuator displacement
and of the external pressure applied to the membrane will not be distorted.
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2. The actuation fluid is compressible.

« If the atmospheric pressure increases by an amount p*, the absolute outside pres-
sure Pont increases by the same amount, the radius r of the spherical cap decreases
as well as the vertical displacement of point A and pin increases but not by the
same amount as Pout- Indeed, ifPout and increased by the same amount, équa-
tion (5.7) would lead to an unchanged radius r while in practice r decreases. The
PVFP principle implemented on the actuator perceives the change of the atmo-
spheric pressure as the application of an external pressure Pext = P*1 As already
said, the change of the atmospheric pressure has lead to a change of the vertical
displacement of point A but the prédiction of the PVFP principle, according to
which Pext = P*i can be used to compensate this change and to restore the dis-
placement of point A. The PVFP principle does not allow to distinguish a change
of the atmospheric pressure from the application of a real external pressure Pexu
to be able to do so, it is necessary to measure the atmospheric pressure.

The atmospheric pressure needs thus to be measured and updated in the implé-
mentation of the PVFP principle (i.e. in équation (5.12)) and its effect on the
displacement of point A needs to be compensated if it is non-negligible.

e If the ambient température increases, the volume of fluid expands in the actuator.
Since the volume V/ in the cylinder does not change because the piston position
is imposed, the volume Vcop of the spherical cap increases as well as the vertical
displacement of point A. The inner pressure increases and the PVFP principle
implemented on the actuator perceives this change 8is the application of an external
pressure Peit = P* that would héve decreased the displacement of point A. Hence,
the prédiction of the PVFP principle, according to which Pext = P*> can not
be used to compensate the change in the displacement of point A due to the
température increase; indeed, doing so would lead to a further increase of the
displacement of this point! The température needs thus to be measured and taken
into account in the implémentation of the PVFP principle and its effect on the
displacement of point A needs to be compensated.

In conclusion, for the simple actuator considered here, the PVFP principle is applicable with
an incompressible or a compressible actuation fluid. Besides, if an incompressible actuation
fluid and a gauge pressure sensor (to measure pi,,) are used, the prédictions provided by the
PVFP principle implemented on the actuator will not be influenced by the changes of the
atmospheric pressure and of the température.

5.1.2 Implementing the PVFP principle on the Pneumatic Balloon
Actuator

The Pneumatic Balloon Actuator (PBA) has been chosen to study the PVFP principle. This
actuator is described in Section 4.2 and is installed on the test bench described in Sections
3.5 and 4.3.

Fig. 5.3 is a schematic représentation of the PBA linked to the cylinder of the test bench. The
actuation fluid is air. When a displacement u is imposed to the piston, the inner pressure pi,,
increases and the PBA inflates and its free end A moves upwards. The vertical and horizontal
displacements of this point are Apo and A=q, respectively. Afterwards, keeping the piston
position constant, if a weight w is hung from the PBA free end, the inner pressure
increases by an amount Ap and the displacements Ay and Ax of the PBA free end decrease.
According to the PVFP principle, knowing the values of pin and u allows to détermine the
displacements of point A and the value of the weight w.
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As explained before, the pressure variation Ap due to the loading of the PBA with a weight
is meeisured with another sensor than the inner pressure p due to the piston displacement (p
is the gauge pressure corresponding to the absolute pressure Pin)-

Pout — Patm

Figure 5.3: Pneumatic Balloon Actuator (PBA) linked to the cylinder of the test bench. The
actuation fluid is air. When a displacement u is imposed to the piston, the inner pressure
Pin increases and the PBA inflates and its free end A moves upwards. The vertical and
horizontal displacements of this point are Apo and Axqgi respectively. Afterwards, keeping
the piston position constant, if a weight w is hung from the PBA free end, the inner pressure
Pin increases and the displacements Ay and Ax of the PBA free end decrease. According to
the PVFP principle, knowing the values of pi,, and u allows to détermine the displacements
of point A and the value of the weight w.

To implement the PVFP principle on the PBA, experiments are performed in order to
establish experimental models of the PBA; this is done is Section 5.2.1 and the following
experimental models are established:

* P=PWw)

e Axo = Axo(u)
e Apo = Apo(u)

* Ap = Ap{u, w)
e AX -- Ax(u,w)
* Ap = Ay(u, w)

Afterwards, in Section 5.2.2, the PVFP principle is used to predict the PBA displacements
Ax and Ap and the load w attached from its free end, on the basis of the measurements of
u and p. In summary, this is done as follows:e

< If it is known that the PBA is not loaded (i.e. no pressure variation Ap is measured
while the piston position is kept constant), the measurement of the piston displacement
u allows to détermine the inner pressure p and the PBA displacements Axq and Apo,
thanks to the first three experimental models.
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« Ifit is known that the PBA is loaded (i.e. a pressure variation Ap is measured while
the piston position is kept constant), the measurements of the piston displacement u
and of the pressure variation Ap allow to détermine the PBA displacements Ax and
Ay as well as the load w, thanks to the last three experimental models.

Finally, Section 5.2.3 studies the hystérésis of the PBA and Section 5.3 discusses the
relevance of the PVFP principle and its practical implémentation.

5.2 Experimental study of the PVFP principle

5.2.1 Establishing experimental models of the PBA’s behaviour

The aim of the experiments is to establish the following relationships:

P =PWw)
* Axg = Axo(u)

e Ayo = Ayo(u)

* Ap = Ap(u, w)
e Ax = Ax{u, w)

* Ay = Ay{u, w)

To do so, a design of experiments (DOE) has been established with the help of the Design-
Expert 8 software [11]. Since there are two factors, u and w, a response surface design has
been chosen and more precisely a central composite design (CCD). A CCD has been selected
because quadratic models can be established with it and because previous experiments re-
vealed that the relationships listed above can be approached by polynomials not higher than
quEidratic ones. A CCD will lead to models giving very good prédictions in the middle of
the experimental space u — w, it is a factorial design to which center and aixial points are
added to estimate the quadratic terms. The DOE proposed by the software counts thirteen
experiments, i.e. combinations {u, w) of the factors u and w, that have to be performed in a
random order. These experiments are represented in the experimental space u — lo, in Fig.
5.4.

As can be seen,

« five experiments repeat the same combination (u,w) which is placed at the center of
the experimental space; these replicated center points are used to estimate pure error
for the lack of fit test. Lack of fit indicates how well the chosen model fits the data.
Moreover, these center points are used to estimate the quadratic terms.

« four experiments are combinations (u, w) placed on the horizontal or vertical £ixis pass-
ing through the center point of the experimental space; these axial points are also used
to estimate the quadratic terms.s

« four experiments are combinations {u,w) which are not placed on the horizontal nor
the vertical axis passing through the center point of the experimental space; these
experiments correspond to the factorial design associated with the two factors u and
w.

81



5.2. Experimental study of the PVFP principle

Experiments ol the Design of Experiments: combinations ol the factors
U ( a piston position) and w ( = weight hung to the PBA free end)

Figure 5.4: Experiments of the Design of Experiments (DOE) performed to establish the
following relationships for the studied PBA: p = p{u), Axg = Axo(u), Aj/o = Ayo{u),
Ap = Ap{u,w), Ax = Ax{u,w), Ay = Ay{u,w). The chosen DOE is a central composite
design of thirteen experiments: five central points, four axial points and four other points
corresponding to the factorial design associated to the two factors u (= piston displacement)
and w (= weight hung to the PBA free end).

 the DOE requires to perform spécifie experiments. However, in practice, if the linear
motor is aaked to perform a given piston displacement u*, it will perform a displacement
u' close to u* but not equal to u*; the différence between u* and u' can be as large as
1 mm. Besides, some weights were not feasible, such as 3.79 g or 46.21 g, and were
replaced by 4 g and 46 g, respectively. Hence, the DOE has been updated to take these
différences into account.

« the practical range of u is [4 mm, 46 mm]. The lower value has been chosen because
the corresponding position of the PBA is quite well repeatable. Indeed, the PBA needs
to be a little bit pressurized to have a repeatable position. The upper value allows to
pressurize the PBA without exceeding its maximum admitted pressure of 0.3 bar. The
position of the PBA has been measured for u = 4.46 mm and it has been considered to
be the PBA rest position, i.e. no X- or Y-displacements, since then.

For each experiment, the required piston displacement u has been reached. Then the
pressure p and the X- and Y-displacements Axo and Ayo have been measured. Afterwards,
the specified weight w has been hung from the PBA free end and the pressure variation Ap,
the X- and Y-displacements Ax and Ay have been measured. The weight has then been
removed before performing the next experiment.

Fig. 5.5 to 5.11 présent the results of this DOE. The crosses and circles indicate the ex-
periments (some points may be superimposed) while the fines and surfaces represent the
experimental models established on the basis of these experiments.
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Pressure p as a function of the piston displacement u. when the PBA Is not loaded

Figure 5.5: Pressure p as a function of the piston displacement u, when the PBA is not
loaded. The crosses represent the thirteen performed experiments (some points may be
superimposed) and the line is the experimental model p = p(u) established on the basis of

these experiments.

X-displacementA  of the PBA free end as a function of the piston displacement u,
when the PBA Is not loaded

Figure 5.6: X-displacement Aaxq ofthe PBA free end as a function of the piston displacement
u, when the PBA is not loaded. The crosses represent the thirteen performed experiments
(some points may be superimposed) and the line is the experimental model Axq = Axq(u)

established on the basis of these experiments.
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Y-displacement A Vq of the PBA free end as a function of tfie piston displacement u.
when the PBA is not loaded

Figure 5.7: Y-displacement Ayo of the PBA free end as a function of the piston displacement
u, when the PBA is not loaded. The crosses represent the thirteen performed experiments
(some points may be superimposed) and the line is the experimental model Aj/o = Ayo{u)
established on the basis of these experiments.

Y-displacement A of the PBA free end as a function of its X-displacement A
when the PBA Is not loaded

Figure 5.8: Y-displacement Ayo of the PBA free end as a function of its X-displacement
Axo0) when the PBA is not loaded. The crosses represent the thirteen performed experiments
(some points may be superimposed) and the line is the experimental model Ayo = Ayo(Axo0)
established on the basis of these experiments.
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Pressure variation A p as a function ofthe piston displacement u
and ofthe weight w hung from the PBA free end

Figure 5.9: Pressure variation Ap as a function of the piston displacement u and of the weight
w hung from the PBA free end. The crosses represent the thirteen performed experiments
(some points may be superimposed) and the surface is the experimental model Ap = Ap{u, w)
established on the basis of these experiments.

X-displacement A x ofthe PBA free end as a function ofthe piston dispiacement u
and of the weight w hung from the PBA free end

Figure 5.10: X-displacement Ax of the PBA free end as a function of the piston displacement
u and of the weight w hung from the PBA free end. The crosses represent the thirteen per-
formed experiments (some points may be superimposed) and the surface is the experimental
model Aa: = Ax(u, w) established on the basis of these experiments. The circles represent
the experiments performed for a PBA not loaded (these are the experiments presented in
Fig. 5.6).
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Y-displacement A y ofthe PBA free end as a function of the piston displacement u
and ofthe weight w hung from the PBA ffee end

+ experiments for a loaded PBA

Weight w (g) Piston displacement u (mm)

Figure 5.11: Y-displacement Ay of the PBA free end as a function of the piston displacement
u and of the weight w hung from the PBA free end. The crosses represent the thirteen per-
formed experiments (some points may be superimposed) and the surface is the experimental
model Ay = Ay{u,w) established on the basis of these experiments. The circles represent
the experiments performed for a PBA not loaded (these are the experiments presented in
Fig. 5.7).
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The équations of the experimental models are the following (the values of the coefficients
are given in Table 5.1):

P = ClI + C2u + Cc3u» (5.13)
AxQ = di + d2uU (5.14)
Apo = /i +/2U + (5.15)
Ap — bi + b2U + b*w + 64U w + + b™XiP' + byu~w + bgu (5.16)
Ax = gi+ Cz2U + gzw + g™u w + g™V + g&'up’ (5.17)
Ay = a\ + UzUa”w + a™u w->r (5.18)
Coefficients Coefficients
ai = -1.155 Cl = -0.8826
02 = 0.3100 C2 = 0.3656
03 — —0.2545 C3 = 4.606 10-"
04 = 2.887 lO--* di = 0.6049
as = -3.327 10~ d2 = -0.1348
61 = -1.135 fl = -1.089
62 = 5.067 10-~ /2 = 0.2913
bs = 3.313 fs = -2.787 10+~
64 = -0.1048 Sl = 0.2557
65 = 3.146 10--’ S2 = -9.785 10-'=
be = -1.016 10-~ S3 = 3.598 10-~
bj = 7.688 10-« S4 = 7.567 10-
6s - 5.469 10-" Ss = -7.232 10-"*

S6 = -5.561 10-*

Table 5.1: Values of the coefficients of the experimental models

As can be seen,

« the pressure p has a quadratic évolution with respect to the piston displacement u and
if U is increased, p increases.

« the X-displaoement Axq has a linear évolution with respect to the piston displacement
u. If u is increased, the PBA free end moves upwards, Axq increases in absolute value
(Axq is négative and decreases).

« the Y-displacement Ayo has a quadratic évolution with respect to the piston displace-
ment U. If U is increased, the PBA free end moves upwards and Ayo increases.

« the pressure variation Ap has a cubic évolution with respect to the piston displacement
U and to the weight w hung from the PBA free end. For a given piston displacement
U, if the weight w is increased, the pressure variation Ap increases. On the other hand,
for a given weight w, if the piston displacement u is increased, the pressure variation
Ap decreases.

In practice, when the PBA is not loaded (w = 0), the pressure variation Ap equals zéro
but the experimental model forecasts a pressure variation Ap up to 8 Pa, as can be

87



5.2. Experimental study of the PVFP principle

seen in Fig. 5.9 and 5.12. On the other hand, in practice, when there is no pressure
variation (Ap = 0), it means that the PBA is not loaded (w = 0) but the experimental
model forecasts a non-zero weight, apart from one value of u, eis can be seen in Fig. 5.9
and 5.13.

To correct these wrong prédictions, the coefficients bi, 62 and 65 could be put to zéro.
However, this has not be done since, as will be explained later, when no pressure
variation is measured (Ap = 0), it is directly deduced, without using the model (5.16),
that the PBA has not been loaded and that w = 0.

the X- and Y-displacements Ax and Ay have both a quadratic évolution with respect
to the piston displacement u and to the weight w hung from the PBA free end. For
a given piston displacement u, if the weight w is increased, the PBA free end moves
downwards and Ay decreases. On the other hand, for a given weight w, if the piston
displacement u is increased, the PBA free end moves upwards and Ay increases.

In Fig. 5.14 and 5.15, it is interesting to notice that the experimental models Axq =
Axo{u) and Ayo = Ayo{u) are quite similar to the experimental models Ax = Ax{u,w) and
Ay — Ay{u,w), respectively, when there is no load {w = 0). As a conséquence, the models
of Ax and Ay can be rewritten as follows;

with

with

With
tions:

1.

Ax{u, W) « Axo(u) + Axw(u, w) (5.19)
Axui(u, w) = {gs -1 siu)w -t- (5.20)
Ay{u, w) « Ayo(u) -I- Ay”iu, w) (5.21)

Ayu{u,w) = (as -|- adu)w (5.22)

these expressions, one can clearly see that Ax and Ay are the results of two contribu-

Axq(u) and Ayo{u): these first contributions are linked to the piston displacement u
when the PBA is not loaded; Aa:|u,,i=0 = Aa:o(u) and Ay|u,,i,=0 = Ayo(u).

Axyj{u,w) and Ayw{u,w): this contribution is linked to the weight w hung from the
PBA free end but also to the piston displacement u. Hence, if a given weight is hung
at the PBA free end, the corresponding X- and Y-displacements Ax”™ and Ay”; will
be different for two different piston displacements. The expression 5.22 of Ay™{u,w)
indicates that Ay”™{u,w) has a linear évolution with respect to the weight w, whose
slope dépends on the piston displacement u. In other words, Ayw{u,w) evolves as a
spring with respect to the weight, whose stiffness dépends on the piston displacement:
the higher the piston displacement, the stiffer the spring.
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Pressure variation A p as a function of the piston displacement u,
when the PBA is not ioaded

Figure 5.12: Pressure variation Ap as a function of the piston displacement u, when the PBA
is not loaded. The solid line is the experimental model Ap = Ap{u,w), when there is no
load (I0 = 0). In practice, Ap equals zéro when the PBA is not loaded but the experimental
model forecasts a value up to 8 Pa.

Weight w hung from the PBA free end as a function of the piston displacement u.
when the pressure variation A p equals zéro.

Figure 5.13: Weight w hung from the PBA free end as a function of the piston displacement
u, when the pressure variation Ap equals zéro. The solid line is the experimental model
Ap = Ap{u, w) for Ap = 0. In practice, when there is no pressure variation, it means that
the PBA is not loaded but the experimental model forecasts a non-zero weight, apart from
one value of u. u does not range above 30 mm because above this value the experimental
model keeps on forecasting négative weights and even weights having an imaginary part.
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X-displacement A of the PBA free end as a function of the piston displacement u,
when the PBA is not loaded

Figure 5.14: X-displaeement Axq of the PBA free end as a function of the piston displacement
u. The solid line is the experimental model Axq = Axo(u) while the dashed line is the
experimental model Ax = Ax(u,w) when the PBA is not loaded (u; = 0). As can be seen,

both models are quite similar.

Y-displacementA  of the PBA free end as a function of the piston displacement u,
when the PBA is not loaded

Figure 5.15: Y-displacement Ayo ofthe PBA free end as a function of the piston displacement
u. The solid line is the experimental model Ayo = Ayo(u) while the dashed line is the
experimental model Ay = Ay{u,w) when the PBA is not loaded {w = 0). As can be seen,

both models are quite similar.
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5.2.2 Application ofthe PVFP principle: using the PBA as a sensor

Now that the experimental models of the PBA’s behaviour hdve been established, they can
be used to implement the PVFP principle. As presented in Fig. 5.16, the goal is to use
the measurements of the piston displacement u and of the pressure variation Ap together
with the experimental models to predict the values of the actuator displacements and of the
weight attached from its end.

piston displacement U

pressure variation Ap{=0)

piston displacement U

pressure variation Ap (:#:0)

Figure 5.16; Représentation of the implémentation of the PVFP principle: on the basis of
the measurements of the the piston displacement u and of the pressure variation Ap, the
experimental models of the PBA are used to predict the values of the actuator displacements
and of the weight attached to it.

1.

Ifthere is no pressure variation while the piston position is kept constant, i.e. Ap = 0, it
means that the actuator has not been loaded with a weight. Hence, it can be predicted
that ti = O; it is better to say directly that w — 0 than to use the experimental model
Ap = Ap(u, w) to predict the weight w because, as explained before, this model will
not predict a zéro value for the weight if Ap = 0 (see Fig. 5.13). The experimental
models p = p{u), Axqg = Axq(u) and Aj/o = Ayo{u) (see expressions 5.13, 5.14 and
5.15 and Fig. 5.5, 5.6 and 5.7) can then been used to predict the values p*, Axq and
ApJ of p, Axo and Apo on the bcisis of the piston displacement measurement u

If there is a pressure variation while the piston position is kept constant, i.,e. Ap 0,
it means that the actuator has been loaded with a weight w. The experimental models
Ap = Ap(u,w), AX = Ax{u, w) and Ay = Ay{u, w) can then been used to predict the
values w*, Ax* and Ay* of w, Ax and Ay on the basis of the piston displacement and
pressure variation measurements u and Ap.

This is presented in Fig. 5.17, 5.18 and 5.19. First, both measurements u and Ap are
used together with the experimental model Ap = Ap(u, w) to predict the value w* of
the weight w that loads the PBA. Indeed, as can be seen in Fig. 5.17, for a given piston
displacement u and a given pressure variation Ap, there is only one possible prédiction
for the weight. Afterwards, the piston displacement measurement u and the predicted
value of the weight w* are used together with the experimental models Ax = Ax(u,w)
and Ay = Ay{u, w) to predict the values Ax* and Ay* of Ax and Ay. As can be seen
in Fig. 5.18 and 5.19, there is only one possible prédiction for Ax or Ay, for a given
piston displacement u and a given weight w*.
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Experimental model; weight w hung (rom the PBA (ree end as a (unction
of the pressure variation A p. (or different piston displacements u

Pressure variation A p (Pa)

Figure 5.17; Experimental model Ap = Ap{u,w), for a loaded PBA: the weight w hung from
the PBA free end is presented with respect to the pressure variation Ap, for different values
of the piston displacement u. On the basis of the measurements u and Ap, this model can
predict the value w* of the weight that loads the PBA. Indeed, as can be seen in the figure, for
a given u and a given Ap, there is only one possible prédiction w* for the weight. For example,
if u= 10 mm and Ap = 40 Pa, the experimental model predicts that w* = 17.8522 g.

Experimental model; X-displacementA x of tt>e PBA free end as a fonction
of the weight w hung from the PBA free end, for different piston displacements u

Figure 5.18: Experimental model Ax = Ax{u,w), for a loaded PBA; the X-displacement
Ax of the PBA free end is presented with respect to the weight w, for different values of
the piston displacement u. On the basis of the measurement u and the prédiction w*, this
model can predict the value Ax* of the X-displacement of the PBA. Indeed, as can be seen
in the figure, for a given u and a given w*, there is only one possible prédiction Ax* for the
X-displacement. For example, if u = 10 mm and w* = 17.8522 g, the experimental model
predicts that Ax* = —0.1949 mm.
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Experimental model; Y-dIsplacementA y of the PBA free end as a function of
the weight w hung from the PBA free end, for different piston displacements u

" "iiaAOrrim

20 25 30
Weight w (g)

Figure 5.19: Experimental model Ay = Ay{u,w), for a loaded PBA; the Y-displacement
Ay of the PBA free end is presented with respect to the weight w, for different values of
the piston displacement u. On the basis of the measurement u and the prédiction w*, this
model can predict the value Ay* of the Y-displacement of the PBA. Indeed, as can be seen
in the figure, for a given u and a given w*, there is only one possible prédiction Ay* for the
Y-displacement. For example, if u = 10 mm and w* = 17.8522 g, the experimental model
predicts that Ay* = —2.4154 mm.

To test the implémentation of the PVFP principle on the studied PBA, the experiments
summarized in Table 5.2 have been performed:

Experiment number Piston displacement (mm) Weight (g) Measurements

1 15.61 0 P, Axo, Ayo
2 15.61 35 Ap, Ai, Ay
3 15.61 15 Ap, Ai, Ay
4 15.61 20 Ap, Ai, Ay
5 19.71 0 P, Aio, Ayo
6 19.71 35 Ap, Ai, Ay
7 19.71 15 Ap, Ai, Ay
8 19.71 20 Ap, Ai, Ay
9 34.36 0 P, Axo, Ayo
10 34.36 35 Ap, Ai, Ay
11 34.36 15 Ap, Ai, Ay
12 34.36 20 Ap, Ai, Ay

Table 5.2: Experiments performed to test the implémentation of the PVFP principle on the
studied PBA. For each experiment, the table indicates for the chosen piston displacement u
and weight w as well as the made meaaurements.

It has to be underlined that for each experiment, the specified weight w heis been hung
from the PBA free end and then removed before the next experiment is performed. For each
experiment, the prédictions have been made as explained above.
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The experiments no. 1, 5 and 9 and corresponding prédictions are presented in Fig. 5.20,
5.21 and 5.22; the PBA is not loaded for these experiments.
As can be seen,

* in Fig. 5.20, the measured pressures p are very close to the predicted ones p*.

« in Fig. 5.21, the measured X-displacements Axq are larger in absolute value than the
predicted ones Axg.

* in Fig. 5.22, the measured Y-displacements Ayo are larger than the predicted ones
Ay5-

Fig. 5.23 and 5.24 présent the absolute and relative errors, respectively, on the prédictions
of P, Aa:0o and Ayo. These errors are summarized in Table 5.3. The absolute and relative
errors on a given prédiction are computed as follows:

absolute error = measured value — prédiction (5.23)
relative error = IQ0{measured value — prédiction)/measured value (5.24)
Parameter = Absolute error Relative error
P max 0.24 kPa max 3.30% of the measured vzJue
AXO max 0.26 mm in absolute value max 11.26% of the measured value
Ayo max 0.73 mm max 20.83% of the measured value

Table 5.3: Absolute and relative errors on the prédictions of p, Axq and Ayo.

For the other experiments (i.e. experiments no. 2, 3, 4, 6, 7, 8, 10, 11 and 12), the PBA
is loaded; they are presented, together with the corresponding prédictions, in Fig. 5.25, 5.26,
5.27 and 5.28. As can be seen in Fig. 5.26, the measured X-displacements Ax are larger in
absolute value than the predicted ones Ax*.
Fig. 5.29 and 5.30 présent the absolute and relative errors, respectively, on the prédictions
of w, Ax and Ay. These errors are summarized in Table 5.4.

Parameter  Absolute error Relative error

W max 1.85 g in absolute value max 10.68% of the measured value, in absolute value
AX max 0.38 mm in absolute value max 28.81% of the measured value

Ay max 0.55 mm in absolute value experiment no. 3; 61.70% of the measured value

experiment no. 10: 139.40% of the measured value
other experiments: max 20.28% of the measured value,
in absolute value

Table 5.4: Absolute and relative errors on the prédictions of w, Ax and Ay.

As can be seen in Fig. 5.30 and Table 5.4, experiments no. 3 and 10 héve a relative
error on the prédiction of Ay that equals to 61.70% and 139.40% of the measured value,
respectively; on the other hand, the other experiments have a relative error on the prédiction
of Ay of maximum 20.28% of the measured value. To understand these two outliers, one has
to look at the corresponding absolute errors (see Table 5.5). As can be seen, these absolute
errors have reeisonable values compared to the rest of the experiments but they are of the
same order of magnitude than the corresponding Ay measurements and this explains the
high values of the relative errors. The relative error on the prédiction of Ay of experiment
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no. 8 is not represented in Fig. 5.30 because it is infinité; indeed, the Ay measurement of
this experiment equals zéro (see Table 5.5).

Remark: In Fig. 5.28, it is interesting to notice that the curve Ay = Ay{AX) travelled by
the PBA free end when it is loEided is different according to the piston displacement u.

Experiment number Ay measurement Ay* prédiction  Absolute error Relative error

3 —0.39 mm —0.1494 mm —0.2406 mm 61.70% of the
measured value

8 0 mm —0.13 mm 0.13 mm 00

10 0.26 mm —0.1024 mm 0.3624 mm 139.40% of the

measured value

Table 5.5: Table summarizing the Ay measurement, the Ay* prédiction, the absolute and
relative errors on the prédiction of Ay, for the experiments no. 3, 8 and 10. Experiments
no. 3 and 10 have very large relative errors on the prédiction of Ay (in comparison with the
other experiments) because their absolute errors are of the same order of magnitude than
their Ay measurements. Experiment no. 8 has an infinité relative error on the prédiction of
Ay because its Ay measurement equals zéro.

In conclusion, this section has proved experimentally that the PVFP principle can be
applied to the PBA. The quality of the prédictions provided by the PVFP principle imple-
mented on the PBA has to be evaluated with respect to an application. Hence, the prédictions
presented here can be sufficient for an application where qualitative results are needed, such
as being able to compare loEids applied to the PBA and having a coarse idea of the resulting
position of the PBA free end. For an application requiring more accurate results, the prédic-
tions presented here may be insufffcient.

The errors on the measurements (see Table 4.1) have not been taken into account while com-
puting the absolute and relative errors of Tables 5.3 and 5.4, but if they were, they would
increase the maximum errors that can be obtained.

The errors between the prédictions and the corresponding measurements may be due to the
fact that the fluidic circuit présents some leakages, that the experimental models are not
perfect, that the PBA présents some hystérésis as will be shown in the Section 5.2.3 and that
there are errors on the measurements due to the sensors.
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Pressure p as a function of the piston displacement u,
when the PBA is not loaded

Figure 5.20: Pressure p as a function of the piston displacement u, when the PBA is not
loaded: The crosses represent the experiments no. 1, 5 and 9 of Table 5.2 while the dia-
monds represent the corresponding prédictions. Indeed, for the given piston displacements
U, the PVFP principle implemented on the studied PBA predicts pressures p* thanks to the
experimental model p = p{u). The prédictions are represented by the diamonds. The solid
line is the experimental model p = p(u). As can be seen, the measured pressures p are very
close to the predicted ones p*.

X-displaceit>entA  of the PBA freo end as a function of the piston disptacement u,
when the PBA Is not loaded

Figure 5.21: X-displacement Aiq of the PBA free end as a function of the piston displacement
u, when the PBA is not loaded: The crosses represent the experiments no. 1, 5 and 9 of
Table 5.2 while the diamonds represent the corresponding prédictions. Indeed, for the given
piston displacements u, the PVFP principle implemented on the studied PBA predicts X-
displacements Axq thanks to the experimental model Axqg = Axo(u). The prédictions are
represented by the diamonds. The solid line is the experimental model Axqg = Axo{u).
As can be seen, the measured X-displacements Axq are larger in absolute value than the
predicted ones Ax"-
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Y-displacementA  of the PBA free end as a function of the piston displacement u,
when the PBA is not loaded

Figure 5.22: Y-displacement Ayo of the PBA free end as a function of the piston displacement
u, when the PBA is not loaded: The crosses represent the experiments no. 1, 5 and 9 of
Table 5.2 while the diamonds represent the corresponding prédictions. Indeed, for the given
piston displacements u, the PVFP principle implemented on the studied PBA predicts Y-
displacements AyO thanks to the experimental model Ayo = Ayo{u). The prédictions are
represented by the diamonds. The solid line is the experimental model Ayo = Ayo{u). As
can be seen, the measured Y-displacements Ayo are larger than the predicted ones AyJ.

Absolute error on the prédictions

O erroron the prédiction of p
»  error on the prédiction of A

E
E O erroron the predictioh of A
S. 0.6-
P 04-
« 0]
0]

o O
0 -0.2-

-0.4'-

4 5 6

number of the experiment

Figure 5.23: Absolute errors on the prédictions of p, Aig and Ayo for the experiments no. 1,
5 and 9 of Table 5.2. For the given piston displacements u, the PVFP principle implemented
on the studied PBA predicts pressures p*, X-displacements Axq and Y-displacements AyJ
thanks to the experimental models p = p{u), Axqg = Axo(u) and Ayo = Ayo(u). According
to the parameter (p, Axo or Ayo), the error is expressed in kPa or mm.
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Figure 5.24: Relative errors on the prédictions of p, Axq and At/o for the experiments no. 1,
5 and 9 of Table 5.2. For the given piston displacements u, the PVFP principle implemented
on the studied PBA predicts pressures p*, X-displacements Axq and Y-displacements Aj/O
thanks to the experimental models p = p{u), Axg = Axo(u) and Aj/lo = Ayo(u).

Weight w hung from the PBA free end as a function of the pressure variation A p,
for different piston displacements u

Figure 5.25; Weight w attached to the PBA free end as a function of the pressure variation
Ap, for different piston displacements u: The crosses represent the experiments no. 2, 3, 4, 6,
7, 8, 10, 11 and 12 of Table 5.2 while the diamonds represent the corresponding prédictions.
Indeed, for the given piston displacements u and the given pressure variations Ap, the PVFP
principle implemented on the studied PBA predicts weights w* thanks to the experimental
model Ap = Ap(u, w).
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XHijisplacement A x of the PBA free end as a function of the weight w hung from the PBA free end,
for different piston dispiacements u

Figure 5.26: X-displacement Ax of the PBA free end as a function of the weight w hung from
the PBA free end, for different piston displacements u: The crosses represent the experiments
no. 2,3, 4,6, 7,8, 10, 11 and 12 of Table 5.2 while the diamonds represent the corresponding
prédictions. Indeed, for the given piston displacements u and the predicted weights w*, the
PVFP principle implemented on the studied PBA predicts X-displacements Ax* thanks to
the experimental model Ax = Ax{u,w). As can be seen, the measured X-displacements Ax
are larger in absolute value than the predicted ones Ax*.

Y-displacement A y of the PBA free end as a function of the weight w hung from the PBA free end,
for different piston displacements u

Weight w (g)

Figure 5.27: Y-displacement Ay of the PBA free end as a function of the weight w hung from
the PBA free end, for different piston displacements u: The crosses represent the experiments
no. 2, 3, 4, 6, 7, 8, 10, 11 and 12 of Table 5.2 while the diamonds represent the corresponding
prédictions. Indeed, for the given piston displacements u and the predicted weights w*, the
PVFP principle implemented on the studied PBA predicts Y-displacements Ay* thanks to
the experimental model Ay = Ay{u,w).
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Y-displacementA y of the PBA free end as a lunction of Its X-displacement A x,
for different piston displacements u

Figure 5.28: Y-displacement Ay of the PBA free end as a function of its X-displacement AX,
for different piston displacements u: The crosses represent the experiments no. 2, 3, 4, 6,
7, 8, 10, 11 and 12 of Table 5.2 while the diamonds represent the corresponding prédictions.
Indeed, for the given piston displacements u and the predicted weights w*, the PVFP principle
implemented on the studied PBA predicts X-displacements Ax* and Y-displacements Ay*
thanks to the experimental models Ax = Ax{u,w) and Ay = Ay{u,w).
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Figure 5.29: Absolute errors on the prédictions of Ap, Ax and Ay for the experiments no. 2,
3, 4,6, 7,8, 10, 11 and 12 of Table 5.2. For the given piston displacements u and the given
pressure variations Ap, the PVFP principle implemented on the studied PBA predicts weights
w*, X-displacements Ax* and Y-displacements Ap* thanks to the experimental models Ap =
Ap(u,w), Ax = Ax(u,w) and Ay = Ay(u,w). According to the parameter (w, Ax or Ap),
the error is expressed in g or mm.
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Figure 5.30: Relative errors on the prédictions of Ap, Ax and Ay for the experiments no. 2,
3, 4,6, 7 8 10, 11 and 12 of Table 5.2. For the given piston displsicements u and the given
pressure variations Ap, the PVFP principle implemented on the studied PBA predicts weights
w*, X-displacements Ax* and Y-displacements Ay* thanks to the experimental models Ap =
Ap(u,w), Ax = Ax{u,w) and Ay = Ay{u,w).
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5.2.3 Study of the hystérésis of the PBA

Models have been established in order to implement the PVFP principle on the studied PBA.
These models have been built on the basis of a DOE counting thirteen experiments performed
in a random order. This means that if PBA variables (i.e. p, Axqg, Ayo, Ap, Ax or Ay)
présent hystérésis with respect to the piston displacement u or with respect to the weights
w attached to the PBA, this hystérésis is not properly modeled by the experimental models.
A study has thus been made to détermine whether some of the PBA variables show hystérésis
with respect to u and/or w. First, the hystérésis with respect to the piston displacement u
has been investigated. Three hystérésis loops have been performed as follows:

1. first hystérésis loop: 1) u =5 mm, 2) u =15 mm, 3) u=5 mm

2. second hystérésis loop: 1) u =5 mm, 2) u = 15 mm, 3) u = 25 mm, 4) u = 15 mm, 5)
u=5mm

3. third hystérésis loop: 1) tt =5 mm, 2) u = 15 mm, 3) u = 25 mm, 4) u = 35 mm, 5)
u=25mm, 6) tt =15 mm, 7) u =5 mm

For each piston displacement, the pressure p and the X- and Y-displacements Axq and Ayo
have been measured and the PBA has not been loaded. The results of this hystérésis study
are presented in Fig. 5.31 to 5.38.

Remark: Let us consider that the error on two measurements equals = s. If both mea-
surements are spaced out by a différence smaller than 2s, there is a probability that the exact
measurements corresponding to them are equal. On the other hand, if both measurements
are spaced out by a différence larger than 2s, it is sure that the exact measurements corre-
sponding to them are different. Table 4.1 summarizes the errors on the measurements.

Concerning the results of the hystérésis study:

e As can be seen in Fig. 5.31 and 5.32, the pressure p présents nearly no hystérésis with
respect to the piston displacement u.

* As can be seen in Fig. 5.33 and 5.34, it can be concluded that the X-displacement Axq
présents a hystérésis with respect to the piston displacement u: when comparing the
increasing and decreasing phases of u, the msiximum différence in X-displacement that
has been measured is about 0.26 mm (the accuracy on the measurement of Axqg equals
+0.13 mm)

* As can be seen in Fig. 5.35 and 5.36, it can be concluded that the Y-displacement Ayo
présents a hystérésis with respect to the piston displacement u: when comparing the
increasing and decreasing phases of u, the maximum différence in Y-displacement that
has been measured is larger than 0.26 mm (the accuracy on the measurement of Ayo
equals +0.13 mm).

The experimental models p = p(u), Axg = Axo(u) and Ayo = Ayo(u) have been established
with a DOE whose experiments are performed in a random order. As a conséquence, the
hystérésis of Axq and Ayo with respect to the piston displacement u is not properly modeled
by these experimental models. On the contrary, it is drowned into these models.

Afterwards, the hystérésis with respect to the weight w attached from the PBA free end
has been investigated. Again, three hystérésis loops have been performed, but not the same
day as the previous hystérésis study:

1. first hystérésis loop: 1)) m=0g9g,2) m=109g, 3) ui=0g
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2. second hystérésis loop; 1) tt; =09, 2) w=10g, 3)tw=20g, 4) u; =109, 5)  lu=0g

3. third hystérésis loop: 1) w=0g, 2) ic=10g, 3) r;; =209, 4) w=40g, 5) ic =20gqg,
6)ti=10g, 7) li=0g

During these three loops, the piston displacement has been kept constant and equal to u =
24.61 mm. Contrary to the experiments performed before (see Sections 5.2.1 and 5.2.2), for
these hystérésis loops, the weight w is progressively increased or decreased from an experiment
to the next one. For example, the second hystérésis loop is performed as follows:

- first experiment: no weight is attached to the PBA free end. Ap = 0 and the X- and
Y-displeicements Aa: and Ap are measured. Since the PBA is not loaded, Aa: = Axq
and Ap = Apo.

= second experiment: a weight of 10 g is attached to the PBA free end and Ap, Ax and
Ap are measured.

« third experiment: a second weight of 10 g is added to reach a total weight of 20 g and
Ap, Ax and Ap are measured.

« fourth experiment: 10 g are removed to leave a 10 g weight hanging at the PBA free
end. Ap, Ax and Ap are measured.

« fifth experiment: finally, the last 10 g are removed. Ap, Ax and Ap are measured.
Since the PBA is no more loaded, Ax = Axq and Ap = Apo.

The results of this hystérésis study are presented in Fig. 5.39 to 5.46:

e As can be seen in Fig. 5.39 and 5.40, it can be concluded that Ap présents nearly no
hystérésis with respect to the weight w. Indeed, 0.5 Pa is the maximum différence in
pressure variation measured during the hystérésis loops, when comparing the increeising
and decreasing phases of w (the accuracy on a pressure variation measurement is <
+4 Pa).

e As can be seen in Fig. 5.41 and 5.42, it can be concluded that Ax présents a hystérésis
with respect to the weight w: when comparing the increasing and decreasing pheises of
w, the maximum différence in X-displaicement that has been measured is smaller than
0.26 mm (the accuracy on the measurement of Ax equals £0.13 mm).

e As can be seen in Fig. 5.44, it can be concluded that Ap présents a hystérésis with
respect to the weight w: when comparing the increasing and decreasing phases of w
during the third hystérésis loop, the maximum différence in Y-displacement that has
been measured is larger than 0.26 mm. In Fig. 5.43, the maximum différence in Y-
displacement that has measured during the first and second hystérésis loops is smaller
than 0.26 mm (the accuracy on the measurement of Ap equals £0.13 mm).

The hystérésis of Ax and Ap with respect to the weight w is not taken into account in the
experimental models Ax = Ax(u, w) and Ap = Ap(u, w) established previously.

In conclusion, to properly model the hystérésis of Axq and Apo with respect to the
piston displacement u and the hystérésis of Ax and Ap with respect to the weight w, new
experimental models should be established. To do so, more hystérésis loops as the ones
presented above should be performed to better understand the hystérésis behaviour of the
variables. Besides, complementary hystérésis tests have to be performed because the variables
Ap, Ax and Ap dépend on w but also on u; however, only their hystérésis with respect to w
hfis been studied. To study the hystérésis of these variables with respect to u, the following
tests can be performed:
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* a given weight w is attached at the PBA free and Ax and Ay are meeisured while
U performs cycles (one cycle = increasing pheise + decreasing phase). This allows to
study the hystérésis of Ax and Ay with respect to u.

« while U performs cycles, the same weight is hung and then removed from the PBA free
end and Ap is measured. This allows to study the hystérésis of Ap with respect to u.

Before modeling the hystérésis, it has to be assessed whether this hystérésis is problematic
or not with respect to the targeted application. Indeed, for a given application, the hystérésis
of the variables may be small enough to be negligible; in this case, there is no need to model
the hystérésis. On the other hand, for another application, the hystérésis of the variables
may be too large to be ignored; in this case, it has to be modeled properly.

As can be seen in Fig. 5.31 and Fig. 5.32, the différence between the pressure p measured
during the hystérésis study and the experimental model p = p{u) equals about 1 kPa. This
différence can be explained by a change of the ambient atmospheric pressure between the
day when the experimental models were established and the day when the hystérésis loops
were performed. This will be discussed later in more details.
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Pressure as a (unction of the piston displacement, when the PBA Is not loaded

Figure 5.31; Hystérésis study of the pressure p with respect to the piston displacement
U, when the PBA is not loaded: the test bench piston describes two cycles (one cycle =
increasing phase of u + decreasing phase of u) during which p is measured. As can be seen,

the pressure p présents nearly no hystérésis with respect to the piston displacement u.

Pressure as a function of the piston displacement, when the PBA is not loaded

Figure 5.32: Hystérésis study of the pressure p with respect to the piston displacement u,
when the PBA is not loaded: the test bench piston describes one cycle (one cycle = increasing
phase of u + decresising phase of u) during which p is measured. As can be seen, the pressure
p présents nearly no hystérésis with respect to the piston displacement u.
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X-dsplacement ol the PBA free end as a function d the piston cteplacement.
when the PBA Is not loaded

Figure 5.33: Hystérésis study of the X-displacement Axq of the PBA free end with respect
to the piston displacement u, when the PBA is not loaded: the test bench piston describes
two cycles (one cycle = increasing phase of u + decreasing phase of u) during which Axq is
measured. As can be seen in the figure, it can be concluded that the X-displacement Axq
présents a hystérésis with respect to the piston displacement u: the maximum différence in
X-displacement measured during the hystérésis loops is about 0.26 mm (the accuracy on the
measurement of Axqg equals £0.13 mm).

X-dlsplacemenl of the P8A free end as a furrction of the piston displacement,
when the PBA is not loaded

Figure 5.34: Hystérésis study of the X-displacement Axq of the PBA free end with respect
to the piston displacement u, when the PBA is not loaded: the test bench piston describes
one cycle (one cycle = increasing phase of w = decreasing phase of u) during which Axq is
measured. As can be seen in the figure, it can be concluded that the X-displacement Axq
présents a hystérésis with respect to the piston displacement u: the maximum différence in
X-displacement measured during the hystérésis loops is about 0.26 mm (the accuracy on the
meeisurement of Axqg equals +0.13 mm).
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Y-displacement of the PBA free end as a function of the piston displacement,
when the PBA is not loaded

Figure 5.35: Hystérésis study of the Y-displacement Ayo of the PBA free end with respect
to the piston displacement u, when the PBA is not loaded: the test bench piston describes
two cycles (one cycle = increasing phase of u -|- decreasing phase of u) during which Ayo is
measured. As can be seen in the figure, it can be concluded that the Y-displacement Ayo
présents a hystérésis with respect to the piston displacement u: the maximum différence in
Y-displacement measured during the hystérésis loops is larger than 0.26 mm (the accuracy
on the measurement of Ayo equals +0.13 mm).

Y-displacement of the PBA free end as a function of the piston displacement,
when the PBA is not loaded

Figure 5.36: Hystérésis study of the Y-displacement Ayo of the PBA free end with respect
to the piston displacement u, when the PBA is not loaded: the test bench piston describes
one cycle (one cycle = increasing phase of u + decreasing phase of u) during which Ayo is
measured. As can be seen in the figure, it can be concluded that the Y-displacement Ayo
présents a hystérésis with respect to the piston displacement u: the maximum différence in
Y-displacement measured during the hystérésis loops is larger than 0.26 mm (the accuracy
on the measurement of Ayo equals +0.13 mm).
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Y-displacement of the PBA free end as a function of Rs x-displacement,
when the PBA Is not loaded

Figure 5.37: Hystérésis study of the X- and Y-displacements Axo and Ayo of the PBA free
end with respect to the piston displacement u, when the PBA is not loaded: the test bench
piston describes two cycles (one cycle = increasing phase of u -h decreasing phase of u) during

which Axo and Aj/o are measured.

Y-displacement ol the PBA free end as a function of its x-displacement,
when the PBA is not loaded

Figure 5.38: Hystérésis study of the X- and Y-displacements Axq and Ayo of the PBA free
end with respect to the piston displacement u, when the PBA is not loaded: the test bench
piston describes one cycle (one cycle = increasing phase of u -|- decreasing phase of u) during

which Axo and Ayo are measured.

108



5.2. Experimental study of the PVFP principle

Pressure variation A p as a function of the weight w hung from the PBA tree end
(the piston displacement u is constant and equals 24.61mm)

Figure 5.39: Hystérésis study of the pressure variation Ap with respect to the weight w hung
from the PBA free end: the test bench piston is fixed at a given position u — 24.61 mm and
two loading cycles of the PBA are performed (one cycle = increeising pha”e of tn + decreasing
pheise of w) during which Ap is meaisured. As can be seen in the figure, it can be concluded
that Ap présents nearly no hystérésis with respect to the weight w. Indeed, 0.5 Pa is the
maximum différence in pressure variation measured during the hystérésis loops (the accuracy
on a pressure variation measurement is < +4 Pa).

Pressure variation A p as a function of the weight w hung from the PBA free end
(the piston displacement u is constant and equals 24.61mm)

Weight w (g)

Figure 5.40: Hystérésis study of the pressure variation Ap with respect to the weight w hung
from the PBA free end: the test bench piston is fixed at a given position u = 24.61 mm and
one loading cycle of the PBA is performed (one cycle = increaising pheise of |l + decreasing
phase of w) during which Ap is measured. As can be seen in the figure, it can be concluded
that Ap présents nearly no hystérésis with respect to the weight w. Indeed, 0.5 Pa is the
maximum différence in pressure variation measured during the hystérésis loops (the accuracy
on a pressure variation measurement is < +4 Pa).
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X-displacement A x of the PBA free end as a function of the weight w hung from the PBA free end
(the piston displacement u is constant and equals 24.61mm)

Figure 5.41: Hystérésis study of the X-displacement Ax of the PBA free end with respect to
the weight w hung from the PBA free end: the test bench piston is fixed at a given position
U = 24.61 mm and two loading cycles of the PBA are performed (one cycle = increasing
phase of ui + decreasing phase of w) during which Ax is measured. As can be seen in the
figure, it can be concluded that Ax présents a hystérésis with respect to the weight w: the
maximum différence in X-displacement measured during the hystérésis loops is smaller than
0.26 mm (the accuracy on the measurement of Ax equals £0.13 mm).

X-displacement A x of the PBA free end as a function of the weight w hung from the PBA free end
(the piston dis*lacement u is constant and equals 24.61mm)

Figure 5.42: Hystérésis study of the X-displacement Ax of the PBA free end with respect to
the weight w hung from the PBA free end: the test bench piston is fixed at a given position
u = 24.61 mm and one loading cycle of the PBA is performed (one cycle = increasing phase
of u; £ decreasing phase of w) during which Ax is measured. As can be seen in the figure, it
can be concluded that Ax présents a hystérésis with respect to the weight w: the maximum
différence in X-displacement measured during the hystérésis loops is smaller than 0.26 mm
(the accuracy on the measurement of Ax equals £0.13 mm).
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Y>"isplacenient A y of the PBA free end as a function of the weight w hung from the PBA free end
(the piston displacement u is constant and equals 24.61mm)

Figure 5.43: Hystérésis study of the Y-displacement Ay of the PBA free end with respect to
the weight w hung from the PBA free end: the test hench piston is fixed at a given position
u = 24.61 mm and two loading cycles of the PBA are performed (one cycle = increasing
phase of t/; -I- decreasing phase of w) during which Ay is measured. As can be seen in the
figure, it can be concluded that Ay présents a hystérésis with respect to the weight w: the
mEiximum différence in Y-displacement meiisured during the hystérésis loops is smaller than
0.26 mm (the accuracy on the measurement of Ay equals +0.13 mm).

Y-dispiacement A y of the PBA free end as a function of the weight w hung from the PBA free end
(the piston displacement u is constant and equals 24.61mm)

Figure 5.44: Hystérésis study of the Y-displacement Ay of the PBA free end with respect to
the weight w hung from the PBA free end: the test bench piston is fixed at a given position
u = 24.61 mm and one loading cycle of the PBA is performed (one cycle = increasing phase
of u; + decreasing phase of w) during which Ay is measured. As can be seen in the figure, it
can be concluded that Ay présents a hystérésis with respect to the weight w: the maximum
différence in Y-displacement measured during the third hystérésis loop is larger than 0.26 mm
(the accuracy on the measurement of Ay equals £0.13 mm).
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Y-dispiacement A y of tha PBA free end as a function of tts X-displacement A x
(the piston displacement u is constant and equals 24.61 mm)

Figure 5.45: Hystérésis study of the X- and Y-displacements Ax and Ay of the PBA free end
with respect to the weight w hung from the PBA free end: the test bench piston is fixed at
a given position u = 24.61 mm and two loading cycles of the PBA are performed (one cycle
= increasing phase of u; -H decreasing phase of w) during which Aa; and Ay are measured.

Y-displacement Ay of the PBA free end as a function of its X-displacement A x
(the piston displacement u is constant and equals 24.61mm)

Figure 5.46: Hystérésis study of the X- and Y-displacements Ax and Ay of the PBA free
end with respect to the weight tu hung from the PBA free end: the test bench piston is fixed
at a given position u = 24.61 mm and one loading cycle of the PBA is performed (one cycle
= incresising phase of lu -h decreasing pheise of w) during which Ax and Ay are measured.
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53 Discussion

5.3.1 Relevance of the PVFP principle

Being able to détermine the displacement of a flexible fluidic actuator and the force it de-
velops thanks to the meaaurements of the fluid pressure and of the volume of the supplied
fluid, means being able to détermine the displacement and the force without a displacement
sensor or a force sensor placed on the actuator [79].

This is an interesting measuring concept for applications where the space is limited and
where a miniaturization effort is required. This is for example the case in Teleoperated Min-
imally Invasive Surgery (MIS), where it is necessary to measure the force applied by the
tools to the organs to ensure a force feedback of good quality. However, this measurement
is not straightforward. Indeed, if the force sensor is placed outside the body of the patient,
the measurement will be polluted by the friction of the trocar. To solve this problem, some
researchers propose to place the sensor at the end of the tool but this raises the challenge to
develop a small and sterilizable force sensor [64]. Using flexible fluidic actuators to actuate
the surgical tools would allow to measure the force applied to the organs without the need
of a force sensor. Besides, flexible fluidic actuators could also answer the need for flexible
instruments, i.e. instruments presenting a large number of DOFs and able to perform snake-
like movements when avoiding obstacles. This need has been expressed by the medical fleld
in applications such as the MIS [33], the endoluminal surgery [4] or the active cathéters [46].

In [53], a flexible sensor to be placed under the PBA is proposed. It is a flexible plate pre-
senting a pneumatic channel. Airflow is supplied to the channel and the bending of the PBA
is detected by measuring the airflow changes in the channel. Besides, measuring the airflow
changes in the channel and the pressure inside the PBA allows to détermine the stiffness of
an object in contact with the PBA. If the PVFP principle was implemented on this PBA,
it would allow doing the same measurements without such an additional sensor. Indeed, a
piston displacement u could be performed so that the PBA bends and cornes in contact with
the object to palpate. The PVFP principle allows then to détermine the contact force F
between the PBA and the object and the displacement Az the PBA has performed while
pushing on the object. These two informations can then be used to détermine the stiffness
F/Az of the object.

The PVFP principle has been experimentally validated with the PBA, i.e. an actuator
presenting only one DOF. With such an actuator, the applied force can be predicted at only
one précisé point and along only one précisé direction. However, the principle could be applied
to more complex structures. For example, let us consider the "Flexible Microactuator"
described in [79] (see Fig. 5.47). It is a cylinder whose end is closed and which présents three
internai chambers. It is composed of silicone rubber reinforced with nylon fibres disposed in
a circular direction. The fonction of these fibres is to prevent reidial deformations. When
one chamber is pressurized, the cylinder bends in the direction opposite this chamber. This
actuator présents three DOFs (one stretching and two bending motions). Measuring the
pressure in the three chambers and the fluid volume supplied to the chambers would allow
to détermine the posture of the actuator and the three components of any force applied to a
précisé given point, for example, to the end point of the actuator.
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Figure 5.47: Bending Flexible Microactuator (FMA): when a chamber is pressurized, its
length increases while the other chambers keep their initial length and consequently the
cylinder bends in the direction opposite the pressurized chamber. The figure présents a
bending FMA whose chambers no. 1 and 2 are pressurized. Figure from [73].

5.3.2 Practical implémentation of the PVFP principle in a targeted
application

As can be seen in Fig. 5.26 and 5.27, for a given piston displacement u, there exists a duality
between the force developed by the PBA free end (or in other words, the weight attached
to its end) and the displacements AIi and Ay of its tip; if the load of the PBA increases,
the PBA free end moves downwards and the displacements Ali and Ay decrease in absolute
value. It is thus not possible to impose the displacements of the PBA tip and the force it
develops at the same time. In practical applications, a choice will have to be made between
imposing the force and imposing the displacements, according to the task to be performed.

The PVFP principle could be implemented in a control loop in order to control the dis-
placement of a flexible fluidic actuator tip or the force it develops, without using displacement
or force sensor. If the dynamics of the System are quite slow, static models such as those
established for the PBA in this chapter can be used in the control loop. Hence, the control
loop makes a quasi-static approximation of the System dynamics. For example, to control
the actuator displacement, the control loop presented in Fig. 5.48 can be build. It works as
follows:

1. The actuator is required to perform a displacement Ay*.

2. Ay* is compared to the predicted displacement Ay.

3. The différence Ay* — Ay is the input of the model of the flexible fluidic actuator.
Knowing the value of the predicted external force Fext applied to the actuator, the
model détermines the piston displacement u* that needs to be performed in order to
reach Ay*.

4. u* is compared to the actual measured piston displacement u and the différence u* — u
is the input of a controller. It acts on the physical System so that the required piston
displacement is achieved. The physical System comprises the flexible fluidic actuator

and the syringe-pump pressurization System.

5. The piston displacement u and the pressure p are measured on the physical System.
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6. On the basis of the measurements u and p, the model of the flexible fluidic eictuator
predicts the displacement Ay performed by the actuator and the external force Fext
applied to the actuator. These prédictions are then used as if they were measurements.

Figure 5.48: Control loop in which the PVFP principle is implemented in order to control the
displacement Ay of the flexible fluidic actuator, without using force or displacement sensors.

The quality of the prédictions provided by the PVFP principle implemented on the flexi-

ble fluidic actuator has to be evaluated with respect to the targeted application. Indeed, the
prédictions can be accurate enough for a given application but not for another one.
The same remark can be made if the actuator présents hystérésis. Before modeling the hys-
térésis, it has to be assessed whether this hystérésis is problematic or not with respect to the
targeted application. Indeed, for a given application, the hystérésis may be small enough to
be negligible; in this case, there is no need to model the hystérésis. On the other hand, for
another application, the same hystérésis may be too large to be ignored; in this case, it has
to be modeled properly.

The practical implémentation of the PVFP principle raises some questions such as the
effect that a variation of the ambient atmospheric pressure or température would have on
the prédictions provided by the PVFP principle. This question has already been discussed
in Section 5.1.1 in the case of a simple flexible fluidic actuator but it would be interesting
to try answering this question in the case of the PBA studied here. Fig. 5.49 présents a
schematic view of the PBA linked to the cylinder of the test bench. The actuation fluid is air
but the PVFP principle should also work with an incompressible fluid. Maybe a différence
happens when a weight is hung from the PBA free end: since the volume in the cylinder will
not change because the piston position is fixed, the volume of the PBA will not change and
the position of the PBA free end will remain the same. On the other hand, it is also possible,
thanks to the elasticity of the PBA rubber that the PBA free end moves downwards while
the PBA keeps the same volume.

First, let us consider a change of the atmospheric pressure or ambient température hap-
pening when using the PBA and the PVFP principle implemented on it:

1. The actuation fluid is incompressible:

« If the atmospheric pressure increases by an amount p*, the absolute outside pres-
sure Pout increases by the same amount. The volume of the PBA does not change
because the volume of fluid inside the cylinder does not change and since the at-
mospheric pressure is applied to the top of the PBA cis well as on its underside, the
atmospheric pressure increase will not modify the displacements of point A. Since
the shape of the PBA does not change, the inner absolute pressure pin will prob-
ably increase by the same amount £is pout and the PVFP principle implemented
on the actuator percoives this as the application of a load w* that would héave
decreased the displacement of the PBA free end. The prédictions of the PVFP
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Pout — Patm

Figure 5.49: Pneumatic Balloon Actuator (PBA) linked to the cylinder of the test bench. The
actuation fluid is air. When a displacement u is imposed to the piston, the inner pressure
Pin increases and the PBA inflates and its free end A moves upwards. The vertical and
horizontal displacements of this point are Ayo and Axgq, respectively. Afterwards, keeping
the piston position constant, if a weight w is hung from the PBA free end, the inner pressure
Pin increases and the displacements Ay and Ax of the PBA free end decrease. According to
the PVFP principle, knowing the values of and u allows to détermine the displacements
of point A and the value of the weight w.

principle are distorted but to get rid of the influence of an atmospheric pressure
change, a gauge pressure sensor could be used to measure pi, (it was the case
for the experiments performed on the PBA in this chapter) or the atmospheric
pressure could be measured so that the false prédiction of the PVFP principle can
be corrected.

If the ambient température increeises by a small amount such that the volume
of fluid does not change (no expansion), it will have no influence on the results
provided by the PVFP principle, i.e. the prédictions of the actuator displacement
and of the external pressure applied to the membrane will not be distorted.

2. The actuation fluid is compressible.

If the atmospheric pressure increases by an amount p*, the absolute outside pres-
sure Pout increases by the same amount, the volume of the PBA decreases and
point A moves downwards. pi, increases but probably not by the same amount
as Pout- The PVFP principle implemented on the actuator percoives the change
of the atmospheric pressure as the application of a load w* that would have de-
creased the vertical displacement of point A. However, it is not sure that using
this prédiction would allow to compensate correctly the change of the displace-
ments of point A. The PVFP principle does not allow to distinguish a change of
the atmospheric pressure from the application of a load to the PBA free end; to
be able to do so, it is necessary to measure the atmospheric pressure.

If the ambient température increases, the volume of fluid expands in the actuator.
Since the volume V/ in the cylinder does not change because the piston position
is imposed, the volume of the PBA increases and point A moves upwards. The
inner pressure Pi,, increases and the PVFP principle implemented on the actuator
percoives this change as the application of a load w* that would have decreeised
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the vertical displacement of point A. Hence, the prédiction of the PVFP principle
can not be used to compensate the change of displacements of point A due to
the température increase; indeed, doing so would lead to a further increase of the
displacement of this point! The température needs thus to be measured and taken
into account in the implémentation of the PVFP principle and its effect on the
PBA free end displacement needs to be compensated.

In conclusion, the PVFP principle seems applicable to the PBA with an incompressible
or a compressible actuation fluid. Besides, ifthe PVFP principle is implemented on the PBA
with an incompressible fluid and a gauge pressure to measure pi,,, it seems that the prédic-
tions provided by the PVFP principle implemented on the actuator will not be influenced by
the changes of the atmospheric pressure and of the température, occuring during the use of
the actuator.

During the experiments described in this chapter, the actuation fluid that has been used
is air. Since the fluidic circuit présents some leakages, it is refilled with air at atmospheric
pressure before each use of the test bench. A change of atmospheric pressure or ambient
température can then happen between the day when the models were established and the day
when the test bench is used again and refilled with air, whose initial pressure or température
has thus changed.

During the use of the PBA, the quantity of gas is constant and if the température is constant,
the gas law leEids to the following équation;

Patm™ _ Pini"PBA 'b S{d ti))

As can be seen, if the température is constant during the use of the actuator, it has no effect
on the équation. Hence, if the ambient température was T = T\ the day when the exper-
imental models have been established and T = T2 the day when the test bench has been
refilled with air, the différence between T\ and Tz will have no influence on équation (5.25)
and the experimental models on which the PVFP rests will still be valid.

If the atmospheric pressure weis Patm = Patm ! the day when the experimental models have
been established and Patm = Patm 2 the day when the test bench hsis been refilled with air,
the experimental models on which the PVFP rests will no more be valid due to the différence
between pPatm 1 and pPatm 2 and its influence on équation (5.25). This is what happened
with the hystérésis studies presented in Section 5.2.3. Since équation (5.25) had changed,
the relationship between pi,, and u changed also, as can be seen in Fig. 5.31 and 5.32 when
the PBA was not loaded.

Again, with an incompressible fluid, such a change of the atmospheric pressure seems to have
no influence on the PVFP principle, if a gauge pressure is used or if the atmospheric pressure
is monitored.

As explained in Section 5.1 and above for the PBA, the PVFP principle seems to work for
those flexible fluidic actuators whatever the actuation fluid (compressible or incompressible).
Hence, for medical applications where gas leakages are forbidden, the PVFP principle can be
implemented on these flexible fluidic actuators actuated by an incompressible physiological
saline solution.

Replacing gas by liquid brings also the advantage that the System gets rid of the compress-
ibility of the actuation fluid. During the experiments presented in this chapter, it has been
noticed that the gas pressure takes several minutes to stabilize after a piston displacement.
This can be seen in Fig. 5.50 when the piston displacement decreases from u = 34.35 mm
to U = 5.7 mm. As can be noticed, the pressure decreases until a minimum value and then
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slightly increases to reach a stabilized value after approximately 3 minutes (the stabilization
of the pressure can not be seen in the figure).

Fig. 5.51 présents what happens if the piston displacement increases from u = 5.7 mm to
u = 34.36 mm. As can be seen, the pressure increases until a maximum value and then de-
creases slightly to reach a stabilized value after approximately 4.3 minutes (the stabilization
of the pressure can not be seen in the figure).

The fact that the pressure needs a long time to stabilize can be accredited to the gas com-
pressibility, to the elasticity of the pneumatic tubes and to the elasticity of the flexible fluidic
actuator. Studying the quantitative effect of each of these three causes would help to déter-
mine which action to take in order to reduce the establishment time of the pressure in the
fluidic circuit and to increase the bandwidth of the System.

However, before performing this study, it would be interesting to study the sensibility of the
actuator displacements with regard to the pressure establishment. Indeed, as can be seen
in Fig. 5.50 and 5.51, in the case of the test bench used in this chapter, when the pressure
establishes itself, its variation is of maximum 1 kPa. If this variation has a small effect on
the actuator displacements, it may be superfluous to make a thorough study of the pressure
dynamics.

Remark: In the experiments described in this chapter, the measurements have been made
once the pressure had stabilized.

Time (s)

Figure 5.50: Evolution of the pressure in the test bench fluidic circuit when the piston
displacements decreases from u = 34.35 mm to u = 5.7 mm.
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Figure 5.51: Evolution of the pressure in the test bench fluidic circuit when the piston
displacement increases from u = 5.7 mm to u = 34.36 mm.
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However, replacing gas by liquid implies larger pressure losses whose effect bas to be stud-
ied. Besides, a flexible fluidic actuator fllled with liquid will be heavier and as a conséquence
it will develop smaller displacements, for a given pressure level, than the same actuator filled
with gas. Hence, the actuator will probably présent a pressure threshold because a minimum
pressure level will be required to compensate the weight of the liquid. An actuator filled with
liquid will also be less compilant.
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Chapter 6

Model of the Pneumatic Balloon
Actuator

6.1 Introduction

This chapter présents a 2D-model of the Pneumatic Balloon Actuator (PBA); it has been
established by modeling the physics that seem to underly the behaviour of this actuator.
Section 6.2 présents the assumptions and équations on which the model rests and it describes
the numerical method developed to solve these équations. Afterwards, Section 6.3 compares
the results provided by the numerical model with the experiments performed on two proto-
types of PBA. Finally, Section 6.4 discusses and concludes about the developed model.

Remark: The équations of the model have been established by the BEAMS department
of the ULB while the solving method of these équations has been developed and implemented
in a software by Benjamin Gorissen of the PMA department of the KUL, during its Master’s
thesis under the supervision of Michael De Volder.

6.2 Model

The aim of the model is to predict the évolutions, with respect to the pressure, of the vertical
and the horizontal displacements (Ay and Ax respectively in Fig. 6.1) of the free end of a
PBA (point A in Fig. 6.1).

The assumptions on which the model rests are the following:

1. When pressurized, the PBA deforms in such a way that its cross-section is identical
along its width; this cross-section is presented in Fig. 6.1. What happens in the sur-
roundings of the PBA outline is thus assumed to be negligible and this first hypothesis
allows an analysis in two dimensions (in the plane xy) of the PBA.

2. The PBA is fixed as a cantilever so that its upper layer is the thinner one of its two
layers.

3. The lower layer is modelled as a beam and will hereafter be referred to as "beam".

4. The upper layer is modelled ais a membrane and will hereafter be referred to as "mem-
brane".

5. The shear stresses are negligible in the membrane.
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6. The normal stresses a are uniform in the membrane.

7. The membrane thickness e is uniform and remains unchanged when the PBA is pres-
surized (Poisson’s effect is thus assumed to be negligible).

8. The membrane material is homogeneous and follows Hooke’s law. The Young’s mod-
ulus of the membrane Em is thus assumed to remain unchanged when the membrane
deforms.

9. Bernoulli’s law is verified for the beam: in the deformed configuration, the straight
sections remain plane and perpendicular to the axis of the beam and to ail fibres of the
beam [39], no warping occurs.

10. The beam material is homogeneous and follows Hooke’s law. The Young’s modulus of
the beam Eb is thus assumed to remain unchanged when the beam deforms.

11. The beam displacements due to shear and normal forces are negligible in comparison
to those due to the bending moment.

12. The weights of the beam, the membrane and of the gas inside the PBA are negligible.
13. The pressure p is homogeneous inside the PBA.

14. The beam thickness h (and thus the beam inertia Ib) is uniform and remains unchanged
when the PBA is pressurized (Poisson’s effect is thus assumed to be negligible).

15. The neutral axis of the beam keeps a constant length L even when the PBA is pressur-
ized.

AX

Ay

Figure 6.1: Cross-section of a pressurized PBA. The PBA is fixed as a cantilever so that its
upper layer is the thinner one of its two layers. The upper layer is modelled as a membrane
while the lower one is modelled as a beam. Ay and Ax are the vertical and horizontal
displacements of the free end A of the PBA. At rest, OB is the position of the lower layer of
the PBA.

Under hypothéses 4 and 5, the behaviour of the membrane is ruled by the Laplace’s
équation [22]:

7(-.;-i----1---;|;-2-)= Pin- Pont (6-1)

where 7 is the surface tension in the membrane, ri and Xz are the principal curvature radii
of the membrane and Pi,, — Pout is the pressure différence between the inside and the outside
of the membrane. Pout will here assumed to be zéro and the pressure inside the membrane
will be noted as p. Due to hypothesis 1, one curvature of the membrane is zéro and (6.1)
becomes

(6.2)
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where r is the radius of curvature of the membrane. Due to hypothesis 6, the surface tension
is uniform in the membrane. As a conséquence, r is constant along the membrane which thus
takes the shape of an arc of circle.

Under hypothéses 3, 9, 10 and 11, the deformation of the beam is ruled by the Euler-
Bernoulli’s équation [39];

1 M(s)

R{s) ~ Ebh’ ©3)

where R is the curvature radius of the beam, M is the bending moment due to the loads
applied to the beam and h = with b the width of the PBA (along axis z). As shown
in Fig. 6.2, the beam is subjected to a concentrated load F applied by the pressurized
membrane and to pressure p (i.e. a distributed load), or more precisely to q = pb. P is the

Figure 6.2: Loads applied to the PBA lower layer, which is modelled as a beam. The beam
is subjected to a concentrated load F applied by the pressurized membrane and to pressure
P (i.e. a distributed load), or more precisely to g = pb. P is the point of the beam where
bending moment M{s) is evaluated. Its coordinates are x{s) and y{s). s is the distance along
the beam between points O and P. 0 is the angle between the horizontal direction and the
tangential direction of the beam at point P. a is the angle of inclination of force F, with
reference to the vertical direction. Ay and Ax are the vertical and horizontal displacements
of the free end A of the PBA. When the PBA is not pressurized, OB is the position of the
beam.

point of the beam where bending moment M{s) is evaluated. Its coordinates are x(s) and
y(s), s is the distance along the beam between points O and P and 9 is the angle between
the horizontal direction and the tangential direction of the beam at point P. Since

1 dofs)
[39], (6.4)
R(s) — ds
(6.3) becomes:
dd{s M(s
{s) () ©.5)
ds Ebh
Solving (6.5) gives a function 9 = 9{s) from which the coordinates of the points of the

deformed beam can be computed using the following expressions:

N®) = [ cos{9{u))du (6-6)
Jo

y(*) = L[ sm{O{u))du. (6.7)
Jo
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The X- and Y-displacements of the PBA free end are given by
Ax = L — x{L) (6.8)

and

Ay =y(L) (6.9)
and the coordinates of end point A are given by

XA = x{L) (6.10)
and

VA = y{L). (6.11)
For the configuration presented in Fig. 6.2, the expression of bending moment M(s) is:

M(s) = F [cos(a)(L — AX — x(s)) -I- sin(a)(Ay - y(s))]
—JJ" qcos{6{u)){x{u) — x{s))du (6-12)
— /77 9sin(O(u))(y(u) - y{s))du,

where F is the norm of force F and a is the angle of inclination of force F, with reference
to the vertical direction (see Fig. 6.2). To get rid of the intégrais, an équation based on the
shearing force dM/ds instead of the bending moment M can be used [24]. To obtain this
équation, (6.5) is difierentiated with respect to s and, with assumptions 10 and 14, this gives;

(fie{s) __ 1 dM{s) (6.13)
ds” Ebh ds
To compute the expression of dM/ds, the following formula is used
i X\ /(»_ ”)<i« - "/()) , -C»)) - ’\/(*_ <<>(»)) 6.14)
and it leads to:
= -F [cos(a) cos(0(s)) -I- sin(a) sin(0(s))] (6.15)
-19 [cos(M(s))(L — AX — x(8)) -I- sin(0(s))(Ay — y{s))]
Equation (6.13) becomes then:
[cos(a) cos((9(s)) -I- sin(0;) sin(0(s))j (6.16)
[cos(O(s)(L — Ax — x(s)) -b sin(0(s))(AY - Y(s)i
with the boundary conditions
Ns=o0 =0 (6.17)
and
fU=L=0. (6.18)

Ekjuation (6.16) can be used to compute the X- and Y-displacements Ax and Ay but firstly
F and a need to be evaluated. The following équations allow to détermine F and a since p
is given and since the coordinates {=<a,va) of end point A are eissumed:

101 = /{xaY + {yAY (6.19)
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tan(e) = g (6.20)

213r=L+ AL (6.21)

L (6.22)

7 (6.23)

NI (6.24)
2sin(,d)

7 = ae (6.25)

F=yb (6.26)

a:Tl—p +e (6.27)

where AL and - are the lengthening and the strain of the deformed membrane, respec-
tively. Angles e and (3 are defined as shown in Fig. 6.3.

Equations (6.19), (6.20), (6.21), (6.24) and (6.27) are geometrically deduced from Fig. 6.3.
Equation (6.22) is the relation between the stress a and the strain “~ of the membrane.
Equation (6.23) is the Laplace’s équation (6.2). Ekjuation (6.25) is the relation between the
surface tension 7 and the stress a of the membrane. Equation (6.26) is the relation between
the surface tension 7 of the membrane and the norm F of the force F developed by the
pressurized membrane.

Remark: As can be seen from the previous équations, the model is suitable for compress-
ible as well as for incompressible fluids.

Equation (6.16) has the following shape:

T~ =ms)) (6.28)

and it can be approximated by the following expression:
=m), (6.29)

with oi = 0(s)|s=iAa, i — o,.18, N and As = (see Fig. 6.4).
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Figure 6.3: Cross-section of a pressurized PBA. The PBA upper layer is modelled as a mem-
brane while the lower one is modelled as a beam. The beam is subjected to a concentrated
load F applied by the pressurized membrane and to pressure p (i.e. a distributed load),
or more precisely to g = pb. a is the angle of inclination of force F, with reference to the
vertical direction. C and r are the curvature centre and radius of the deformed membrane,
respectively. Angles e and /3 are defined as shown in the figure. Ay and Aa; are the vertical
and horizontal displacements of the free end A ofthe PBA. When the PBA is not pressurized,
OB is the position of the beam.

As

0 12 -1 0 i+l N-1 N

Figure 6.4: s is the distance along the beam. s ranges from 0 to L. The length L of the PBA
is divided into segments of length As. The parameter i is used in the approximation of the
équation ™ = f{O{s)). The length along the beam corresponding to z is s = iAs.

The two following équations are the boundary conditions of équation (6.29); they corre-
spond to the boundary conditions (6.17) and (6.18), respectively:

00 =0 (6.30)

and
0AT-1 = (6.31)
Equation (6.29) is then used iteratively to compute the solution 0j with t = O,..., A; this is
done as follows:
(6.32)

1. The initial solution n = 0 (0"~° withi = O,..., A) is used to compute /(O") (including
the calculations of F and a) and équation (6.32) allows then to compute the solution
n=1O"" with 1 =0,..., A).

2. If the solutions n = 1 and n = 0 are too far from each other, the solution n = 1
(0T*=i with Z = O,..., A) is used to compute /(0O") and équation (6.32) allows then to
compute the solution n = 2 with z = O,..., A).

3. If the solutions n = 2 and n = 1 are too far from each other, etc.
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The itérations are repeated until the method converges to a solution n = j with
i = 0O,..., N)-, this solution is such that the solutions n = j and n = j — 1 are close enough
to each other, i.e.:

< 1% (6.33)

A databaise comprising hundred initial solutions has been established. These initial so-
lutions are beams whose free end has displaced upwards or downwards. For a given initial
solution, if after fifty itérations the method has not converged, the next initial solution of the
database is tried.

The model and its solving method have been implemented in a software. The charac-
teristics of the PBA (L, b, e, h, Em and Ei,) and the pressure p have to be provided to
the software which computes the corresponding deformed configuration of the PBA and in
particular the displacements Ax and Ay of the PBA free end (see Fig. 6.5).

characteristics deformed
ofthe PBA 1 - Software configuration
(L, b, h, etc.) implementing the ofthe PBA
numerical model
pressure p 1 0 of the PBA *1 Ax and Ay

Figure 6.5: Inputs and outputs of the software implementing the numerical model of the
PBA.

In practice, when performing experiments with the test bench as described in Chapter 5,
it is not the pressure p that is imposed but the displacement u of the cylinder piston (see
Fig. 6.6). It could then be interesting to establish the relationship existing between p and
u. This relationship could then be added to the software so that its inputs would be the
characteristics of the PBA and u, rather than p (see Fig. 6.7).

For a given pressure p, the software provides the complété deformed configuration of the PBA.
The inner volume Vpba of the PBA can be computed from this deformed configuration and
assuming Vpba = 0 when u = 0, Vpba can be related to u as follows:e

« in the case of an incompressible fluid: the total volume of fluid V equals Sd {S is the
cross-section of the cylinder and d is its length (see Fig. 6.6)) and

VpBA = Su (6.34)

« in the case of a compressible fluid: the total volume Vatm at the atmospheric pressure
Patm equals Sd. The température is assumed to be constant and since the fiuidic circuit
is closed, the quantity of fluid is also constant. After a piston displacement u, the PBA
has a volume Vpba and the total volume is V\ = Vpba + S{d — a) at the absolute
pressure p\ = Patm + P- The gas law leeids thus to:

PatmVatm — PIVI (6-35)

and more precisely to

PatmSd = (Potm + P){VpBA + S{d - u)) (6.36)

Establishing the relationship between u and p for a given PBA can thus be done as follows:
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Pneumatic Balloon

Figure 6.6; PBA connected to a cylinder with a tube. When the cylinder piston performs a
displacement u, the PBA inflates and its volume is Vpba- When u = 0, it is assumed that
VpBA = 0. 5 is the cross-section of the cylinder.

Figure 6.7; The relationship existing between the piston displacement u and the pressure p
can be added to software implementing the numerical model of the PBA. Hence, the inputs
of the software would be the characteristics of the PBA and u, rather than p.

1. For different pressures p*, the deformed configuration of the PBA is calculated with

the software and the corresponding inner volume "PBA of the PBA is computed from
this deformed configuration.

2. Equation (6.34) or (6.36) is then used to calculate the piston displacements u* corre-
sponding to the different PBA volumes "PBA-

3. The pressure values p* are plotted with respect to the corresponding piston displaee-
ments u*; this graph represents the relationship existing between u and p for the studied
PBA.
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6.3 Results of the model

6.3.1 Modeling of the original PBA

The original PBA described in [50] has been modeled with the numerical model described in
the previous section. The original PBA will hereafter be referred to as "Konishi’'s PBA" to
distinguish it from its modeled counterpart.

The size of Konishi’'s PBA is 16 mm x 16 mm while the size of its cavity is 10 mm x 10 mm;
the cavity is located at the centre of the actuator. Only this cavity can be modeled by the
numerical model and the parameters of Konishi's PBA are summarized in Table 6.1. The
values of the Young’s moduli of the silicone rubber and the polyimide, given in Table 6.1,
have been looked for with the Cambridge Engineering Selector (CES) software. Indeed, these
values were not specified in the description of Konishi's PBA in [50|.

Parameter Value

length of the cavity L 10 I1O0--» m

width of the cavity b 10 10-~ m

length of the asetuator L' 16 10- m

width of the actuator b' 16 10-~ m

membrane thickness e 200 10-® m

beam thickness h 50 10-" m

membrane Young’'s modulus Em silicone rubber; 0.005 to 0.05 10“ Pa
beam Young’s modulus Eb polyimide: 2.07 to 2.76 10“ Pa
pressure p Pviax “* 65.1 kPa

beam inertia Ib sTb _ b ' r'EéTt] 12 bé\b 2—b/:(le_+2I'1/\2

Table 6.1; Parameters of Konishi’'s PBA described in [50].

The total width b' of Konishi’'s PBA is 16 mm while the width b of the cavity equals
10 mm and the surrounding edges of the cavity, where the membrane and the beam are
glued to each other, contribute to the inertia of the beam. Fig. 6.8 présents the cross-section
of the actuator; the areas contributing to the inertia of the beam are colored in grey. As
can be seen a part of the membrane (areas no. 1 and 2) contributes to it. To take the con-
tributions of areas no. 1,2 and 3 into account, the inertia of the beam is computed as follows;

h="3 ARE o (6.37)
(b’-b)/2 (b’-b)/2
membrane ~ Q> e
® - P
beam { -Q h

b’

Figure 6.8: Cross-section of Konishi’'s PBA described in [50]. The grey area contributes to
the inertia of the beam.

Fig. 6.10, 6.12 and 6.13 présent the results provided by the numerical model for p = 2 kPa,
Em — 0.0275 10® Pa and Eb = 2.415 10® Pa (the values chosen for Em and Eb are the mid
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values of the ranges given in Table 6.1);

* As can be seen in Fig. 6.10, when the pressure increeises up to 0.76 kPa, the free end of
the modeled PBA moves upwards; this behaviour corresponds to that of Konishi's PBA
and is thus physically correct. Above 0.76 kPa, the free end of the modeled PBA moves
downwards. Hence, according to the numerical model, the PBA présents a bidirectional
motion: when pressurized, the PBA moves its end upwards, until a given pressure level
is reached and above this level, the PBA tip is moved downwards. This behaviour has
been experimentally noticed by [51] and by Benjamin Gorissen and Michsiel De Volder
of the KUL, for PBAs made of two layers of the same material (the same PDMS) and of
different thicknesses (see Fig. 6.11). However, Konishi's PBA is made of two different
materials and no bidirectional motion has been reported for it in [50].

As can be noticed in Fig. 6.12 and 6.13, the numerical model predicts that the change
in actuation direction happens instantaneously for a given pressure level. However, in
practice, this happens continuously.

As can be seen in Fig. 6.10, the représentation of the membrane is not correct when
the PBA tip moves downwards.

* As can be seen in Fig. 6.12, for the upwards motion phase, the Y-displacements Ayo
predicted by the numerical model:

— are of the same order of magnitude than those measured on Konishi’s PBA.
The numerical model predicts the tip displacements of the PBA cavity, as pre-
sented in Fig. 6.1. However, the measurements performed on Konishi’'s PBA are
the tip displacements of the 16 mm x 16 mm actuator and not the tip displace-
ments of its 10 mm x 10 mm cavity (see Fig. 6.9). The tip displacements measured
on Konishi’s PBA are thus larger than the tip displacements of its cavity.

Figure 6.9: Schematic cross-section views of Konishi's PBA (described in [50]): PBA at
rest and pressurized PBA (p = pressure) on the left hand side and the right hand side,
respectively. The PBA is fixed as a cantilever and the displacements are measured at its tip.
Figure adapted from [50].

— have an évolution with the pressure p similar to that of the measurements per-
formed on Konishi’'s PBA. However, the maximum pressure p* = 0.76 kPa, for
which upwards displacements are predicted by the numerical model, is nearly
ninety times smaller than for Konishi’'s PBA (p* = 65.1 kPa).
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X 10"® Cross-section of the pressurized PBA

Figure 6.10: Modeling of Konishi’'s PBA (described in [50]) with the numerical model: cross-
section of the PBA for a pressure p up to 2 kPa (the different représentations of the cross-
section correspond to pressures spaced out by about 100 Pa). The thin and thick Unes
represent the membrane and the beam, respectively. As can be seen, the numerical model
predicts a bidirectional motion of the PBA.

Nnrmal PUMS

bent-down

Figure 6.11: Bidirectional motion of a PBA made of two layers of the same material (the
same PDMS) and of different thicknesses (see (i) for the PBA at rest). When pressurized,
the PBA moves its end upwards (see (ii)) until a given pressure level is reached; above this
level, the PBA tip is moved downwards (see (iii)). Figure from [51].
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Y-displacement A Vg with respect to the pressure p

Figure 6.12: Y-displacement Ayo of the PBA free end with respect to the pressure p. Com-
parison between the measurements performed on Konishi’'s PBA (described in [50]) and the
results provided by the numerical model. The measurements on Konishi’'s PBA corne from
[50]. As can be seen, the numerical model predicts a bidirectional motion of the PBA and in
the upwards motion phase, the measurements are of the same order of magnitude than the
results of the numerical model.

X-displacement A Xg with respect to the pressure p

Pressure p (kPa)

Figure 6.13: Modeling of Konishi’'s PBA (described in [50]) with the numerical model: X-
displacement Axqg of the PBA free end with respect to the pressure p. As can be seen, the
numerical model predicts a bidirectional motion of the PBA.
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6.3.2 Modeling of the test bench PBA

The PBA used on the test bench and described in Section 4.2.2 has been modeled with
the numerical model. This prototype will hereafter be referred to as "test bench PBA" to
distinguish it from its modeled counterpart.

The size of the test bench PBA is 50 mm x 60 mm while the size of its cavity is 40 mm x40 mm.
Only this cavity can be modeled by the numerical model and the parameters of the test bench
PBA are summarized in Table 6.2. The values of the polyuréthane Young’s modulus, given
in Table 6.2, have been looked for with the Cambridge Engineering Selector (CES) software.
Indeed, the PRONAL company which has manufactured the actuators could not specify these
values.

Parameter Value
length of the cavity L 40 10““* m
width of the cavity 6 40 10-* m
length of the actuator U 50 10-* m
width of the aictuator 6' 60 10-* m
membrane thickness e 0.5 IO--* m
beam thickness h 1 10--" m
membrane and beam polyuréthane: minimum found value = 0.0025 10" Pa
Young’s moduli Em and Eb maximum found value = 2.07 10® Pa
pressure p max 20 — 30 kPa | see Section 4.2.2)
. 676 3
beam inertia If, AG = 12 A% Ef, 12

Table 6.2: Parameters of the test bench PBA.

The total width b' of the test bench PBA is 60 mm while the width b of the cavity equals
40 mm and the surrounding edges of the cavity, where the membrane and the beam are fixed
to each other, contribute to the inertia of the beam. Hence, exactly as for Konishi’'s PBA,
Fig. 6.8 présents the cross-section of the actuator and the areas contributing to the inertia of
the beam are colored in grey. To take the contributions of areas no. 1,2 and 3 into account,
the inertia of the beam is computed with the formula (6.37).
Fig. 6.15 to 6.18 présent the results provided by the numerical model for p = 25 kPa and
Em = Eb = 1.03625 10® Pa (the value chosen for Em and Eb is the mid value of the range
given in Table 6.2):

= As can be seen in Fig. 6.15, when the pressure p increases up to 25 kPa, the free end
of the modeled PBA moves upwards. This behaviour corresponds to that of the test
bench PBA and is thus physically correct.

e As can be seen in Fig. 6.16, 6.17 and 6.18, when the pressure p increases, the PBA
free end moves upwards and Axq and Ayo increase in absolute value. Besides, it can
be noticed that:

— the displacements Axq and Ayo predicted by the numerical model are of the same
order of magnitude than those measured on the test bench PBA.

— the displacements Ayo predicted by the numerical model are larger than those
meeisured on the test bench PBA, ail the more that the numerical model predicts
the displacements of the cavity tip (see point A' in Fig. 6.14) and that, as explained
in Section 4.3, the measurements Axo and Ayo made on the test bench PBA are
the displacements of a point located 5 mm far from the cavity tip (see point B' in
Fig. 6.14). This implies than the tip displacements measured on the test bench
PBA are larger, in absolute value, than the tip displacements of its cavity.
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Figure 6.14: Schematic cross-section of the test bench PBA. The numerical model predicts
the X- and Y- displacements of point A' (Axg and Ai/q) while the measurements performed
on the test bench PBA are the X- and Y- displacements of point B' (Axg and Aj/o0)-

— the displacements Aiqg of the cavity tip predicted by the numerical model are
smaller, in absolute value, than the measurements performed on the test bench
PBA but, as explained before, these measurements are larger, in absolute value,
than the tip displacements of the cavity (see Fig. 6.14).

— the displacements Aj/o predicted by the numerical model présent an évolution with
the pressure p similar to that of the measurements performed on the test bench
PBA. This is not the case for the displacements Axq predicted by the numerical
model.

As alrefidy said, the displacements Ayo predicted by the numerical model are larger than
those measured on the test bench PBA for the same pressure. The prédictions of the numer-
ical model have been achieved for large Young’s moduli Em and Eb- If the Young’s moduli
and the pressure keep the same ratio, the same displacements Axqg and Ayo are predicted
by the model. This means that if the Young’s moduli of the test bench PBA are in reality
ten times smaller than those used to establish the curves of Fig. 6.15 to 6.18, the same
displacements Axq and Ayo will be predicted by the numerical model but for a maximum
pressure that is ten times smaller than p = 25 kPa. However, since the actual Young’s mod-
uli are not known, it is difficult to conclude about the results provided by the numerical model.

If the pressure is increased above 25 kPa, the numerical model predicts that the test

bench PBA has a bidirectional motion and that the change in actuation direction happens
for p = 32 kPa.
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X 10" Cross-section of the pressurized PBA

Figure 6.15: Modeling of the test bench PBA with the numerical model: évolution of the PBA
cross-section with the pressure p. When the pressure p increases, the PBA free end moves
upwards. The thin and thick Unes represent the membrane and the beam, respectively. The
different représentations of the cross-section correspond to pressures spaced out by 2.5 kPa.

N Ag-3 X-displacement A Xp with respect to the pressure p

Figure 6.16; X-displacement A=q of the PBA free end with respect to the pressure p. When
the pressure p increases, the PBA free end moves upwards and Aiq increases in absolute
value. The thick line is computed by the numerical model. The crosses are the experiments
of the DOE (described in Section 5.2.1) that has been applied to the test bench PBA; the
thin line is the experimental model Axqg = Axo(p) deduced from these experiments.
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Y-displacement A Vg with respect to the pressure p

Figure 6.17: Y-displacement Ai/o of the PBA free end with respect to the pressure p. When
the pressure p increases, the PBA free end moves upwards and At/o increases. The thick
line is computed by the numerical model. The crosses are the experiments of the DOE
(described in Section 5.2.1) that has been applied to the test bench PBA; the thin line is the
experimental model Apo = Apo(p) deduced from these experiments.

X-displacement A Xg (m) X 102

Figure 6.18: Y-displacement Apo of the PBA free end with respect to its X-displacement
Axg. When the pressure p increases, the PBA free end moves upwards and Axqg and Apo
increase in absolute value. The thick line is computed by the numerical model. The crosses
are the experiments of the DOE (described in Section 5.2.1) that has been applied to the test
bench PBA; the thin line is the experimental model Apo = Apo(Aa;0) deduced from these
experiments.
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6.4 Discussion and conclusions
As already said,

« the upwards Y-displacements Ayo predicted by the numerical model are of the same or-
der of magnitude than the measurements made on Konishi’s PBA but they are eichieved
for a pressure that is much lower than the actual pressure.

« the Y-displacements Ayo predicted by the numerical model are larger than those mea-
sured on the test bench PBA for the same pressure. Besides, these prédictions have
been achieved for Young’s moduli Em and Eb that are maybe too large compared to
the actual Young’s moduli of the test bench PBA.

This means that the PBA of the numerical model is less stiff than its real counterpart. This
can be explained by the fact that some of the assumptions on which the model rests are too
far from the reality.

Indeed, according to hypothesis 1: " When pressurized, the PBA deforms in such a way that
its cross-section is identical along its width; this cross-section is presented in Fig. 6.1. What
happens in the surroundings of the PBA outline is thus assumed to be negligible and this first
hypothesis allows an analysis in two dimensions (in the plane xy) of the PBA"

Hence, the model assumes that the membrane is fixed to the beam only by the two sides
placed in the width direction. In practice however, both layers of the PBA are fixed to one
another along their four sides. The model neglects thus the forces applied to the membrane
along the sides placed in the length direction and the cross-section of the PBA is not iden-
tical along the width. Hence, in practice, the shear stresses are probably not negligible in
the membrane (assumption 5) and the stresses a not uniform in the membrane (assumption
6). By neglecting ail these phenomena, the model leads to a PBA less rigid than the real
prototype.

Besides, in the case of Konishi’'s PBA and of the test bench PBA, hypothesis 3 is not

valid. Indeed, according to this assumption, the lower PBA layer is modeled as a beam.
However, Konishi’'s PBA and the test bench PBA have dimensions such that L = b while by
définition, a beam has a length which is larger than its two other dimensions. Hence, the
bottom layer of Konishi's PBA and of the test bench PBA should better be modeled by a
plate.
In addition to this, in the case of Konishi’'s PBA, since the cavity is placed at the centre
of the actuator, the membrane applies a pulling force F at two places to the beam: at its
beginning and at its end. However, the numerical model only takes into account the pulling
force applied to the end of the beam.

In conclusion, a PBA modeled with the numerical model will be less stiff than its real
counterpart and some of the assumptions on which the model rests are not verified in re-
ality; this leads to large différences between the prédictions provided by the model and the
measurements performed on the prototypes (e.g. too large displacements, too low pressures,
incorrect shape of the évolution of the X-displacements Axq with respect to the pressure).
However, the numerical model is able to predict the bidirectional behaviour of a PBA and
allows to better understand the physics underlying. The bidirectional behaviour is due to
the pressure applied to the beam and to the force applied by the pressurized membrane to
the beam. If the force applied by the membrane is prédominant, the PBA free end moves
upwards while if the pressure is prédominant, it moves downwards.

It has to be mentioned that the numerical model seems to predict that ail PBAs show this
bidirectional behaviour while in practice, this behaviour hsis been reported for PBAs com-
pletely made of the same material and it is not established whether this behaviour happens
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for PBAs whose layers are made of different materials.

Looking at the équations of the model, it can be noticed that the bending stiffness of

the beam equals Ebh = + 2F, 12 +®b'2'bv(’;)2 Hence, according to the

numerical model, since the thicknesses h and e of the beam and the membrane are to the
power three, they will have more influence on the PBA displacements than the widths h and
b' of the cavity and the actuator, and than the Young’s moduli Eb and Em of the beam and
the membrane.

If a dimensional analysis is performed on the model parameters (V is not considered here)
L, b, Em, Eb, e, h, p, Ax and Ay, the corresponding dimensionless numbers are tti =
M="TM="N1T4=",0T= ", 75 = and 716 = -7, which are linked by the following
two relationships:

T4 = N = /(xti, 712,713,715,716) (6.38)

K — 7 = 5(711,712,713,715,716) (6.39)

Hence, if the dimensionless numbers tii, 712,713,715 and 713 keep the same values, 714 = > and

— ™ also keep the same values. This means that if the dimensions of the PBA L, b, e
and h are multiplied by a given factor, the displacements Ax and Ay will increeise by the
same factor. Besides, if the Young’s moduli Em and Eb and the pressure p are multiplied by
a given factor, the displacements Ax and Ay will not change.

The numerical model could be modified in order to predict the displacements of the actua-
tor tip rather than the displacements of the cavity tip. This would allow a better comparison
between the prédictions of the numerical model and the measurements performed on Kon-
ishi’s PBA and the test bench PBA.

However, at this stage, it is not possible to conclude whether the numerical model could
be used to predict the qualitative effects, on the tip displacements, of the change of a PBA
parameter. To answer this question, more experimental validations are required with proto-
types whose parameters are perfectly known.
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Chapter 7

Miniaturization of Pleated
Pneumatic Artificial Muscles

7.1 Introduction

As explained before in Section 1.3, a literature review bas established that a force of about
13 N is required at the end of a surgical instrument to allow the execution of ail the surgical
gestures (see Table 1.1). Fig. 7.1 présents schematically a surgical instrument having a length
L and a width I. F is the force applied by the organs to the tip of the surgical instrument.
An actuator applies a vertical force F' to the basis of the instrument and a is the angle of
inclination of the instrument. For L = 21, if a equals tt/2, the actuator has to develop a force
F' = 104 N so that the instrument can develop a force F = 13 N at its tip. On the other
hand, if a equals tt/6, the actuator has to develop a force F' = 208 N so that the instrument
can develop a force F = 13 N at its tip.

As explained in Section 3.2.2 (see Table 3.1), according to theoretical models, miniatur-
ized Pleated Pneumatic Artificial Muscles (PPAMSs), whose dimensions are small enough to
be inserted into MIS medical instruments, could be able to develop the required force of
104 — 208 N. In this chapter, the PPAMs héave therefore been studied in order to assess their
miniaturization potential and miniaturized PPAMs have been manufactured.

There exist other types of Pneumatic Artificial Muscles (PAMs) also able to generate
large forces and the most frequently used PAM is the McKibben one. However, the PPAM
has been chosen because its design has been thought about in order to improve the draw-
backs presented by the McKibben PAM. Hence, the PPAM présents a low hystérésis, a low
pressure threshold and a larger force. In addition to this, the design of the PPAM is rela-
tively simple compared to some other muscles and the proximity of the ULB and the Vrije
Universiteit Brussel (VUB), whose Department of Mechanical Engineering has developed the
PPAM, eases the contact”™ and collaborations.

This miniaturization work has been performed by Nhat-Quang CAO as a Master’s thesis
[27], under the supervision of Prof. Pierre Lambert and myself, in collaboration with the
VUB.

Section 7.2 describes the PAMs in general and the PPAMSs in particular. Afterwards,

Section 7.3 présents the miniaturization work performed on the PPAMs and Section 7.4
concludes about it and présents perspectives of future works.
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F'>0and F" =0

Figure 7.1: The surgical instrument has a length L and a width I. F is the force applied by
the organs to the tip of the surgical instrument. An actuator applies a vertical force F' to
the basis of the instrument, a is the angle of inclination of the instrument. For L = 21, if
a equals tt/2, the actuator has to develop a force F' = 104 N so that the instrument can
develop a force F = 13 N at its tip. On the other hand, if a equals tt/6, the actuator has to
develop a force F' = 208 N so that the instrument can develop a force F = 13 N at its tip.

7.2 PAMs and PPAMs

7.2.1 General description of the PAMs and description of the McK-
ibben PAMs

PAMs are made of a flexible closed membrane that is reinforced and fixed to fittings at both
ends. When pressurized gais is introduced in such a device (when gas is sucked out), the
membrane bulges out (squeezes) and contracte axially (see Fig. 7.2) [31]. A PAM is then
able to lift a load attached to one of its ends.

Figure 7.2: Deflated and inflated states of a Pneumatic Artiflcial Muscle (PAM) presenting
a pleated membrane. When pressurized gas is introduced in this PAM, the membrane bulges
out and contracts axially. Figure from [84].

Under quasi-static conditions and neglecting energy losses and especially the energy re-
quired to deform the membrane, the force F generated by a PAM can be expressed as follows

K- p&H (7.1)

with
V - enclosed membrane volume
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le = PAM'’s contracted length
P = Pin—Pont, Pin andPout being the PAM’s inner and outer pressures; p is a gauge pressure.

Equation (7.1) indicates the maximum theoretical force a given PAM can develop. As can
be seen, this force dépends on the pressure p and on the évolution of the membrane volume
V with respect to the muscle length le- This évolution is characteristic of the type of mem-
brane used and thus of the studied muscle. The State of a given muscle is thus completely
determined by its length le and the pressure p. In practice, a PAM will develop a lower force
because some energy is required to deform the membrane and because energy is dissipated
by friction [30]. In addition to energy losses, friction also involves hystérésis.

The most frequently used PAM is the McKibben one (see Fig. 7.3). It is composed of a
rubber tube and a braided sleeve surrounding the tube (the braid angle is 6). The tube and
the sleeve are connected at both ends to fittings which transfer fiber tension and enclose the
gas. When the tube is pressurized, it is pressed against the sleeve. The braid angle changes
and the sleeve expands and contracts. The gas pressure is balanced by the fiber tension
which is transferred to the fittings. The muscle is then able to lift a load attached to one of
its ends [31] [32].

Figure 7.3; Different States of a McKibben Pneumatic Artificial Muscle. It is composed of a
rubber tube and a braided sleeve surrounding the tube (the braid angle is 9). The tube and
the sleeve are connected at both ends to fittings which transfer fiber tension and enclose the
gfis. When the tube is pressurized, it is pressed against the sleeve. The braid angle changes
and the sleeve expands and contracts. The gas pressure is balanced by the fiber tension
which is transferred to the fittings. The muscle is then able to lift a load attached to one of
its ends. Figure from [31].

The McKibben PAM is easy to manufacture but it présents some important drawbacks:
a limited contraction (about 20 % to 30 %), a substantial hystérésis (due to the friction
between the tube and the sleeve), a high pressure threshold under which the muscle does not
contract (this threshold is due to the tough rubber used to avoid the bursting of the tube;
pressure threshold typically about 90 kPa) and a limited output force (due to the energy
losses implied by the rubber deformation) [32].

7.2.2 Description and models of the PPAMs

To solve the drawbacks of the McKibben PAM, a new type of PAM has been developed at
the Department of Mechanical Engineering of the VUE. This muscle is made of a membrane
having a high tensile stiffness to avoid membrane deformation. The membrane is fold so that
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its pleats are arranged along its long axis and it is connected to fittings at both ends (see Fig.
7.2). These fittings carry the gas inlet and outlet and transfer the membrane stresses. When
the membrane is pressurized, it bulges by unfolding the pleats and the muscle contracts itself.
In the middle of the membrane, the unfolding is the highest and it decreases from the middle
of the membrane towards both ends; at the ends, the pleats are not unfold at ail.

No friction occurs during the unfolding of the pleats and consequently the muscle shows
practically no hystérésis. Besides, the pleats unfolding requires a very low amount of energy.
Indeed, the parallel stresses (i.e. membrane stresses along the parallels (see Fig. 7.4)) are
very low during the expansion of the membrane. As a conséquence, the output force will be
close to its maximum theoretical value. In addition to this, since only a very small amount
of energy is necessary to expand the membrane, the pressure threshold of this muscle is
generally low [31] [32].

parallel circles  meridians

Figure 7.4: Side view of a closed etxisymmetrical membrane. The parallel circles are the
sections of the membrane with planes perpendicular to its axis of symmetry. The meridians
are the sections of the membrane with planes containing its axis of symmetry.

An idéal PPAM is a PPAM that would have "an infinité amount of infinitely narrow
pleats, leading to an axisymmetrical membrane surface that would thus only be loaded by
méridional stresses (i.e. along fold Unes) and not by parallel stresses (i.e. along parallels,
which are sections of the surface and any plane perpendicular to the axis of symmetry). This
can be seen as follows. If any parallel stress would exist in such a membrane at some equilib-
rium contraction, it would unfold the membrane further, since folds cannot withstand tensile
stress. As a resuit of this, the membrane diameter would have to increase, which, at a fixed
contraction, can only happen by stretching in the méridional direction. The high tensile stiff-
ness of the material makes it nearly unstretchable though and, therefore, unfolding can only
happen if the membrane contracts further. An idéal PPAM, consequently, cannot have paral-
lel stress components. Its latéral expansion can happen unhampered and at no energy cost."

. " The idéal pleated PAM can mathematically be described by an orthotropic membrane that
is closed, flexible, axisymmetrical and subjected to an axial force F at both ends and to a
uniform orthogonal surface load p, which is the pressure différence across the surface. This
orthotropic membrane has a zéro modulus of Young in the parallel direction but not in the
méridional direction. This amounts to a zéro parallel stress condition and actually States that
the extemal loads are balanced by méridional membrane stress only." [30].

Assuming an idéal PPAM having an inelastic membrane (i.e. a membrane having a
Young Modulus .E = oo in the méridional direction), [30] has established theoretical models
for the PPAM (see équations (7.2), (7.3), (7.5) and (7.4)). However, these models are also
used for high tensile stiffness membranes as the influence of elasticity is very small for these
membranes at contractions of more than 5%.

These theoretical models allow to estimate the équatorial diameter D, the enclosed volume
V and the membrane méridional tensile stress a of the pressurized PPAM, as well as the
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pulling force F it generates:

D = Ild(e,™) (7.2)
vV =mnr (7.3)
(7.4)
(7.5)

where

| = initial length of the PPAM (i.e. length of the PPAM when it is not pressurized)

le = contractée! length of the PPAM (i.e. length of the PPAM when it is pressurized)

| and le do not take the fittings into account but only measure the length of the PPAM
membrane.

e=1— € is the contraction of the PPAM

R = initial radius of the PPAM (i.e. radius of the PPAM when it is not pressurized)

P = gauge pressure inside the pressurized PPAM

A = area of the membrane cross-section

d(e, -"), u{e, ™), C(e! -») and /(e, are dimensionless fonctions. Fig. 7.5, 7.6, 7.7 and 7.8
show the évolution of these fonctions with respect to the contraction e and for different
ratios (the ratio is also called "slenderness").

Figure 7.5: Dimensionless diameter fonction d(e, -g) with respect to the contraction e and for
different ratios, d(e, -*) = » " and R are the initial length and radius of the PPAM and
D is the équatorial diameter of the pressurized PPAM. Figure from [30].
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o 10 20 30 40 50 60
contraction (%)

Figure 7.6; Dimensionless volume function i/(e, -*) with respect to the contraction e and for
different ratios, u{e, -) = I and R are the initial length and radius of the PPAM and

V is the enclosed volume of the pressurized PPAM. Figure from [30].

contraction (%)

Figure 7.7; Dimensionless stress function ”(e, with respect to the contraction e and for

different ratios, (e, j) = | and R are the initial length and radius of the PPAM, p
is the inner gauge pressure oi the pressurized PPAM, A is the area of the membrane cross-
section and cr is the membrane méridional stress of the pressurized PPAM (the méridional
direction is along the long axis of the PPAM). Figure from [30].
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contraction (%)

Figure 7.8: Dimensionless force function /(e, with respect to the contraction e and for
different ratios, /(e, -3) = ™- | and R are the initial length and radius of the PPAM, p
is the inner gauge pressure of the pressurized PPAM and F is the pulling force it develops.
Figure from [30].

As can be seen in Fig. 7.8, the developed force F has a non-linear évolution with respect

to the contraction e. Apart from the case for which ™ = 00, the force tends to infinity for
zéro contraction. In practice, the developed force will be lower at small contractions because
of the elasticity of the membrane. As shown in the figure, as the contraction increases, the
developed force decreases until it becomes null at the PPAM’s maximum contraction. Stub-
bier membranes, i.e. membranes having a low value of slenderness develop a higher force
at small contractions but it decreases faster and the maximum contraction is smaller. This is
due to the fact that stubbier membranes offer a larger surface for the gas pressure to act on it
but on the other hand they présent end closures whose surface is also larger. If the pressure
acting on the membrane contributes positively to the force F developed by the muscle, the
pressure acting on the surface of the end closures makes this force decreases since it acts in
the direction opposite to the pulling force direction [30].
The highest maximum contraction equals about 54.3 % and is obtained for an infinitely slim
membrane, i.e. a membrane for which -* = 00; however, this ceise is not feasible in practice.
~ = 10 is a more practical slenderness for which the maximum achieved contraction equals
about 45.5 %.

Fig. 7.7 shows that the méridional stress a decreases when the contraction e increases but
it never becomes null. Indeed, a fully inflated muscle is tense although it does not generate
a pulling force [30].

FVom Fig. 7.5, it can be seen that the équatorial diameter of stubbier membranes présents
a relative increase smaller than for slimmer membranes. This means that stubbier PPAMs
require less pleats to be able to fully expand and are consequently more easy to manufacture
[30].

Fig. 7.6 shows that stubbier membranes présent a higher increase in volume with contrac-
tion. This means that stubbier PPAMs have a higher possible transfer of work (see équation
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7.1). Although stubbier membranes show this interesting characteristic and are easier to
manufacture, they présent a large dead volume (i.e. at e = 0) that does not contribute to
the pulling force developed by the muscle. However, this volume needs to be pressurized or
depressurized whenever the inner pressure of the muscle is changed [30].

As explained before, stubbier membranes develop higher forces and présent smaller max-
imum contractions. This involves that these PPAMs act with more force on the structure
they are connected to in comparison with slimmer PPAMs developing the same work.

[30] also shows that slimmer membranes apply higher stresses to the end fittings although
their developed forces are generally lower. The manufacturing of slimmer PPAMs will thus
be limited by this characteristic and by the fact that slimmer PPAMs require more pleats to
be able to fully expand.

The theoretical models have been experimentally validated and agréé very well with the
experiments. For example, a muscle of 60 g, / = 10 cm, R = 1.25 cm and having 44 folds,
whose depth equals 2.5 mm, has been used to perform experiments. [32] reports that:

* "Noticeable déviations were only found in the lower and upper régions of contraction
and for low values of pressure.”

 "For contractions ranging from b % to about 30 %, the measured values of force and
diameter were seen to be within 1—2 percents of the values predicted by the mathematical
model.”

* "Stroke was predicted to be 43.5 % and experimentally found to be 41.5 %."

Three générations of PPAMs, each one improving the drawbacks of the previous one,

héave been developed at the Department of Mechanical Engineering of the VUE. The first
génération PPAMs are made of a high tensile stiffness membrane while the muscles of the
second and third générations présent a more flexible membrane, used in combination with
high tensile stiffness flbres placed in the pleats.
To model the PPAMs of the second and third générations, another theoretical model has
been established by [84]. While the previous model considered a continuous axisymmetrical
circular membrane, the new model focuses on the high tensile stiffness fibres and assumes
that longitudinal tension is only transferred by these fibres. According to this model, the
force F developed by the PPAM equals:

F = P-"sin{™M)t" /(e, (7.6)

with

P, I, R and e as defined before

n = the number of fibres (or pleats)

/(e, ™) = the dimensionless force fonction presented in Fig. 7.8.

In comparison with équation (7.5) given by the previous model, équation 7.6 présents an
extra term: ~sin{”). If the number of fibres decreases, équation 7.6 predicts, because of
this term, a developed force F smaller than the one predicted by équation (7.5). But as the
number of fibres increases, both traction models get doser to each other and for a number
of fibres larger than 15, the différence between both models is less than 3 % [84].
Experiments on a second génération PPAM have been performed to validate this new traction
model. These experiments showed that the theoretical model gives a good approximation of
the real force fonction.
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Because of the design différences between the second and the third générations, the initial
radius R of the second génération PPAMs is the muscle radius taken at the top of the folds
when the muscle in not pressurized while for the third génération PPAMs, this radius is the
radius at which the fibres are placed.

7.3 Miniaturization of the PPAMs

This section summarizes the miniaturization work performed by Nhat-Quang CAO during
his Master’s thesis [27].

7.3.1 Introduction and requirements

As explained in Section 7.1, a miniaturization work is performed on the PPAMs in order
to reach a size that would allow to use them in flexible medical instruments. For example,
for applications in Minimally Invasive Surgery, instruments must have a diameter less than
10 mm [66] in order to pass through the trocars, while the diameter of cathéters can be as
low as 1 mm or less [60].

For this first miniaturization work, the target is to develop a miniaturized muscle able to
develop a force of about 100 N (see Fig. 7.1) and having a diameter at rest of about 1 cm.
No spécifie objective is set concerning the stroke of the muscle.

7.3.2 Design of the miniaturized PPAM

The design of the third génération PPAMs developed at the VUB has been studied and
applied to the miniaturized PPAMs.

Fig. 7.9 présents a view of a miniaturized PPAM. It is composed of two end fittings and of
a pleated membrane. Eaoh end fitting comprises three parts: an inner ribbed part, an outer
ribbed part and a fastening. The folds of the membrane are placed between both ribbed
parts. Both fastenings have an external thread: that of the lower fastening allows to attach
a weight to the muscle end while that of the upper fastening allows the fixation of the muscle
to an external support and the fixation of the air inlet. Besides, the upper fastening présents
a hole along its length to allow the air feeding of the muscle. The membrane is made of two
layers of PVC adhesive tape (tesa 4120) and two layers of a 100 % polyester fabric. Besides,
the fabric is covered by glue (permanent glue 3M) to better stick to the adhesive tape. The
thickness of the membrane is about 0.3 mm.

One single string is used to pass in ail the folds. This is done as follows: the string is
attached to a fastening, travels through a fold, is wound round the second fastening, travels
back through the next fold, is wound round the first fastening, etc. and the string is finally
attached to the first fastening.

There are some différences between the designs of the miniaturized PPAM and the third
génération PPAM of the VUB;

e The membrane of the third génération PPAM présents three layers of adhesive tape.
The membrane of the miniaturized PPAM présents only two layers of adhesive tape in
order to ease the realization of small folds.e

* An Aluminum ring (see Fig. 7.15) is fixed to each external ribbed part of the third
génération PPAM, in order to improve their résistance. These rings have not been
reproduced for the miniaturized PPAM in order to decrease the number of the muscle
parts. In practice, the external ribbed parts have revealed to be résistant enough
without such rings.

147



7.3. Miniaturization of the PPAMs

77
upper end fitting
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A * inner ribbed part
outer ribbed part
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to the muscle inner ribbed part
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Figure 7.9: View of the design of the miniaturized PPAM. This miniaturized PPAM has
the same design as the third génération PPAMs developed at the Department of Mechanical
Engineering of the VUE. Figure adapted from [27].

e Both fastenings of the third génération PPAM présent a threaded hole along their
length. During the assembly of the muscle, a threaded bar is inserted in these threaded
holes and it goes through ail the muscle from one end to the other one. This allows to
fix the muscle along an axis during the assembly. This has not been reproduced for the
miniaturized PPAM because its small size would require a threaded bar having a very
small diameter and thus difficult to manufacture.

A) The membr£ine

As shown before by the theoretical model developed by [30], an idéal PPAM having an infinité
number of infinitely shallow pleats does not présent parallel stresses and eis a conséquence
develop the highest possible pulling force. To get close to this idéal case, a PPAM should
présent as much folds as possible with the smallest depth possible.

Folds have been made manually with the membrane in order to détermine the minimum
depth that could be achieved. Fig. 7.10 represents three teeth of the inner ribbed part. X is
the distance between the tops of two adjacent teeth. Since the pleats of the membrane are
inserted between the teeth of the inner ribbed part, X is also the distance between the tops
of two adjacent folds. The folds obtained during the experiments have revealed that under a
distance X= 5 mm, it was not possible to insure some regularity of the folds.

The number of folds is linked to the design of the inner ribbed parts whose diameter
has be about maximum 1 cm. Taking this requirement into account and knowing that the
membrane (whose thickness is about 0.3 mm), the string and a tooth of the outer ribbed
part are inserted between two teeth of the inner ribbed part, it has been decided to make
16 folds in the membrane leading to an outer diameter of 10.4 mm for the inner ribbed part
and to an outer diameter of 11 mm for the unpressurized folded membrane. The useful
membrane length (i.e. the length of the membrane measured between the end fittings) is
fixed at / = 50 mm while the total length is 60 mm due to the insertion of the membrane
ends between the inner and outer ribbed parts. Fig. 7.11 présents the dimensions of the
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membrane.

Figure 7.10: View of three teeth of the inner ribbed part. X is the distance between the tops
of two adjacent teeth. Since the pleats of the membrane are inserted between the teeth of
the inner ribbed part, X is also the distance between the tops of two adjacent folds. Figure
from [27].

11mm

Figure 7.11: Design of the membrane of the miniaturized PPAM. The membrane counts 16
folds of 2.5 mm depth. When folded and unpressurized, its outer diameter equals 11 mm.
The useful membrane length is fixed to Z = 50 mm while the total length is 60 mm due to the
insertion of the membrane ends between the inner and outer ribbed parts. Figure adapted
from [27].

B) The end fittings and the string

Fig. 7.12 présents the design of the inner ribbed parts. As explained before, these parts
count 16 teeth and have an outer diameter of 10.4 mm. They are inserted in the membrane
at its both ends and are glued to it with epoxy resin. To ease the manipulation of these parts
and to have a surface to glue that is not too small, a thickness of 5 mm has been chosen for
these parts.

The inner and outer ribbed parts have been manufactured by Sélective Laser Melting
(SLM) and are made of titanium. Concerning the fastenings, they have been achieved from
M4 screws that hadve been machined: the head of these screws has been machined in order
to reduce its diameter to 5 mm and a hole of 2 mm diameter has been performed along the
screw axis in the screw used as upper fastening to allow the air feeding of the muscle. The
dimensions of the screws and of the upper fastening hole have been chosen in order to reduce
as less as possible the mechanical résistance of the inner ribbed parts and of the screws while
allowing the better possible circulation of air. The screws are inserted in the inner ribbed
parts (and glued to them) and are supported by the circular edge shown in Fig. 7.12 (see
(b) and (c)). When the muscle is loaded, ail the force is applied to the circular edge of
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both inner ribbed parts and a material résistant enough to support this bas been chosen for
these parts. Fig. 7.13 présents the design of the outer ribbed parts. These parts are placed
around the membrane at its both ends and are fixed to it with epoxy resin. The edge (see (b)
in Fig. 7.13) is foreseen to be filled with epoxy resin in order to make the end fittings airtight.

The string is a fishing nylon thread (géologie x-stress) whose diameter equals 0.35 mm.

@ (b) (©

Figure 7.12: Design of the inner ribbed parts of the miniaturized PPAM. (a) front view (b)
transversal view (c) back view. These parts count 16 teeth and have an outer diameter of
10.4 mm. They are inserted in the membrane at its both ends and are glued to it with epoxy
resin. Figure adapted from [27].

@ (b) (©

Figure 7.13; Design of the outer ribbed parts of the miniaturized PPAM. (a) front view (b)
transversal view (c) back view. These parts are placed around the membrane at its both
ends and are fixed to it with epoxy resin. The edge (see (b) in the figure) is foreseen to be
filled with epoxy resin in order to make the end fittings airtight. Figure adapted from [27].
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C) Comparison of the miniaturized PPAM with the third génération PPAM
developed at the VUB

Fig. 7.14 and 7.15 are pictures of the miniaturized PPAM and of the third génération PPAM
developed at the VUB, respectively. Table 7.1 compares the géométrie characteristics of both
muscles and highlights the miniaturization work that has been performed. As can be seen,
the length of the PPAM developed at the VUB has been divided by two while its outer
diameter hfis been nearly divided by three.

Figure 7.14: Picture of the miniaturized PPAM. Figure from [27].

aluminum ring membrane with string aluminum ring
threaded
fastening threaded
fastening

Figure 7.15: Picture of the third génération PPAM developed at the VUB. (a) and (b):
without and with the air inlet and the hook to hang weights. Figure adapted from [27].

D) Prédiction of the traction model

As explained in Section 7.2.2, the initial radius fT of a third génération PPAM is the radius
at which the fibres are placed. In the case of the miniaturized PPAM described here, this
radius equals about 3.5 mm. Indeed, as presented in Fig. 7.16, the hollows between the
teeth of the inner ribbed part are located at a radius of 3 mm and since the membrane heis
a thickness of about 0.3 mm and the nylon thread a diameter of 0.35 mm, the centres of the

151



7.3. MINIATURIZATION OF THE PPAMs

Miniaturized PPAM Third génération PPAM of the VUB
total length (from the end + 90 mm + 180 mm
of a fastening to the end of
the other fastening)

total length of the membrane 60 mm + 140 mm
outer diameter of the outer 15 mm 40 mm
ribbed part

number of folds 16 32
distance X between the 5 mm 10 mm

tops of two eidjacent folds
(see Fig. 7.10)
weight 179 not known

Table 7.1: Comparison of the géométrie characteristics of the miniaturized PPAM with the
third génération PPAM developed at the VUB

fibres are located at a radius R of about 3.5 mm.

Since the useful length of the membrane equals | = 50 mm, the slenderness of the
miniaturized muscle equals about 14 and according to équation (7.6), the muscle should be
pressurized at a pressure p = 0.6 bar in order to develop a force F = 100 N while producing
a contraction e = 10 %.
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Figure 7.16: Side view of the miniaturized PPAM. The initial radius R of the miniaturized
PPAM equals about 3.5 mm. It is the radius at which the fibres are placed. Figure adapted
from [27].

7.3.3 Test bench particularities

To characterize the miniaturized muscle, experiments have been performed on the test bench
described in Section 3.5. Fig. 7.17 présents this test bench; its particularities are the follow-

ing:

The 0 — 6 bar pressure sensor described in Section 3.5.5 is screwed to the T-fitting (see
Table B.l) placed at the output of the pneumatic cylinder. It measures the pressure
inside the pneumatic circuit ( = chamber of the pneumatic cylinder + pneumatic tube
+ miniaturized PPAM) and thus the inner pressure of the muscle, since the pressure is
assumed to be uniform in the pneumatic circuit.

The Festo pneumatic fittings used to connect the muscle to the T-fitting are the fol-
lowing: 1) QS - 1/4 - 6: to connect the pneumatic tube (whosc outer diameter equals
6 mm) to the T-fitting, 2) QSF - 1/8-6-B and NPFB - R - G18 - M5 - MF to connect
the tube to the upper fastening of the muscle.

The miniaturized PPAM is fixed to a support thanks to its upper fastening while a
thin metallic plate is fixed horizontally at the lower muscle fastening. The leiser sensor,
described in Section 3.5.5, is placed as close as possible to the muscle and measures
the vertical displacement of the plate which is the same as the vertical displacement
of the muscle end. The contraction of the muscle is then computed by dividing this
displacement by the initial length of the muscle membrane.

The muscle is loaded by dumbbell weights attached to the lower fastening.

The measurements are made as follows;

1.

2.

The motor moves the cylinder piston to a given position.

A weight is attached to the muscle. The inner pressure p of the muscle is meeisured as
well £ts its contraction e.

The piston position is kept constant. Another weight is hung to the muscle and the
inner pressure and contraction of the muscle are measured.

etc.
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and these steps are repeated for different piston positions.
The errors on the measurements are summarized in Table 7.2.

Figure 7.17: Test bench used to perform the experiments in order to characterize the minia-
turized PPAM. Figure adapted from [27].

Variable Error on the measurement of the variable
weight not known

inner pressure p of the muscle =+ 0.015 bar

muscle contraction e linearity of the laser sensor = = 0.003 mm

Table 7.2: Errors on the measurements

7.3.4 Experiments: observations and measurements

Two miniaturized PPAMs have been tested. For both muscles, the membrane is folded
manually using a tool looking like an iron to press the folds. A second folding step is then
performed for the second muscle but not for the first one. This second step consists in using
a model part to improve the regularity of the folds. This model part is presented in Fig.
7.18. It has been manufactured in resin by stereolithography; its cross-section is the same as
that of the inner ribbed parts and its length equals 60 mm. The folded membrane is placed
around this model part and the string is inserted in the hollows of the pleats. The membrane
is then heated with an hairdryer while pressing the folds hollows. The string and the model
part are then removed. This second folding step has led to a better regularity of the folds
and to a muscle presenting better characteristics as will be shown later.

Remark: For the third génération PPAMs developed at the VUE, these two folding steps are
also performed but the model part is different. It has a flat side while the other side présents
a pattern corresponding to the folds that have to be made in the membrane.

A) Observations

During the first pressurization-depressurization cycles, the membrane of the first muscle
presented a torsion leading to a rotation of the lower end fitting. Besides, the unfolding of the
pleats was irregular: some pleats unfolded faster than others leading to a radial displacement
of the lower end fitting. This displacement has not been measured. This irregular unfolding
is due to the manual folding of the membrane which involves that the tension of the string
is not the same in every hollow and that the pleats are not regular and do not présent the
same depth. However, after some cycles, the membrane torsion has strongly decreased and
the folds hadve become more regular as well as the unfolding, involving a decreasing of the
radial displacement.

When the muscle is pressurized, two areas, each one located near one of the end fittings.
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Figure 7.18: Model part used to improve the regularity of the membrane folds. First the
folds are made manually. Afterwards, the folded membrane is placed around this model part
and the string is inserted in the hollows of the pleats. The membrane is then heated with an
hairdryer while pressing the folds hollows. The string and the model part are then removed.
Compared to the miniaturized PPAM whose folds hdve been made in one step, this second
folding step has led to a better regularity of the folds and to a muscle presenting better
characteristics. Figure adapted from [27].

are not unfolded at ail and as a conséquence do not contribute to the contraction of the
muscle. When the inner pressure of the muscle increases, the pleats unfold more in these
areas which thus decrease and consequently the meiximum contreiction of the muscle increases.
Fig. 7.19 shows these areas when the muscle folds are completely unfolded in the middle of
the membrane.

After a pressurization-depressurization cycle, the muscle does not corne back to its initial
cylindrical shape. Its membrane keeps a rounded shape (more pronounced if the pressure
was larger) whose length is smaller than the initial length | = 50 mm that the muscle showed
after its building.

Finally, it has been noticed that the pneumatic circuit présents leakages.

Figure 7.19: First miniaturized PPAM. The areas shown in the figure are located near the
end fittings and are not unfolded at ail. As a conséquence they do not contribute to the
contraction of the muscle. Figure adapted from [27].

Concerning the second miniaturized PPAM, it better cornes back to its initial cylindrical
shape when it is depressurized. Like the first one, this second muscle présents an irregular
unfolding and a radial displacement but these behaviours diminish after some pressurization-
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depressurization cycles. This muscle also présents areas located near the end fittings and
which do not unfold. Its maximum contraction also increases with the pressure.

B) Static load tests

Static load tests have been performed on the miniaturized muscles; more precisely, they have
been subjected to loading-unloading cycles with weights up to 64 N.

The membrane length of the muscle at rest has been used to compute the contractions. As
explained before, since the muscle does not regain its initial cylindrical shape when it is
depressurized, its membrane length at rest is smaller than the length Z = 50 mm that the
muscle showed after its building. This explains why the miniaturized PPAMs présent néga-
tive contractions at high loads, for some pressure levels.

As already said in Section 7.3.3, a thin metallic plate is fixed horizontally at the lower muscle
fastening and a laser sensor measures its vertical displacement which is normally equal to the
muscle displacement. However, during the experiments, this plate does not stay perfectly
horizontal. To minimize the efiect that this has on the measurements, the laser sensor has
been placed so that its axis is located as close as possible to the axis of the muscle.

As explained before in Section 7.3.3, the loading-unloading cycles have been performed for
constant positions of the cylinder piston. Hence, the pressure is not constant during a cycle
but increases and decreases when the weight attached to the muscle is increased or decreased,
respectively. Once the experiments were done, the measured data have been combined in
order to establish isotonie curves (i.e. at constant muscle load) of the pressure with respect to
the contraction. These curves have then been used to establish the isobaric curves presented
in Fig. 7.20 to 7.23.

Fig. 7.20 présents the developed force F of the first miniaturized PPAM, with respect to
its contraction e and for different pressure levels p. As can be seen:

 The muscle présents some hystérésis.

A phenomenon occurs at forces larger than about 41 N: the loading curve passes under
the unloading curve.

* For pressure levels ranging between 0.3 bar and 0.6 bar, the maximum contractions
range between 5.7 % and 8 %. As the pressure increases, the maximum contraction
increases. This is due to the fact that the areas located near the end fittings slightly
unfold when the pressure is increased and this contributes to increase the enclosed
volume of the muscle and the contraction.

The first miniaturized PPAM has also been pressurized at p = 1 bar and it wfis able to
develop a pulling force F = 100 N while producing a contraction e = 4 %.

After ail these tests, the muscle has not recovered its initial cylindrical shape but has a
rounded shape. However, its membrane and string do not présent any damages.

The tests have revealed that the first muscle présents a pressure threshold. It has not been
determined since it was difficult to measure it because of its low value.

Fig. 7.21 présents the developed force F of the second miniaturized PPAM, with respect
to its contraction e and for different pressure levels p. As can be seen;s

e The muscle présents some hystérésis but the loading curves always stay above the
unloeiding curves. Since the folds of the second muscle présent a better regularity, the
phenomenon that has been noticed for the first muscle is probably due to the irregularity
of its pleats.
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* For the same pressure levels as for the first muscle, the maximum contractions produced
by the second muscle seem to be larger. This is probably due to the better regularity

of the muscle folds.

Force with respect to the contraction, for different pressure levels

For ail the curves:
—f- loading

— ' unioading

contraction

Figure 7.20: First miniaturized PPAM: developed force F with respect to the contraction e,
for different pressure levels p. As can be seen, the muscle présents some hystérésis and for
forces above about 41 N, the loading curves pass under the unioading curves. The maximum
contractions range between 5.7 % and 8 % and ais the pressure increases, the maximum
contraction increases. This is due to the fact that the areas located near the end fittings
slightly unfold when the pressure is increased and this contributes to increase the enclosed
volume of the muscle and the contraction. Figure adapted from [27].
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Figure 7.21: Second miniaturized PPAM: developed force F with respect to the contraction
e, for different pressure levels p. As can be seen, the muscle présents some hystérésis and the
loading curves always stay above the unloading curves. Besides, the maximum contractions
seem to be higher than for the first miniaturized PPAM, for the same pressure levels. Figure
adapted from [27].
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Fig. 7.22 compares the first and the second miniaturized PPAMs and présents their
developed force F with respect to the contraction e, for p = 0.6 bar; both curves are loading
curves. As is shown in the figure, for given pressure and contraction, the second muscle
develops a larger force. This is probably due to the better regularity of the muscle folds.

Force with respect to the contraction for p= 0.6bar;
Comparison between the first and the second miniaturized PPAMs
-------------- ———) j S E—— ; ;

Loading curves
! . . - - —
| : > Second miniaturized PPAM

First miniaturized PPAM

\ | i L
2 3 4 5
Contraction (%)

Figure 7.22: Developed force F with respect to the contraction e, for p = 0.6 bar: comparison
between the first and the second miniaturized PPAMs. Both curves are loading curves. As
it is shown in the figure, for given pressure and contraction, the second muscle develops a
higher force than the first one. Figure adapted from [27].

Fig. 7.23 compares theoretical curves to the experimental curve of the second miniaturized
PPAM, for p = 0.6 bar. The theoretical curves have been achieved with the traction model
which takes the number of folds into account (see équation (7.6)). R = 3.5 mm is the
initial radius of the miniaturized PPAM,; it is the reidius at which the fibres are placed.
I = 50 mm is the initial length of the membrane while I = 40 mm is the length of the
membrane when the areas located near the end fittings and which do not unfold, are not
taken into account in the length of the membrane. As illustrated by the figure, for given
pressure and contraction, the force developed by the second muscle is smaller than the force
predicted by the theoretical curves, even if the unfolded areas near the end fittings are
not taken into account. Besides, the maximum contraction achieved experimentally is also
smaller than the predicted ones. This can be explained by the fact that the membrane of the
miniaturized muscle does not allow to reach an enclosed volume that is large enough. Indeed,
the membrane counts 16 folds of 5 mm; hence, when totally unfolded, its circumference
equals 16 x 5 mm = 80 mm and the corresponding équatorial diameter is D = 25.5 mm.
The miniaturized muscle has a slenderness ~ of about 14. As shown by Fig. 7.5, for a
slenderness ~ = 10 and thus close to 14, the maximum value of the dimensionless diameter
fonction d(e, -*) equals about 0.9. With the initial muscle length / = 50 mm, the theoretical
model thus predicts a maximum équatorial diameter D = 45 mm. Hence, the maximum
équatorial diameter that can be achieved with the miniaturized muscle is nearly twice as low
as recommended by the theoretical model. In conclusion, deeper folds would be necessary
to correct this but another solution is to opt for a shorter length for which a maiximum
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équatorial diameter D = 25.5 mm would be enough to fully expand.

As explained before, équation (7.1) expresses the theoretical maximum pulling force that a
muscle can develop for a given pressure and a given contraction. For given pressure and
contraction, if the unfolding of the pleats has involved a volume increase dV that is smaller
than the one predicted by the models, the corresponding force will, according to équation
(7.1), also be smaller than the predicted one. Hence, the fact that the miniaturized muscle
develops a force smaller than the predicted one can probably also be explained by the fact
that the folds of the miniaturized PPAM do not allow it to expand enough in comparison
with the expansion recommended by the models. In addition to this, the différence between
the force measurements and the force prédictions may also be due to the fact that the muscle
needs a non-negligible amount of energy to expand and/or that there are energy losses, by
friction for example.

Figure 7.23: Developed force F with respect to the contraction e, for p = 0.6 bar: comparison
between theoretical curves and the experimental curve of the second miniaturized PPAM.
The theoretical curves have been achieved with the traction model which takes the number of
folds into account (see équation (7.6)). R = 3.5 mm is the initial radius of the miniaturized
PPAM,; it is the radius at which the fibres are placed. | = 50 mm is the initial length
of the membrane while | = 40 mm is the length of the membrane when the areas located
near the end fittings and which do not unfold, are not taken into account in the length of
the membrane. As illustrated by the figure, for given pressure and contraction, the force
developed by the second muscle is smaller than the force predicted by the theoretical curves,
even if the unfolded area near the end fittings are not taken into account. Besides, the
maximum contraction achieved experimentally is also smaller that the predicted ones. Both
observations can be explained by the fact that the membrane of the miniaturized muscle does
not allow to reach an enclosed volume that is large enough. Figure adapted from (27).

Remark: A third miniaturized PPAM has been tested. It differs from the first and second
ones by its membrane which has been manufactured in resin by stereolithography. The
membrane has a thickness of 0.3 mm and the chosen resin présents some flexibility at such a
thickness (the ribbed parts of this muscle have also been manufactured by stereolithography
in another resin). The advantage of this membrane is that its folds have been achieved by
a method which offers a better précision than the manual folding. Hence the folds are very
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regular and the unfolding of the membrane is uniform when it is pressurized. In eiddition,
the assembly of the muscle is easier with this membrane. However, this membrane is more
rigid than the combination of adhesive tape and polyester and requires more energy to be
unfolded. As a conséquence, the achieved contractions are smaller for a given pressure and
the muscle has a higher pressure threshold. Besides, the membrane is fragile and after some
pressurization-depressurization cycles, cracks have appeared in the membrane making the
muscle unusable.

7.4 Conclusions and perspectives

Pleated Pneumatic Artificial Muscles (PPAMs) differ from the other pneumatic artificial
muscles by the design of their membrane. This membrane présents pleats which need a very
low amount of energy to unfold when the membrane is pressurized. This confers good char-
acteristics to the PPAMSs such as a low hystérésis, a low pressure threshold, larger developed
forces and contractions.

A miniaturization work has been performed on the third génération PPAMs developed
at the VUB, in order to reach a size that would allow to use them in flexible medical instru-
ments. For example, for applications in Minimally Invasive Surgery, instruments must have
a diameter less than 10 mm [66] in order to pass through the trocars, while the diameter of
cathéters can be as low as 1 mm or less [60].

For this first miniaturization work, the target was to develop a miniaturized muscle able to
develop a force of about 100 N and having a diameter at rest of about 1 cm. No speciflc
objective was set concerning the stroke of the muscle.

The achieved miniaturized muscles have a design similar to that of the third génération
PPAMs developed at the VUB and présent a total length of about 90 mm and an outer
diameter at rest of about 15 mm. They are twice as small as the third génération PPAM
of the VUB. Two miniaturized muscles have been characterized experimentally. They have
been subjected to loading-unloading cycles with weights up to 64 N. Both muscles présent an
irregular unfolding involving a radial displacement but these behaviours diminish after some
pressurization-depressurization cycles. The manual folding of the membrane is the cause of
these phenomena because the pleats are irregular and the string tension is not the same
in ail the folds hollows. Besides, both muscles présent some hystérésis and when they are
pressurized, two areas, each one located near one of the end fittings, are not unfolded at
ail and do not contribute to the contraction of the muscles. However, when the inner pres-
sure of the muscles increases, the pleats unfold more in these areas which thus decrease and
consequently the maximum contraction of the muscles increases. For pressure levels ranging
between 0.3 bar and 0.6 bar, the maximum contractions of the first muscle range between
5.7 % and 8 %. The second muscle présents hetter characteristics than the first one and this
is due to the better regularity of its folds. Indeed, for given pressure and contraction, the
second muscle develops a larger force than the first one. Besides, it better goes back to its
initial cylindrical shape when it is depressurized and for the same pressure levels £fis the first
muscle, its maximum contractions seem to be larger.

The first miniaturized PPAM has also been pressurized at p = 1 bar and it was able to
develop a pulling force F = 100 N while producing a contraction e = 4 %. Hence, it can be
concluded that the miniaturization objectives have been reached concerning the developed
force while the diameter should be reduced further.

Comparing the second muscle to the theoretical traction model, it has been noticed that the
force developed by the muscle is smaller than the force predicted by the theoretical curve.
Besides, the maximum contraction achieved experimentally is also smaller that the predicted
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one. Both observations can probably be explained by the fact that the membrane of the
miniaturized muscle does not allow to reach an enclosed volume that is large enough. In con-
clusion, deeper folds would be necessary to correct this but another solution is to opt for a
shorter muscle length for which the maximum équatorial diameter allowed by the membrane
would be enough to fully expand.

In addition to this, the différence between the force measurements and the force prédictions
may also be due to the fact that the muscle needs some amount of energy to expand and/or
that there are energy losses, by friction for example.

Other tests on other miniaturized muscles are necessary to verify the repeatability of the
results, to study more thoroughly the hystérésis of the muscle, to assess its life duration and
to détermine the maximum force and contraction the muscle can produce and the maximum
pressure it can bear. Besides, dynamical tests could be performed to détermine the dynami-
cal characteristics of the miniaturized muscles.

Regarding a further miniaturization while keeping the same muscle design, it can be
concluded that:

* Decreasing the diameter of the muscle also means decreasing the diameter of the mem-
brane and thus the size of the folds, if one wants to keep their number. However,
the manual folding of the membrane limits the folds depth that can be achieved. The
membrane thickness could be decreased to ease the folding but it would also decrease
the membrane stiffness. Tests would have to be performed to assess the influence of
this change on the muscle performances. Another solution would be to flnd a manu-
facturing method that would allow the realization of small regular pleats while keeping
sufficient membrane stiffness, flexibility and solidity. Plastic injection or heat-forming
of a thermoplastic membrane in a ribbed mold could be tracks to investigate. Another
idea to reduce the diameter of the membrane, would be to keep folds of 5 mm but to
reduce their number.

e The size of the end fittings parts could be further reduced by micro-manufacturing

methods. The fastenings have been achieved by classical manufacturing methods and
their size could probably be reduced using micro-manufacturing methods. However,
if the diameter of the hole foreseen for the air feeding of the muscle is decreased, the
pressurization of the muscle may become more difficult due to pressure losses in this
small hole. Again, tests would be necessary to assess this.
According to the manufacturer of the ribbed parts, the Sélective Laser Melting has
reached its limits with these parts and it is not sure whether thinner teeth and doser
teeth could be achieved with this method; tests would be necessary to evaluate this.
The stereolithography would allow to decrease further the thickness of the teeth and
the space between the teeth but the resin could become quite fragile.

* Decreasing the sizes of ail the muscle parts would make the assembly more difficult.

Simplifying the design and reducing the number of parts is another solution that can be
considered to miniaturize the muscle further. For example, since the required pulling forces
are quite small (100 — 200 N compared to more than 1000 N for the third génération PPAMs
developed at the VUB), the string could be removed. The muscle design would then be the
same as that of the first génération PPAMs developed at the VUB. Besides, the design of the
end fittings could be reconsidered and a fastening and the corresponding inner ribbed part
could be merged into one part.

To simplify the design, one could think of replacing the folded membrane by an elastic
membrane reinforced by axial fibres. The muscle equipped with such a membrane would
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need energy to deform the elastic membrane and would have thus a force output lower than
that of the PPAM. However, this muscle could maybe be able to develop the required forces
even if it does not présent characteristics as good as those of the PPAM. Such a miniaturized
muscle has been developed by [81]. It is made of a silicone rubber tube reinforced by social
aramid fibres (see Fig. 7.24). Its diameter equals 10 mm while its length is about 14 mm.
This muscle is able to produce a 0.17 N pulling force for a pressure of 8 kPa. Since the
rubber is very elastic, its résistance to pressure is limited and therefore, the developed forces
are limited and too low in comparison with the required force of 100 — 200 N.

~  ECFjet

Figure 7.24: Micro artificial muscle made of a silicone rubber tube reinforced by axial aramid
fibres. The actuation fluid is an electro-conjugate fluid (ECF). When the muscle is pressur-
ized, it contracts. Figure from |81j.

Fig. 7.25 présents a graph coming from [45]. It compares different kinds of actuators by
presenting their actuation stress with respect to the actuation strain. The heavy lines are the
upper right corner of the performance space of each class of actuator. The first miniaturized
PPAM has been placed on this graph for a pressure p = 0.6 bar.
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Actuation strain e [-]

Figure 7.25: Comparison between different kinds of actuators: the actuation stress is pre-
sented with respect to the actuation strain. The heavy Unes are the upper right corner of the
performance space of each class of actuator. The first miniaturized PPAM has been placed
on this graph for a pressure p = 0.6 bar. Figure adapted from [45].
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Chapter 8

Conclusions and perspectives

8.1 Conclusions

This work proposes a study of a spécifie kind of actuators; the Flexible Fluidic Actuators.
These are driven by fluid, i.e. gas or liquid, and présent a flexible structure, i.e. an elas-
tically déformable and/or inflatable structure. These actuators could be used to develop
flexible instruments which could answer the need expressed by the medical community for
such instruments. Hence this study is performed with a view to medical applications.

A review of the existing flexible fluidic actuators has been performed. It shows that there

exist actuators able to stretch themselves, to shorten, to bend themselves or to develop a
rotational motion and some of them présent several DOFs. Two different methods to achieve
bending have been identified. The first technique is based on "internai chambers differently
pressurized" and the other one on "anisotropic rigidity". Besides, two methods to generate
a rotational motion have also been identified. The actuators based on the first technique
présent a structure reinforced in places (with fibres or by increeising the material thickness)
in such a way that when the actuators are pressurized, their structure involves a rotation.
The second method to generate a rotational motion consists in an articulated structure in
which one or several flexible fluidic actuators are inserted. When the actuators are pressur-
ized, they actuate the structure which involves a rotation.
There exists a multitude of flexible fluidic devices and additional actuators can be obtained
by combining different principles, in order to achieve more or less DOFs. Hence, this review
can helps to develop medical flexible instruments based on flexible fluidic actuators. Indeed,
according to the number and types of degrees of freedom required for the application, this
review can help to choose a design. Besides, tools to be placed at the tips of the instruments
could also be designed and based on flexible fluidic actuators.

According to the bulkiness that is allowed for the instrument in the targeted application,
it will be necessary to assess the miniaturization potential of the actuators presented in the
review. In this respect, actuators presenting a simple structure with a small number of parts
will be better candidates to design miniature instruments. Since, miniaturizing the actuators
also means miniaturizing their périphéries, some solutions have been presented in this respect.

Flexible fluidic actuators présent interesting characteristics regarding an application in-
side the human body such as their compliance that allows them to handle délicate objects and
to adapt themselves to their environment during contacts. Among the interesting features
linked to the use of these actuators, one has caught our eye. Indeed, in [79], the "Flexible
Microactuator" (FMA) is presented and it is suggested that the meaisurements of the fluid
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pressure and of the volume of supplied fluid allow to détermine and control the position of
the actuator and the force it develops. This property has been called the "Pressure-Volume-
Force-Position principle" or "PVFP principle” and it means being able to détermine the
displacement of a flexible fluidic actuator and the force it develops without using a displace-
ment sensor or a force sensor [79].

This concept is particularly interesting for applications, such as medical ones, where the
space is limited and where a miniaturization effort is required. This is for example the
case in Teleoperated MIS where it is necessary to measure the force applied by the tools to
the organs to ensure a force feedback of good quality. Obtaining this measurement is not
straightforward. Indeed, if the force sensor is placed on the tool, outside the body of the
patient, the measurement will be polluted by the friction of the trocar. To solve this problem,
some researchers propose to place the sensor at the end of the tool inside the body but this
raises the challenge to develop a small and sterilizable force sensor [64]. Using flexible fluidic
actuators to actuate the surgical tools and exploiting the PVFP principle would allow to
measure the force applied to the organs without the need for a force sensor.

A test bench has been developed to study and implement the PVFP principle and to
characterize flexible fluidic actuators. It is basically a syringe-pump connected to the actu-
ator to be studied. In practice, this syringe-pump is implemented with a linear motor that
drives the piston of a cylinder whose output is connected to the actuator. This System uses
a constant quantity of driving fluid and allows to pressurize the studied actuator. The test
bench is equipped with different sensors that allow to measure the displacement of the cylin-
der piston, the pressure inside the actuator and the displacement(s) of its tip and weights
are used to load the actuator. For the implémentation of the PVFP principle, the volume
of fluid supplied to the actuator is considered to be the volume swept by the cylinder piston
and since this swept volume is proportional to the piston displacement, the latter will be the
variable of interest instead of the swept volume.

To study and implement the PVFP principle, a flexible fluidic actuator called "Pneumatic
Balloon Actuator” (PBA) has been used. This actuator, invented by [50], has been selected
in the actuators review because it has a simple design, one DOF and because it is easily
manufactured.

The implémentation of the PVFP principle has consisted in characterizing the actuator

by establishing experimental models of its behaviour. These models have then allowed to
predict the displacements of the actuator tip and the weight attached to it, on the basis of
the measurements of the piston displacement and of the pressure inside the actuator. This
experimentally validates the PVFP principle in the case of the PBA. Concerning the quality
of the prédictions provided by the PVFP principle implemented on the flexible fluidic actu-
ator, it to be evaluated with respect to a targeted application. Indeed, the prédictions can
be accurate enough for a given application but not for another one.
Hystérésis tests have been performed and it can be concluded that some of the PBA variables
présent some hystérésis; this hystérésis is not properly modeled by the experimental models.
However, before modeling the hystérésis, it has to be assessed whether this hystérésis is prob-
lematic or not with respect to the targeted application. Indeed, for a given application, the
hystérésis may be small enough to be negligible; in this case, there is no need to model the
hystérésis. On the other hand, for another application, the same hystérésis may be too large
to be ignored; in this case, it has to be modeled properly and this requires the élaboration
of new experimental models of the PBA.

A numerical model of the PBA has been established by modeling the physics that seem
to rule it. This model has been built in collaboration with the PMA department of the
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KUL. The actuator is modeled as the combination of a membrane and a beam. A PBA
modeled with the numerical model will be less stiff than its real counterpart and some of the
assumptions on which the model rests are not verified in reality; this leads to large différences
between the prédictions provided by the model and the measurements performed on the pro-
totypes (the PBA described in [50] and the PBA developed for the test bench). However,
the numerical model is able to predict the bidirectional behaviour of a PBA and allows to
better understand the physics underlying. The bidirectional behaviour is due to the pressure
applied to the beam and to the force applied by the pressurized membrane to the beam. If
the force applied by the membrane is prédominant, the PBA free end moves upwards while
if the pressure is prédominant, it moves downwards.

It has to be mentioned that the numerical model seems to predict that ail PBAs show this
bidirectional behaviour while in practice, this behaviour heis been reported for PBAs com-
pletely made of the same material and it is not established whether this behaviour happens
for PBAs whose layers are made of different materials.

However, at this stage, it is not possible to conclude whether the numerical model could
be used to predict the qualitative effects, on the tip displacements, of the change of a PBA
parameter.

A miniaturization work heis been performed on a particular kind of flexible fluidic actua-
tor: the Pleated Pneumatic Artificial Muscle (PPAM). This actuator has been developed at
the Department of Mechanical Engineering of the Vrije Universiteit Brussel (VUB).
According to theoretical models, miniaturized PPAMs, whose dimensions are small enough
to be inserted into MIS medical instruments, could be able to develop the forces required to
allow the instruments to perform most surgical actions. Therefore, the PPAMs héave been
studied in order to assess their miniaturization potential. This miniaturization work has been
performed by Nhat-Quang CAO as a Master’s thesis, in collaboration with the VUB.

The miniaturization work has been performed on the third génération PPAMs developed at
the VUB and for this first attempt, the target was to develop a miniaturized muscle able to
develop a force of about 100 N and having a diameter at rest of about 1 cm. No spécifie
objective was set concerning the stroke of the muscle.

The achieved miniaturized muscles héve a design similar to that of the third génération
PPAMs developed at the VUB and présent a total length of about 90 mm and an outer
diameter at rest of about 15 mm. They are twice fis small as the third génération PPAM of
the VUB. Two miniaturized muscles have been characterized experimentally. For pressure
levels ranging between 0.3 bar and 0.6 bar, the maximum contractions of the first muscle
range between 5.7 % and 8 %. The second muscle présents better characteristics than the
first one and this is due to the better regularity of its folds. Indeed, for given pressure and
contraction, the second muscle develops a larger force than the first one. Besides, it better
goes back to its initial cylindrical shape when it is depressurized and for the same pressure
levels as the first muscle, its maximum contractions seem to be larger.

The first miniaturized PPAM has also been pressurized at p = 1 bar and it was able to
develop a pulling force F = 100 N while producing a contraction e = 4 %. Hence, it can be
concluded that the miniaturization objectives have been reached concerning the developed
force while the diameter should be further reduced.

For the PBAs as well as for the PPAMSs, it is not possible to impose the actuator dis-
placement(s) and the force it develops at the same time. In practical applications, a choice
will have to be made between imposing the force and imposing the displacements, according
to the task to be performed.
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8.2 Perspectives

The PVFP principle has been experimentally validated with the PBA, i.e. an actuator pre-
senting only one DOF. With such an actuator, the applied force can be predicted at only one
précisé point and along only one précisé direction. However, the principle can probably be
applied to more complex structures presenting several chambers to be pressurized.

The PVFP principle could be implemented in a control loop in order to control the
displacement of a flexible fluidic actuator tip or the force it develops, without using a dis-
placement or a force sensor.

To implement this principle in a real medical application, it needs to be robust to the
external perturbations such as a change in the ambient atmospheric pressure or température.
Concerning the PBA, the PVFP principle seems applicable to this actuator with an incom-
pressible or a compressible actuation fluid. Besides, if the PVFP principle is implemented
on the PBA with an incompressible fluid and if a gauge pressure is used to measure the ac-
tuator pressure, it seems that the prédictions provided by the PVFP principle implemented
on the actuator will not be influenced by the changes of the atmospheric pressure and of the
température.

For medical applications, a physiological saline solution can be used as incompressible fluid
ail the more that gas leakages are forbidden in some applications.

Replacing gas by liquid brings also the advantage that the System gets rid of the compress-
ibility of the actuation fluid and this may decrease the establishing time of the pressure in
the fluidic circuit. Indeed, during the experiments presented in this work, it has been noticed
that the gas pressure takes several minutes to stabilize after a piston displacement.The fact
that the pressure needs a long time to stabilize can be accredited to the gas compressibility,
to the elasticity of the pneumatic tubes and to the elasticity of the flexible fluidic actuator.
Studying the quantitative efiect of each of these three causes would help to détermine which
action to take in order to reduce the establishment time of the pressure in the fluidic circuit
and to increase the bandwidth of the System. However, before performing this study, it
would be interesting to study the sensibility of the actuator displacements with regard to the
pressure establishment. Indeed, it has a small efiect on the actuator displacements, it may
be superfluous to make a thorough study of the pressure dynamics.

Replacing gas by liquid implies larger pressure losses whose effect has to be studied. Be-
sides, a flexible fluidic actuator fllled with liquid will be heavier and as a conséquence it
will develop smaller displacements, for a given pressure level, than the same actuator fllled
with gas. Hence, the actuator will probably présent a pressure threshold because a minimum
pressure level will be required to compensate the weight of the liquid. An actuator fllled with
liquid will also be less compilant. AU these aspects could be studied in future works.

Concerning the numerical model of the PBA, it could be modified in order to predict
the displacements of the actuator tip rather than the displacements of the cavity tip. This
would allow a better comparison between the prédictions of the numerical model and the
measurements performed on Konishi’'s PBA and the test bench PBA.

More experimental validations should be made with prototypes whose parameters are per-
fectly known in order to détermine whether the numerical model could be used to predict
the qualitative efiects, on the tip displacements, of the change of a PBA parameter.

Concerning the miniaturized PPAMSs, other tests on other miniaturized muscles will be
necessary to verify the repcatability of the results, to study more thoroughly the hystérésis of
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the muscle, to assess its life duration and to détermine the maximum force and contraction
the muscle can produce and the maximum pressure it can bear. Besides, dynamical tests
could be performed to déterminé the dynamical chara”teristics of the miniaturized muscles.
Regarding a further miniaturization of the muscles, propositions hdve been made and could
be tested in future works.
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Appendix A

Test bench

A.l Design of the syringe-pump test bench: comparison
of the different considered solutions

A syringe-pump design is chosen for the test bench. The flexible fluidic actuator will be
connected to the output of the syringe-pump and this will create a fluidic circuit composed
of the chamber of the syringe-pump, the connection tubes and the flexible fluidic actuator.
When the piston of the syringe-pump will be actuated, the pressure in the fluidic circuit will
increase or decrease according to the actuation direction and the actuator will be actuated.
In practice, a cylinder will be used as the syringe (see no. 5 in Fig. A.l). Besides, although
a syringe-pump design can be used with gas or liquid, air will be used as fluid. Indeed, this
will ease the use of the test bench because air is a reeidily available source, it can be freely
evacuated in the ambient air [71] and possible leakages will not risk damaging the test bench
(e.g. the electrical connections).

The volume of fluid supplied to the actuator is considered to be the volume swept by the
piston of the syringe-pump. Hence, this volume is proportional to the displacement of the
cylinder piston and in practice, the piston displacement is the variable that will be used
instead of the swept volume.

The principle of the test bench is presented in Fig. A.l and consists in the actuation of the
cylinder piston (no. 4 in Fig. A.l) by an actuator (no. 1 in Fig. A.l). This actuator will be
equipped with a position sensor to measure the displacement of the cylinder piston.

Figure A.l: Scheme of the syringe-pump test bench: 1) actuator + position sensor 2) shaft of
the actuator 3) linking part 4) pneumatic cylinder piston 5) pneumatic cylinder 6) pneumatic
tube (it connecta the flexible fluidic actuator to the output of the cylinder)
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CONSIDERED SOLUTIONS

Four possible solutions have been considered for the implémentation of the test bench;
they are presented here and compared regarding the implémentation difficulty.

A.1.1 Bcisic solution: nothing is integrated, ail the components eu-e
chosen separately and assembled together

Description

Fig. A.2 présents the first solution. A DC or stepper motor (no. 2 in Fig. A.2), equipped
with an encoder, is coupled to a bail screw (no. 4 in Fig. A.2), supporting a bail nut (no. 5
in Fig. A.2). This nut is linked to the slider (no. 10 in Fig. A.2) of a linear guide (no. 11
in Fig. A.2) and the slider is linked to the piston of the cylinder (no. 7 in Fig. A.2). When
the motor rotates, it drives the bail screw. The nut moves along the bail screw, the slider is
driven along the linear guide and the cylinder piston is displaced. The encoder measures the
rotation of the motor and allows to compute the displacement of the cylinder piston.

Figure A.2: First solution to implement the syringe-pump test bench: nothing is integrated,
ail the components are chosen separately and assembled together. 1) mounting parts of the
motor 2) DC or stepper motor -I- encoder 3) coupling parts 4) bail screw 5) bail nut 6)
support bearings of the bail screw 7) pneumatic cylinder 8) pneumatic tubes 9) linking part
between the bail nut and the slider 10) slider 11) linear guide 12) linking part between the
slider and the cylinder piston

Discussion

With this solution, nothing is integrated and ail the parts are chosen separately. To assemble
them, extra parts need to be ordered or designed and manufactured. Indeed, :

* To be fixed, the motor needs mounting parts (no. 1 in Fig. A.2). These parts need to
be manufactured.

* To assemble the motor and the bail screw, coupling parts are necessary (no. 3 in Fig.
A.2). These can be chosen off the shelf..

* The bail screw needs support bearings (no. 6 in Fig. A.2). These can be chosen off the
shelf.
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CONSIDERED SOLUTIONS

e The part linking the I>all nut and the slider iieeds to be manufactured (no. 9 in Fig.
A.2). This part will be subjected to shear and needs to be correctly deaigned to bear
thase stresses.

« The part linking the slider and the cylinder piston needs to be manufactured (no. 12
in Fig. A.2).

Besides,

= The motor and the bail screw nced to be correctly aligned as well as the hall scrcw and
the linear guide and the linear guide and the cylinder piston, to avoid out-of-axis efforts.
Indeed, the motor, the linear guide and the cylinder piston can bear limited out-of-axis
efforts and rnoreover, these efforts could cause friction and loss of positioning accuracy.

= The bail screw has a limited maximum rotationaJ speed.
= The rotational motor can bear a limited axial load and a limited radial load.
= The slider sliding in the linear guide can bear limited efforts (forces and torques).

e The backleish resulting from the assembly of ail the parts of the System needs to stay
acceptable with regard to the wanted positioning accuracy.

In conclusion, the implémentation of this first solution is quite difficult because of ail the
components limitations that have to be taken into account and because of the large number
of parts that necd to be selected or designed and manufactured.

A.1.2 The motor and the bail screw are integrated

Description

There exist motors already combined with a bail screw supporting a nut. For example,
Maxon Motor [16] proposes "Modular spindle drives"” (see Fig. A.3)

Figure A.3: "Modular spindle drive" proposed by Maxon Motors. Figure from |7|.

The second solution is thus the same as the first solution apart from that the motor and
the bail screw are integrated.
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Discussion
This second solution brings the following advantages in comparison with the first solution:

= The integrated module "motor + bail screw" is designed to support higher axial loads
than classical motors.

e The coupling between the motor and the bail screw is already done. As a conséquence,
no coupling part needs to be chosen and ordered.

= The alignment between the motor and the bail screw is already done.

A.1.3 The bail screw and the linezir guide are integrated

Description

There exist devices including the bail screw and the linear guide into one linear module. For

example, the THK company [21] proposes "LM guide actuators Model KR". As can be seen
in Fig. A.4, these devices présent:

e mounting parts for the motor
e a bail screw
e a bail train that slides in a rail

* support bearings for the bail screw

LM Guide Actuator

Model KR

LM Guide + Bail Screw = Integral-structure Actuator  si< Houcir>Q B

Btring (mopofted aide)
HoutlOQ A

Doubto-fow bail drcuH

V B—rinfl (flxed tida)
Figure A.4: "LM guide actuator Model KR" proposed by THK. Figure from [15].

Fig. A.5 présents a scheme of the implémentation of the test bench based on such a linear
module. As can be seen, in addition to selecting a linear module (parts no. 1, 4, 6, 7 and
8 in Fig. A.5 are integrated into the linear module), implementing this solution requires to
select coupling parts (no. 3 in Fig. A.5) and a motor equipped with an encoder (no. 2 in
Fig. A.5), to design and manufacture a linking part (no. 5 in Fig. A.5) for the bail train (no.

7 in Fig. A.5) and the cylinder piston (no. 9 in Fig. A.5) and to align the linear module and
the cylinder piston.
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Figure A.5: Third solution to implement the syringe-pump test bench: 1) mounting parts of
the motor 2) DC or stepper motor -H encoder 3) coupling parts 4) bail screw 5) linking part
between the bail train and the cylinder piston 6) support bearings 7) bail train 8) support
bearings 9) pneumatic cylinder 10) pneumatic tubes. Parts no. 1, 4, 6, 7 and 8 are integrated
into a linear module.

Discussion

With such an integrated unit, the third solution présents the following advantages in com-
parison with the first solution:

* The support bearings of the bail screw are already provided.
« Mounting parts are already provided for the motor.

A linking part between the bail screw and the linear guide is no longer needed since
the bail train slides in the guide.

« The alignment between the bail screw and the linear guide is alreeidy done.

= The alignment between the motor and the bail screw is easily performed since the motor
only needs to be placed in the mounting parts.

= The linear module limits the risk of backlash in comparison with the first design solu-
tion.

A.1.4 Linear actuator
Description

A fourth solution consists in using a linear actuator to actuate the cylinder piston. A linear
actuator can be a linear motor, such as those proposed by the LinMot company [14] (see Fig.
A.6), or an integrated System "motor - screw - sliding shaft" such as those provided by the
Danaher Motion company” [10] (see Fig. A.7).

'‘Danaher Motion describes its electric linear actuators as follows: "The design of an electric linear actuator
is quite basic. An electric motor - through either a timing belt, a gear drive or via in-line direct coupling -
rotates a bail screw or acme screw, which translates the torque into axial force through the extension tube"

[5].
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Linear Motor
Slider

Brushiess
DC Motor

Figure A.6: Linear motor proposer! by LinMot. Figure from [1].

1. Pirallel mounted motor wHh bah or helical gear or in-line motor wHh direct drive or planetary gear.

2. Permanent magnet DC motor. Brushiess AC serve motor or three phase AC motor wrth or wHhout integrated brake.
3. Stifl and strong extruded aluminium cover tube with integrated magnetic sensor grooves.

4. High qualHy extension tube seals protectthe actuator from pénétration of diist dirt and liquids.

5. Robust stainless Steel extension tube.

6. Choose between extension tube with inside or outside thread, devis or spherical joint ends.

7. Acme or bail screw transmission.

8. Internally guided extension tube with anti-rotation mechanism which aiso acts as a screw support

9. Shock load résistant acme nut or high-precision safety bail nut

10. Mounting kits such as devis, tninnion, mounting feet and front/rear flange available.

Figure A.7: "Electric linear actuator" proposed by Danaher Motion. Figure from [5].
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Al Design of the syringe-pump test bench: comparison of the different
CONSIDERED SOLUTIONS

As shown in Fig. A.8, to set up this fourth solution, the linear actuator equipped with a
position sensor (no. 1 in Fig. A.8) only needs to be aligned with the cylinder piston (no. 4
in Fig. A.8) and a part (no. 3 in Fig. A.8) linking the cylinder piston and the sliding shaft
of the linear actuator (no. 2 in Fig. A.8) needs to be manufactured.

Figure A.8: Fourth solution to implement the syringe-pump test bench: 1) linear actuator -I-
position sensor 2) sliding shaft of the linear actuator 3) part linking the shaft of the linear
actuator and the piston of the pneumatic cylinder 4) piston of the pneumatic cylinder 5)
pneumatic cylinder 6) pneumatic tubes

Discussion

Since they are designed to produce linear motions, linear actuators can presumably bear
higher axial loads than the motors of the first and third solutions. Moreover, among the
linear actuators, the linear motors have presumably a better positioning accuracy because
they are composed only of a magnetic slider sliding in a stator while the other types of linear
actuators are made of several parts assembled together.

Among the four considered solutions, the fourth one is the easiest to implement.

A.1.5 Conclusions

To ease the setting up of the test bench, the fourth solution has been chosen because most of
its parts are already integrated. Besides, a linear motor has been preferred to another type
of linear actuator in order to have a better positioning accuracy.
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A.2. Linmot linear motor

A.2 Linmot linear motor

A.2.1 List of ail the ordered Linmot components (motor + acces-

sories)
Teuhnicdl coinpiHtentH 4A. Z.1. In tien Allern
1.-9911 TROIS\ IKR(IK.S
1.intMr molors»
Ihieiimatic unit» Tél 00352 99 89 06
Fox )0352 26 05 73-73
Uwiring.™
Axe« Protilthx'f/ pliu
Machine IVaign m pronieX'KN'eteinH.ctMn
UNIVERSITE LIBRE DE BRUXELLES
Mad.De Greef
Av. F.D. Roo»evelt, 50 CP 163/35
B-1050 BRUSSELO
OFFRE 280201
Peixmne de contact : Manfred Backet Fax: +32-2-63047.24
Date P«ge Oient N*TVA Référence : Offre de phx actualisée
20/06/08 Idel uLBl BE0407.626.464
Désignation Dimens. Unité Quant. Prixunh. Rab%
Nous vous remercions de votre demande de prix aimable et avons le plaisir de vous offrir:
1 L0130-1943 POWER SUPPLY 72V/600W/ SOI-72/600 pc 737,940 13,0 644,25
2 L0130-1381 SLIDER PL01-28x410/330 F.LIN.MOTOR 4 PC 817,500 15,0 694,88
3 L0130-1219 LINEAR MOTOR STATOR PS01-48x240-C pc 1 637,920 15,0 542,23
4 L0130-1975 MOUNTING FLANGE PF01-48x240 pc 1 74,200 15,0 63,07
5 LOI30-303I Fan cooling for HOI-37/48 & PFOM8 pc 1 28,460 13,0 24,19
6 L0130-1801 CABLE K13-W/C-04M EXTENS10N/IP67-1 pc 1 165,620 15,0 140,78
7 L0130-1683 CONTROLLER B 1100 VF 48-72V/8A pc | 349,730 13,0 297,27
8 LO130-3087 FIXED END WASHER SET FOR 28 MM Sl pc 1 3,280 15,0 4,49
9 L0130-3094 PLLOI-28 FLOATING BEARING F.28 MM pc 1 33,970 15,0 30,37
10 LO130-1840 MAGNET SENSOR Ipm, A/B( for | mm piti m 1 394,320 15,0 335,34
11 L0130-1963 MAGNETIC STRIP MBOI-1000, IMM PIT 0,2700 m 1 346,000 15,0 79,41
12 TRANS PORT pc 1 17,720 17,72
13 ASsU ASSURANCE TRANSPORT pc 1 10,440 10,44
Délai : 7-I0Joura
Piment: endans 30jours date
de factiHC net.
Validité : 60 jours
TVA Base Montant 1 Total remise 504,08 6 | Total bon TVA 2.884,64
Total TVA 0,00
G 0% 2.884,64 0.00
TOTAL EUR 2.884,64

ToMi Bwiiw al iffknie adanHHM i Wm / §m teaéiEitm StviMi tvm ci—i S« fnfriéU mapneSw m vaio. uitf

MinambSi laaHi tcferiMiEh ««fiiibMI

Figure A.9: Order of the linear motor and its accessories
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A.2. Linmot linear motor

A.2.2 The S and SS strokes of the Linmot motors
The Linmot linear motors are characterized by two kinds of strokes (see Fig. A.10):
* a maximum stroke S: it is the maximum displacement that the slider can reach.

= a shortened stroke SS: it is the part of the stroke S on which the motor can develop its
maximum peak force.

The évolution of the peak force along the stroke has a trapezoidal shape and the centre of the
stroke range is called the "zéro position (ZP)". The available peak force is thus dépendent on
the slider position but it is also dépendent on the maximum current from the servo controller.

Design notes:
Select a range of motion In operation that is symmetncal about the zéro position
ZP. since the linear motor develops the greatest force in this range.

Figure A.10: Linmot linear motors: description of the maximum stroke S, of the shortened

stroke SS and of the zéro position ZP. The évolution of the peak force along the stroke has
a trapezoidal shape. Both curves correspond to different servo controllers. Figure from [1].
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A.2. Linmot linear motor

A.2.3 Characteristics of the Linmot motor chosen for the test bench

The characteristics of the chosen Linmot motor are presented in Fig. A.11.

Figure A.11;
il

P01-48x240/90x240
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Characteristics of the PO 1-48X240/90X240 Linmot linear motor. Figure from
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A.2. LINMOT LINEAR MOTOR

The motor is installée! in a flange (see Fig. A.12) and is cooled by a fan (see Fig. A.13).

Figure A.12: Linear motor equipped with a flange (black part). Figure from [1].

Optional Fan for PF01-48

It*m DMcripHon [ .. PitNM(nb«r;
HV01-37/48 Fan UtforHO1-4«, B01-48andPF01-48 0150-5051

Figure A.13: Fan of the Linmot linear motor. Figure from [1].
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A.2. LINMOT LINEAR MOTOR

Besides, it is equipped with an external position sensor (see Fig. A.14 and A.15).

Motor Accessories LinMot

External Position
Sensor

Noiv4onlacHng iDMMJdno pe*aon Moton,
uMng msfinstt  tnfflrs~™ prooMSing «lae-
tronica si>d dMisrsnttal «neoder ouipuli ter th*
EHOOMrtM MTvo cortrottr*.

Toosther w«h Iht MBOMOOO ma*naoe bsnd,

9m MSOUD poatton momt Is part o( a Ngh-ca>
aoUlon. robuM, Inaar maasursmstt tyrtam.

Sknpta Inatalatlen. by tUddng en ttw
magnaticband

IP67 prolacBen ctaaa, not tanaNM to
dual, fflotatiaa. or dirt

+ Statua dispiBywahUOsdlracty ai lha
aanaorhaad

+ HiphaalpraeMon-RaaoMionO.CSImn
« System aecuraey a0.0lmm.

+ ASowaNshtravalapaadaotivtaSinA

P —
=

+ CempadbtawthdtaCllOOaartaaaf
UnMet Satvo Controtara.

|
1L RIN> {

Tbna

[2iVA wwW.UnMot.com

Figure A.14: External position sensor and magnetic strip. Figure from [1].
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A.2. Linmot linear motor

External Position Sensor

Dimensions

CtUm
Cubta lenoth 2m. High flu. PUR
Conn*dortype Dwjb-S(nalt)
|
Emrﬂ Oiannel/A
PIns Chtnrwi/B
Pins oNOo
Plne EHBNWIA
PIn7 larmals

Ikilwlicsl 4Mi msQiwlEo tane

Oid«t langth mwinMI «trot* *3.0cm
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+pring iteel bend

Pracitlon clom 110 pm/m
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Stong* température +20-..70X
Storege +4Q..7(PC
température renge
Protection date P67
Mevrting eetfadhetm magneOe bend

0,06

0.04

-0,03

-0,04

+0.06

o 400 600 1200 1600 2000
Langth [mm]
1 Ordering information 1
Kanmenear
MS0L-1A> lum. ArB(ior bend) 0150-1640
MB01-1000 Mariette band, 1mm ple partWoning (per em) 0150-1963
1 www.UnMot.com 11 287

Figure A.15: External position sensor and magnetic strip. Figure from [1].
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A BIIOO-VF

controller (see Fig. A.16, A.17

Servo Amplifier

B1100-VF B1100-VF-HC

X

NOX X X NN X X N X X X X XX

MPC Commandt

AbaeU* & RaMva PoaMontng
Traval Atong TVna Cunaa
PeaMorUng uaing MoMon PwilMi
MaMar Eneodar SynefrontaOen
SynctvonEntton le Bat Spaad
namaly alorad Modon Conwtda
Mamaly Morad Motion Saquancaa
Stap and Diractton Marfaca
Analog PotKlon Targat

Analog Paramalar Seallng

IOV Foret or Vatooty Conte)
Poalion Staarrdr” (CAN)
Maatar-Slava Synchronbadon
Mnding FunedonBlodi
foreaContolToeiviology Funcdon

CuMomar-SpacMe FjKtiona

A.2. LINMOT LINEAR MOTOR

and A.18) has been chosen for the motor.

tSSMM

Figure A.16; Datasheet of the BIIOO-VF controller. Figure from [1].
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A.2. Linmot linear motor

B1100 tISSMM

VF-Cor*oNar(73VMA) *
VF-Con(reHer (72V/1SA)

Figure A.17: Datasheet of the BIIOO-VF controller. Figure from [1].
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Interfaces
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Motor Supofr vot~ M . aOVDC.
/Abooaio rm». flaUng 72VDC * 20%
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Figure A.18: Datasheet of the BIIOO-VF controller. Figure from [1].
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A.2. Linmot linear motor

Fig. A.19 and A.20 présent the datasheets of the 72 V/600 W power supply of the linear
motor.

Servo Controllers LinMot®

Switched-Mode Power Supplies
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i i it 1 .
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Inpul curranl at fui load (230V) 1) 17 33 17 33 6.4 33 6.4
Apu curantat (ul load (117 (Al 3 5.4 3 5.4 105
Maximum Inruah ourrani (230V) (A 70 70 70 70 80 70 80
tntamallum (ATI 4 63 4 6.3 12 63 12
e ey S
Ouipui voltaga range (voc) 24..26 46, 52 2.7 ]

6 12 3 6 12

HoU  Ume al Ml load (ma] M
~ervotage prelactton («Ueuq 140

Operatmg température range 25'C, 70°C
2% c
Stetage température -25+C..86°C
Hurrddty 90% M. HImX.
S<wNeing kaguertcy 67kKitn>.
EMdeney >60%
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2'000VACd ndnua)
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Salety atandvde meata IEC9S0
EN60660
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Conductad EMI accordingto EN56022 Claaa 6
EN96011 Claaa B
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EleetrDmagrtetie ouaeepVbaiy EMC EN61000474KV/8MV
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Figure A.19: Datasheet of the 72 V/600 W power supply of the linear motor. Figure from
il
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A.2. Linmot linear motor

Accessories LinMot?
MNMtar
M1-48400 0190-1946
80f-72«a0 twtehld MnJi Patm 8>wily 72V«)0W ter84000
vrtMW.UnMot.e6fn 95

Figure A.20: Datasheet of the 72 V/600 W power supply of the linear motor. Figure from
-
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A.2. Linmot linear motor

Fig. A.21 présents the linear guides available in the Linmot catalog [1], Such guides
should be used if the slider is subjected to radial loads, if the rotation of the slider or the
0.5 mm gap between the slider and the stator causes inconvenience.

1. Mourtbng plate with counter bore for predse
load mounting

N

. Hardened or stainleu eteel ehsfts for pre-
ctee positioning and quiet operation.

w

. Bail bearlngs or eintered bushings, for high
load masses and long tfe

4. Guide block with counter bores for uncompli-
cated, précisé mounting of the Linear Modu-
le.

5. Mechanical end stop (rear).
6. Linear motor stator with integrated bearings,
température and position sensors. Available

with IP67 connecter or cable exit.

7. Clamping cylinder to secure the stator in the
guide block.

®

. T-slots in the guide block aliow simple moun-
ting of accessohes.

9. Linear motor slider, guarantees maximum
force and précisé posrtioning.

10. Integrated linear coupling fm simple moun-
ting of the slider.

Figure A.21: Linear guides proposed in the Linmot catalog. Figure from [1].

A.2.4 Linmot Designer software: list of the parameters encoded to
perform the dynamic study of the "cylinder - linear motor"
combination

To perform the dynamic study of the "cylinder - linear motor" combination, a motor sizing
software called "Linmot Designer" has been used (this software is available for download on
the LinMot website [14]).

To study an application case with this design program, the following data must be provided:

« the global motor settings

— the motor type and the number of motors; this spécifiés the short stroke SS, the
maximum stroke S, the maximum peak force, the slider mass, the stator mass,
etc.

For our study, the motor type is: P01-48X240/90X240 and there is one motor.

— the slider mounting; regular or reversed (see Fig A.22 and A.23)
For our study, the slider mounting is regular.

— the cooling method; flange only or flange+fan
For our study, a fan is used in addition to a flange.

— the servo controller type: this automatically spécifiés the maximum current avail-
able for the linear motor.
For our study, a BIIOOVF controller is chosen since two types of commands can
be given to it. Indeed it is possible to give a current command or a slider position
command.
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A.2. Linmot linear motor

Figure A.22: "Regular" slider mounting. Figure from [1].

Figure A.23: "Reversed" slider mounting. Figure from [1].

— the power supply voltage.
For our study, a 72 VDC power supply is chosen.

— the type and length of the cable linking the motor and the controller: indeed, the
résistance of the cable can reduce the force limit.
For our study, the cable type is K15 and the cable length is 4 m.

« the global load settings

— the start position of the motor: it can be set automatically by an auto centering
function so that the motion will be symmetrical relative to the centre of the stroke
range, i.e. to the Zéro Position (ZP, see Fig. A.10). Indeed, according to the
Linmot Designer Tutorial [3], such a motion will give the best performance.

— the mass the linear motor has to displace anytime it is actuated. Concerning the
mass of the moving part of the motor, it is automatically added by the program
(it is just necessary to specify whether it is the slider or the stator mass that needs
to be added).

For our study, the mass of the slider of the linear motor is automatically added by
the program while the mass of the cylinder piston needs to be specified. This mass
has been computed thanks to the data found in the Festo catalog and equals 243 g.

— the constant external force applied to the linear motor
For our study, no constant extemal force is applied.

— the dry and viscous frictions applied to the slider
For our study, dry friction exists in the pneumatic cylinder and it equals 10 kPa
applied to the section of the piston. Since the diameter of the piston is 32 mm,
the friction equals 8 N.

— the angle the linear motor présents relative to the horizontal
For our study, this angle equals 0°.

— the spring zéro position and spring constant: these parameters have to be specified
if a mechanical spring is used.
For our study, no mechanical spring is used.»

* the motor layout: "moving slider" (the slider moves while the stator is fixed, see Fig.

A.24) or "moving stator" (the stator moves while the slider is fixed, see Fig. A.25).
For our study, a moving slider layout is chosen.
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A.2. Linmot linear motor

Figure A.24: "Moving slider" layout: the slider moves while the stator is fixed. Figure from
1l

Figure A.25: "Moving stator" layout: the stator moves while the slider is fixed. Figure from
[11-

Once ail these data are provided to the program, the motion of the linear motor can
be specified. To do so, it is segmented, ie. it is divided into movement sections called
"segments"” (e.g. forward movement, backward movement, standstill). For each segment, the
curve settings and the local loeid settings are specified:

* the curve settings

— the curve type for the displacement, the velocity and the accélération: sine, stand-
still, point to point, limited jerk or minimal jerk. According to the selected curve
type, only a few of the following parameters need to be specified. Besides, it is
also possible to import custom curves.

— the segment duration
— the covered stroke
— the maximum velocity
— the accélération and décélération
— the maximum accélération and m2iximum décélération
— the jerk
« the local load settings: while the global load settings are valid for any motion of the

motor, the local load settings are only valid for the considered motion segment and
corne in addition to the global load settings.

— the mass
For our study, no extra mass is displaced by the motor during the considered
motion segment.

— the external force (for a regular mounting, the sign convention for the force is
given in Fig. A.26)
For our study, an external force F~xt is applied during the considered motion seg-
ment. It is the force applied by the pressurized gas to the cylinder piston.
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A.2. Linmot linear motor

Figure A.26: Sign convention for the external force: a négative (positive) force tends to push
(pull) the slider inside (out of) the stator. Figure from [3].

— the dry and viscous frictions
For our study, no extra dry or visceus friction is applied to the slider during the
considered motion segment.

— the spring start position and spring constant
For our study, no spring is used during the considered motion segment.

If the linear motor combined with the controller and the cylinder, is not able to perform
the proposed motion cycle, warnings are indicated by the Linmot Designer software. These
warnings notify, for example, that the dynamic force the motor has to produce exceeds the
peak force limits of the "motor - servo controller" combination.

For each application case of Table 3.2,

* a start position is specified for the motor. In practice, the slider and the cylinder piston
will be connected so that only the 90 mm SS stroke of the linear motor will be used
(see Section A.2.2 for a définition of the SS stroke).

The start position is defined relatively to ZP and is thus computed as follows:

start_position = 45 mm — L, (A.D

so that after a displacement of L, the slider is located at the right limit of the SS stroke
(see Fig. A.10).

« the following motion cycle is studied:

1. a forward motion of stroke L with an external force FAxt = —Fmax_atatics and a
maximum velocity Vmax = 0.9 m/s

2. a backward motion of stroke L with an external force F"xt = —Fmax_statics and a
maximum velocity Umax = 0.9 m/s

The constraint on the velocity is due to the pneumatic cylinder. Indeed, according to the
Festo support, a velocity larger than 0.9 m/s could damage the flexible cushioning rings/pads
placed at both ends of the chosen cylinder.

The goal of the dynamic study is to approach a duration time of 0.05 s for the forward motion
and the backward motion, respectively. With this target in mind, a search is done for eaich
application case in order to find a curve type and the values of the corresponding parameters
so that the motor, combined with the controller and the cylinder, would be able to perform
the motion cycle.

Remark: In the software, the external force Fext = —Fmax_atat%cs is applied continu-
ously to the cylinder piston during the motion. However, in practice, when the cylinder
piston is displaced and the actuator is pressurized (depressurized), the external force in-
creases (decreases) and its intensity finally becomes equal to Fmax atatica (0O N), at the end
of the displacement. Hence, considering that FAxt = —Fmax_atatica during ail the motion
overestimates the real external force.
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A.3 MiniTec profiles

The MiniTec company [17] proposes different types of profiles and fastening éléments that
can be combined to easily build structures. The MiniTec components used for the test bench
are:

e 45X45 F profiles of different lengths (see Fig. A.27)

e 45 GD-Z angles (see Fig. A.28)

» Power-Lock fasteners (see Fig. A.29)

e screws, square nuts and square nuts with spring métal (see Fig. A.30)

* a thread former M8: it is used to form threads in the profile holes, in order to use
Power-Lock fasteners as in the last configuration shown in Fig. A.29.

Figure A.27: 45X45 F MiniTec profiles. Figure from [2].

Figure A.28: 45 GD-Z MiniTec angles. Figure from [2].
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Figure A.29: MiniTec Power-Lock fasteners and different ways to use them to fasten MiniTec
profiles to each other. Figure from [2].

Figure A.30: View of the cross-section of a MiniTec profile in which a square nut with spring
métal is inserted. Figure from [2].

194



A.4. National Instruments platform for measurement and control:

LIST OF THE COMPONENTS OF THE PLATFORM

A.4 National Instruments platform for measurement and
control: detailed list of the components of the plat-
form
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1/0) with Nf-DAUmX driver software
Pays<raiiyna ; Hungvy

8 2 779475431 SCC-88 UO Corneciorwilh 4 SCC Uodul* Sloli 2K.00 10.00% 48450 Eur
Peys d'oritpne ; Hungary

9 1 776886-02 NI PX»-ei06Core2Duo 2.16 GHzCorSralerwfth Windows 3549.00 1000% 3.194.10Eur
Vists

Peys tforigine : Hunganr

10 1 960597-08 PXJ 8-Sto< Fectory inslallation Servie* and Exisnded 729.00 729.00 Eur
WarrarSy
Pays d'origine : hHaigvy

11 2 779302-1024 1 06 OOR2 RAMtar M 8106, NI 8105 and Nt 8104 21950 10.00% 39450 Eur
Coniroler*

Pays (Torigine : USA

Seue-Tessi 8672.40 Eur
Trarvport 100.19 Eur
Total 8.772.59 Eur

Figure A.31; Order of the National Instruments platform for measurement and control
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A.5 Detailed description of the connections between the
motor controller, the motor fan and the different
power supplies

Fig. A.32 explains how the controller of the linear motor has to be connected. As can be

seen, the controller is connected to two power supplies: the linear motor supply (72 VDC)

and the logic supply (24 VDC).

Power Suddlv and Groundina

. MretoPE
X1: Motor Supply mn. 4mm2
) == AWQ11

AC-Mains

1X115VAC

1X230VAC

3X400VAC

3X480VAC

Qalvantcalty Isolated Power Supply: Pum

« Switch Mode Power Supply
« Trerutornvrtor with Rectifler Bridge
and CapacHor > O.SmF/Apeak

X14: Logic Supply / Control

AC-Main$
1X115VAC
1X230VAC
3X400VAC
3X480VAC

GalvanicaNy Isolated Power Sipply: ~~ Cireuit Breaker
- S«4(ch Mode Power Suppty * Rise

*Inside of the B1100 controller the PWR motor GND and PWR signal GND Is connected together and to

die GND of the controller housing. it is recommended that the PWR motor GND is NOT grounded at
another place than inside of the controller to avold circuler currents.

In order to assure a safe and error free operation, and to avold severe damage to System
components. ail cpmponente* must tw well arouncted to «Ith»r a «Ingl» >arth
or utllitv ground. This indudes both LInMot and ail other control System components to
the same ground bus.

Each System component* should be ded direcdy to the ground bus (star pattern), rather
than dalsy chaining from component to component. (LinMot motors are properly
grounded through their power cables when connected to LinMot controllers.)

Power aupo” connactora muat not be connecded or diaconnectad whila PC voltage
la oraaenL Do not disconnect System components until ail LinMot controllers LEDs have
tumed off. (Capacitors in the power supply may not fully discharge for several minutes
afler input voltage has been disconnected). Failure to observe these précautions may
resuit In severe damage to eiectronic components in LinMot motors and/or controllers.

Do not «witch Power Suddlv PC Vottaoe. Ail power supply switching and E-Stop

breaks should be done to the AC supply voltage of the power supply. Failure to observe
these précautions may resuit in severe damage to controller.

Figure A.32: Explanations about how to connect the motor controller to the 72 VDC motor
supply and the 24 VDC logic supply. Figure from [8].
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The 24 VDC logic supply was not provided with the linear motor. Hence, a 24 VDC

power supply has been bought and its main characteristics are summarized in Table A.l.

24 VDC logic supply of the linear motor controller

brand SIEMENS

type SITOP modular 5A I/2phasig
6EP1 333-3BAOO

output DC voltage 24VDC =+ 1%

direct output current O-5 A

power consomption (active power) 140 W

rated input voltage 120VAC 7/ 230VAC - 500VAC, 50/60 Hz

input current at 230 V 1.2 Arma

can be installed on DIN rail yes

Table A.l: Main properties of the 24 VDC logic supply of the linear motor controller

Following the explanations of Fig. A.32, the connections between the controller, the

72 VDC motor supply, the 24 VDC logic supply, the fan and its supply have been made as
shown in Fig. A.33.

Figure A.33: Connections between the controller, the 72 VDC motor supply, the 24 VDC
logic supply, the fan and its supply. "F", "SB", "L" and "C" stand for "fuse", "switching
break", "line" and "contactor", respectively.
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The fuses, the switching breaks, the E-Stop button, the contacter and the fan supply of
the circuit have the following characteristics:

FIl is a IQAT fuse® (as suggested by Fig. A.32) under 72VDC but it is able to bear
550VAC and 250VDC. It protects the controller and the linear motor supply.

F2 is a 2AT fuse (as suggested by Fig. A.32) under 24VZ?C but it is able to bear
550VAC and 250VvDC. It protects the controller and the logic supply.

SBI is a switching break whose limit current equals 2A. It is under 220VAC but it is
able to bear 440VAC and 60VZ3C. It protects the E-stop button, which can bear up
to 3A, and the coil of the contacter C. As the contacter consumes 70VA and is under
220VAC, the current in its coil equals 220VAc ~ 0-3A. A switching break whose limit
current is larger than 0.3A but close to 0.3 A has been looked for and the best match
found is a switching break offering a limit current of 2A.

SB2 is a switching break whose limit current equals IOA. It is under 220VAC but
it is able to bear 440VAC and 60VDC. It protects the linear motor supply, which
consumes up to 6.4A (= "input current at full load (230V)", see Section A.2.3, in Fig.
A.19). Hence, the best match found for the switching break is a limit current of IOA.

SB3 is a switching break whose limit current equals 2A. It is under 220VAC but it
is able to bear 440VAC and 60VZIC. It protects the logic supply and the fan supply.
The logic supply consumes 1.2A (see Table A.l) while the fan supply consumes 0.75 A
(see Table A.2). This makes 1.2 A + 0.75 A = 1.95 A. The best match found for this
switching break is a limit current of 2A.

An E-Stop button is combined with a contactor C so that when the E-Stop button is
pressed, the contactor opens the Unes L1 and L2 and the circuit is no more provided
with current.

The contactor is composed of a coil and two breaks, which are placed in the Unes L1
and L2. The chosen contactor is normally open. This means that when the coil is not
(is) put under voltage, the Unes L1 and L2 are open (closed).

The EI-Stop button is normally closed. This means that when the E-Stop button is not
(is) pressed, the Unes L3 and L4 are closed (open).

Hence, when the E-Stop button is pressed. Unes L3 and L4 open, thus the coil of the
contactor is no more under voltage, this involves the opening of Unes L1 and L2 and
the rest of the circuit is no more put under voltage.

In the Unes L1 and L2 a current of 8.35A runs (6.4A for the linear motor supply +
1.2A for the logic supply + 0.75A for the fan supply). The E-Stop button can bear 3A
and is thus not able to open the Unes L1 and L2.

This is why a contactor has been combined with the E-Stop. This contactor is under
220VAC (but is able to bear 440VAC) and is able to open a Une travelled by a current
of IOA. The E-Stop commands the opening of Unes L1 and L2 but in practice, it is the
contactor that opens the Unes.

The fan of the linear motor requires a supply providing 2AVDC and 120mA, as can be
seen in Section A.2.3, in Fig. A.13. This supply is not provided with the linear motor
and has been bought separately. Its characteristics are summarized in Table A.2.

Limit switches are interesting devices to add to the test bench as they can help to
increase the safety of operation of the linear motor. Indeed, as the motor has a much

~The notation X AT for a fuse means that the fuse is going to blow if the current exceeds XA. "T"
stands for "temporized” and means that when the current achieves the limit, the fuse is not going to blow
immediately, but after a certain period of time.
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24VvDC fan supply

brand RS
type DR-45 sériés
282-473
output DC voltage 2AVDC *= 1%
rated output current 2A
output rated power 48 W
input voltage range 85 — 264 VAC or 120 — 370 VDC, 47 — 63 Hz
input typlcal AC current at 230VAC 0.75 A
can be installed on DIN rail yes

Table A.2: Main properties of the 24VDC fan supply

larger stroke than the pneumatic cylinder, limit switches can be used to shut down the
motor supply when the displacement of the motor slider risks exceeding the cylinder
stroke. The limit switches used for the test bench are presented in Fig. A.34. When the
metallic bar is pressed downwards (is at rest), it pushes (doesn’t push) on the A button
and the connection between COM and NO (normally open) (COM and NC (normally
closed)) is established.

Metallic bar A button NC port

COM port NO port

Figure A.34; Picture of the limit switches used in the test bench

The limit switches could be installed in sériés with the E-Stop button. Hence, if a limit
switch is pressed, the circuit lines L1 and L2 open and the motor supply is shut down.
Afterwards, as soon as the limit switch is no more pressed, lines L1 and L2 close and the
motor supply switches on again. Since it was preferred that an external manual action
was required to switch on the power again, another solution has been implemented.
Indeed, as shown in Fig. A.35, the limit switches (LS| and LS2) have been connected
to a shunt itself bond (with a physical bond) to two switching breaks SB4 placed in
the lines L1 and L2. When a limit switch is pressed, the shunt is put under voltage,
it opens the switching breaks and this shuts the power off. A manual action is then
necessary to close the SB4 switching breaks in order to put the power on again.«

Earth connectors to be fixed to DIN rails (see Fig. A.36) are placed at different locations
in the circuit to allow the connection of the different components to the earth.
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Figure A.35: Connections between the controller, the 72 VDC motor supply, the 24 VDC
logic supply, the fan and its supply, the shunt and the limit switches. "F", "SB", "L",
"C" and "LS" stand for "fuse", "switching break", "line", "contacter" and "limit switch",
respectively.

Figure A.36: Earth connecter

The main characteristics of the fuses, the fuse holders, the switching breaks, the limit
switches, the EI-Stop button, the earth connectors, the shunt and the contacter are summa-
rized in Tables A.3 and A.4.
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A.5.

fuses FI

fuses F2

fuse holders

switching breaks SBI and SB3

switching breaks SB2

switching breaks SB4

DETAILED description OF THE CONNECTIONS BETWEEN THE MOTOR
CONTROLLER, THE MOTOR FAN AND THE DIFFERENT POWER SUPPLIES

brand; GE Power Controls
part number: NITIO

current rating: I0A

max. voltage rating ac; 550V
max voltage rating de: 250V
fuse technology: T; HBC

fuse type: Al

brand: GE Power Controls
part number: NIT2

current rating: 2A

max. voltage rating ac: 550V
max voltage rating de: 250V
fuse technology: T; HBC

fuse type: Al

brand: Cooper Bussmann

part number: CM32FC

current rating: 32A

fuse type: Al

installation on DIN rails: yes
brand: ABB

part number: S201D2

current rating: 2A

rated voltage: 440VAC/60VDC
tripping characteristics: type D
number of poles: 1

short circuit capacity: 6kA
installation on DIN rails: yes
brand: ABB

part number: S201D10

current rating: I0A

rated voltage: 440VAC/60VZ1C
tripping characteristics: type D
number of pbles: 1

short circuit capacity: 6kA
installation on DIN rails: yes
brand: ABB

part number: S203D10

current rating: IOA

rated voltage: 440VAC
tripping characteristics: type D
number of poles: 3

short circuit capacity: 6kA
installation on DIN rails: yes

Table A.3: Main characteristics of the fuses, the fuse holders and the switching breaks
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limit switches LSI and LS2

El-stop button

earth connectors

shunt

contacter

brand: Patterson

maximum current: 12A
rated voltage: 125 250VAC
brand: Telemecanique

part number: XAL-K174F
turn to release

AC current under 240V: 3A
contact configuration: 2N/C
brand: RS

part number: 1212.2
installation on DIN rails: yes
brand: ABB

part number: S2C-A2
operating current at 230VAC:
installation on DIN rails: yes
brand: RS

part number: 135-020

A.6.

contact configuration: 2 NO and 2 NC

coil voltage: 50/60 Hz - 230V
installation on DIN rails: yes

Sensors

Table A.4: Main characteristics of the limit switches, the E-Stop button, the earth connectors,

the shunt and the contacter

A.6 Sensors

Before the measurements of the pressure sensors are acquired by the NI PXI platform, they
pass through anti-aliasing filters whose electronic circuit is presented in Fig. A.37. The
characteristics of this circuit components are given in Table A.5.

-12vDC

Figure A.37: Electronic circuit of the anti-aliasing filters
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Component Characteristics
Al instrumentation amplifier
AD620AN
A2 operational amplifier
TLE 2061
ClI decoupling capacitor
Cl = 100 nF
c2 capacitor
c2=22nF
RI resistor
RI = 7.15 Jfen
R2 resistor
R2 = 1.21 fcn
R3 resistor
R3 = 2.05 fen
R4 resistor
R4 =1 kn
DI Zener diode

maximum power = 0.4 W
breakdown voltage = 9.1V

Table A.5: Components of the anti-aliasing circuits

The electronic cards of the anti-aliasing circuits have been manufactured as follows:
1. The electronic circuit is drawn as a block diagram with the EAGLE software.

2. According to the block diagram, the EAGLE software draws the tracks that will connect
the electronic components.

3. The produced EAGLE file is provided to a numerically controlled machine.
4. A copper coated plate is placed in the numerically controlled machine.

5. The machine draws the electronic tracks by removing copper and it makes holes in the
plate to allow the fixing of the electronic components.

6. The electronic components are welded on the card.

Fig. A.38 and A.39 présent the EAGLE block diagrams of the anti-aliasing filter described
above. Fig. A.40 and A.41 présent the corresponding electronic tracks drawn by the EAGLE
software.

Three anti-aliasing filters have been manufactured. Two of them correspond to Fig. A.38
and A.40 and are the filters of the pressure sensors, while the third filter corresponds to
Fig. A.39 and A.41. This third filter had been dedicated to a force sensor which was finally
not used. However, this filter contains a TML 10212 which is an electronic component that
produces the supply voltages (-1-12 VDC and —12 VDC) used for the instrumentation and
the operational amplifiera of the three filters. This explains why this anti-alieising filter has
been kept although the force sensor is not used anymore.

The circuit controlling the solenoid valve (see Chapter 4) and the anti-aliasing filters have
been placed into plastic boxes to protect them from the dust and to prevent that someone

touches the electronic cards with its fingers (see Fig. A.42).

The connections between the pressure sensors, the solenoid valve and the circuit con-
trolling it (see Chapter 4), the NI PXI platform, the supplies and the anti-aliasing filters
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Figure A.38: Block diagram of the anti-aliasing filter, drawn with the EAGLE software

Figure A.39: Block diagram of the anti-aliasing filter, drawn with the EAGLE software. The
component TML 10212 produces -fl2 VDC and -12 VDC voltages. These voltages are
used as supply voltages for the instrumentation and the operational amplifiera.

héave been organized around a central set of screw terminais (see Fig. A.43). Each element
is connected to it using shielded cable and the connections between the éléments are made
by connecting electric wires between the different screw terminais. The shielded cables are
connected to the plastic boxes thanks to female and male DB connectors.
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Figure A.40; Electronic tracks of the anti-aliasing filter, generated by the EAGLE software

Figure A.41: Electronic tracks of the anti-aliasing filter, generated by the EAGLE software.
The large rectangle component is a TML 10212 that produces -1-12 VDC and —12 VVDC volt-
ages. These voltages are used as supply voltages for the instrumentation and the operational

amplifiers.
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Figure A.42: Picture of one of the plastic boxes in which the electronic cards are placed.

Figure A.43: Connections between the pressure sensors, the solenoid valve and the circuit
controlling it, the NI PXI platform, the supplies and the anti-aliasing filters: they are orga-
nized around a central set of screw terminais. Each element is connected to it using shielded
cable (= grey lines in the figure) and the connections between the éléments are made by con-
necting electric wires between the different screw terminais. The boxe noted "anti-aliasing
filter + £12 VDC power supply” is the third anti-aliasing filter that contains an electronic
component producing +12 VDC and —12 VDC voltages.
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Appendix B

Pneumatic balloon actuators

B.l Home-made manufacturing methods of the "Pneu-
matic Balloon Actuator”

As explained before (see Section 4.2.2), a Pneumatic Balloon Actuator (PBA) can be ob-
tained simply by gluing to one another two plastic squares of different rigidities along their
surrounding edge in order to form a cavity. Hence, as manufacturing these actuators seemed
very easy, different methods have been tested to manufacture home-made PBAs. However,
as each of the three tested methods (gluing, latex moulding and welding) presented disad-
vantages, it was eventually decided to look for a company to manufacture the PBAs.

B.1.1 Gluing
Principle

Two plastic squares showing different rigidities (a very flexible one and a stiffer one) are glued
to one another along their surrounding edge with a glue dedicated to rubbers and plastics
(a LOCTITE 406 glue). A syringe equipped with a needle is then used to pierce one of the
films and to inject air in the cavity.

Results

The results were not concluding as there were leakages difficult to totally suppress by adding
glue.

B.1.2 Moulding
Principle

Another idea is to mould a PBA in Latex. A mould has then been fabricated in balsa wood.
The mould is made of six parts eis can be seen in Fig. B.l.

Parts 1 to 5 are made of balsa while part 6 is made of polystyrene. Parts 2, 3 and 5 are glued
on part 1. Before fixing part 4, a dry lubricant with PTFE is sprayed on the walls of the
future cavity, on parts 1 and 4. Part 4 is then fixed to part 1 thanks to screws and nuts, eis
shown in Fig. B.2. Part 6 is hung in the cavity by screws and nuts (see Fig. B.3). Washers
are strung on these screws and are used to position part 6 so that the distances between parts
1 and 6 and between parts 4 and 6 are different. The mould is then filled with latex and the
latex dries then with the contact of air. After 36 hours, the PBA is dry and it is removed
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from the mould. Latex sticks quite well to the wood but absolutely not to the polystyréne
part.

Figure B.l: Balsa mould developed to mould a PBA in Latex. Parts 2, 3 and 5 are glued on
part 1.

Figure B.2; Balsa mould developed to mould a PBA in Latex. The mould is here assembled
without part 6.
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Figure B.3: Balsa mould developed to mould a PBA in Latex. The mould is here completely
assembled.

Results

The achieved PBA is satisfying since it is airtight. To test it, it is clamped as a cantilever
so that the size of the cavity is 30 mm x 30 mm and so that the upper cavity layer is the
thinner one. Air is then injected in the cavity with a syringe equipped with a needle. As can
be seen in Fig. B.4, when the PBA is pressurized, its free extremity deflects upwards but
from a given pressure level, it begins to displace downwards. This bidirectional behaviour
has also been noticed in [51] also for PBAs completely made of the same material.

In conclusion, the proposed moulding method allows to manufacture airtight latex PBAs.
However, another manufacturing method has been looked for because the manufactured PBA
does not présent a channel for the air supply. Indeed, the air supply is done by piercing the
latex with a needle and by injecting air with a syringe. However, to insert the latex PBA in
a test bench, it would be easier to have a channel to which the air supply could be properly
connected. Obtaining such a channel is difRcult with this moulding method. Indeed, part 6
is used to form the cavity in the PBA and it is removed before using the PBA. However, if a
narrow channel is foreseen, removing part 6 after the drying of the PBA wiill not be possible
anymore.

The welding of plastic films, whose thicknesses are guaranteed by the supplier, is then consid-
ered in section B.1.3. Indeed, this solution can solve the drawback of the moulding method
if a channel is foreseen, to which a tube can be connected for the air supply.
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Figure B.4: Behaviour of the pressurized latex PBA. The PBA is fixed as a cantilever and air
is injected in its cavity with a syringe equipped with a needle. When the PBA is pressurized,
its free extremity deflects upwards but from a given pressure level, it begins to displace
downwards (the downwards motion is not visible on the pictures).

B.1.3 Welding
Principle

The idea is to weld to each other two plastic films of different rigidities. To do so, films
of thermoplastic elastomers (TPEs) are used. Indeed, elastomers are very elastic and will
allow the inflation of the PBA while thermoplastics have the particularity to melt when they
are heated [41]. Among the TPEs, it has been chosen to use thermoplastic polyuréthane
(TPU) since TPU exists under the form of films or sheets. Samples of TPU films of different
thicknesses (50 pm, 100 pm and 200 pm) have been provided by the PLAST NEDERLAND
B.V. company.

The goal is thus to weld two plastic films of different thicknesses (and thus rigidities) to each
other and to obtain weldings whose shape is presented in Fig. B.5.

Figure B.5: PBA obtained by welding two TPU films to one another 1) TPU films 2) PBA
3) Weldings 4) Channel for the air supply

210



B.l. HOME-MADE MANUFACTURING METHODS OF THE "Pneumatic Balloon

Actuator"”

To do that, the films are pressed against an electronic card whose copper tracks are

travelled by a current. The heating of the tracks involves then the melting and the welding
of the films.
This card has been manufactured by lithography and Fig. B.6 présents the shape of its
copper tracks. Electrodes are connected to points Z and Z' and ail the copper tracks have
the same thickness. Once the weldings are made, the TPU films are eut along the welded
edges and a PBA is obtained.

Figure B.6: Drawing of the electronic card used to manufacture PBAs by welding TPU films
to each other. Ail the copper tracks have the same thickness.

Results

In practice, achieving a uniform welding is not easy and several trials are necessary before
obtaining an airtight PBA.

Remark: A soldering iron has also been tested to weld two plastic films to one another but it
is délicate to obtain a uniform welding of good quality with this method. Indeed, holes are
made in the films if the soldering iron is pressed for too long on them.
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B.2 PBA developed by the PRONAL company

Fig. B.7 shows the PBAs developed by the PRONAL company.

Figure B.7: Drawing of the PBA proposed by the PRONAL company. The dimensions of
the cavity are 40 mm x 40 mm.

B.3 Particularities of the test bench

The relative and differential pressure sensors used to measure the pressure inside the PBAs
are integrated into the fluidic circuit presented in Fig. B.8. This circuit is composed of the
pneumatic cylinder chamber, the flexible fluidic actuator to be studied, the pressure sensors,
a solenoid valve and the fittings and tubes connecting ail these components. Table B.l gives
a description of the components of this fluidic circuit.

The solenoid valve is a 2/2-way valve presenting two pressure ports; when it is open/closed,
the ports are/are not connected. The solenoid valve is normally closed. This means that
when it is not powered, it is closed. On the other hand, as soon as power is supplied, it com-
mutes and opens itself. To control the closing/opening of the valve with the NI PXI platform
(see Section 3.5.2), the electronic circuit presented in Fig. B.9 has been built. NI GND and
NI command are signais generated by the NI PXI platform:

* NI GND =0 V.

NI command =0 V or 2 V. When NI command = 2 V {NI command = 0 V), the
potential of point A is set to 0 VV (24 V) and the solenoid valve sees a potential différence
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of 24 Vv (0 V) between its terminais A and B, it is thus supplied (not supplied) and it
opens itself or stays open (it closes itself or stays closed).

Remark: The electronic card of the circuit controlling the solenoid valve has been hand-
made: the components have been welded on a board already presenting a network of parallel
and perpendicular copper tracks.

'12 13 | = tube (in=S 7mm / nn=»mm)

Figure B.8: Fluidic circuit implemented to study the PBAs: 1) threaded T-fitting 2) double
nipple 3) relative pressure sensor 4) push-in fitting 5) solenoid valve 6) push-in fitting 7)
differential pressure sensor 8) multiple distributor (one threaded fitting and two push-in
fittings) 9) multiple distributor (one threaded fitting and two push-in fittings) 10) sleeve 11)
PBA 12) pneumatic cylinder 13) pneumatic cylinder chamber. The light grey areas represent
the tubes used to link the circuit components: ID=inner diameter and OD=outer diameter.

Ail the fittings are equipped with seals.
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Components of the fluidic circuit
implemented to study the PBAs

Component
1) thresided T-fitting

2) double nipple

3) 0 — 1 bar relative pressure sensor

4) and 6) push-in fittings

5) solenoid valve

7) 0 — 10 mbar differential pressure sensor

8) and 9) multiple distributors

10) sleeve

111 PBA
12) pneumatic cylinder
tubes

seals

B.3. Particularities of the test bench

Description

brand: Festo

type: NPFB - T - 3G14 - F

pressure ports: Gl/4 female + Gl/4 female +

Gl/4 female

brand: Festo

type: NPFB - D - G18 - G14 - M

pressure ports: Gl/4 mEile + GI1/8 male

see Table 3.7

pressure port: Gl/4 male

brand: Festo

type: QS - GI/8 - 8

pressure ports: GI/8 male + push-in fitting for tubes
with OD = 8 mm

brand: Burkert

type: 2/2-way valve, normally closed / number: 126091
pressure ports: GI/8 female GI/8 female

see Table 3.8

pressure ports: <> 6.6 X 11, for flexible tubes

with ID = 6 mm

brand: Festo

type: QSLV2 - Gl/4 -8

pressure ports: Gl/4 male -t- 2 push-in fittings for tubes
with OD = 8 mm

brand: Festo

type; NPFB - S - 2G14 - F

pressure ports: Gl/4 female -I- Gl/4 female

pressure port; Gl/4 male

pressure port: GI/8 female

brand; Festo

type; PUN -8 - SI-25-CB

ID = 57 mm and OD = 8 mm

already provided with the fittings or ordered separately
and added to the fittings

types of the ordered Festo seals; OL - 1/8 and OL - 1/4

Table B.l: Description of the components of the fluidic circuit implemented to study the
PBAs. The numbers make reference to Fig. B.8.
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Figure B.9; Electronic circuit allowing to control the closing/opening of the solenoid valve
with the NI PXI platform. This platform generates the NI GND and NI command sig-
nais. NI GND = 0 V and NI command = 0 V or 2 V. When NI command = 2 V
{NI command = 0 V), the potential of point A is set to 0 VV (24 V) and the solenoid valve
sees a potential différence of 24 VV (0 V) between its terminais A and B, it is thus supplied
(not supplied) and it opens itself or stays open (it closes itself or stays closed).

215



B.3. Particularities of the test bench

216



Appendix C

List of Publications

Journal papers

e Aline De Greef, Pierre Lambert and Alain Delchambre. Towards Flexible Medical
Instruments: Review of Flexible Fluidic Actuators. Précision Engineering, 33: 311-
321, October 2009.

« Marie Blondeau, Aline De Greef, Pierre-Alexis Douxchamps, Benjamin Genét, Marc
Haelterman, Cyrille Lenders, Erwan Leroy, Pascal Nardone, Vincent Raman, Aliéner
Richard and Frédéric Robert. Apprentissage par projet : Réalisation d’'une éolienne
urbaine en matériaux de récupération. J3EA, 8, 2009.

Proceedings of conférences* ¢

= Thomas Delwiche, Laurent Catoire, Michel Kinnaert and Aline De Greef. Experimental
study of position-position and force-position control methods in teleoperation. In Pro-
ceedings of the "25th Benelux Meeting on Systems and Control”, pplO8, 13-15 March
2006, Heeze, The Netherlands, ISBN-10 90-386-2558-8 ISBN-13.

* Aline De Greef, Thomas Delwiche, Laurent Catoire and Michel Kinnaert. Experimen-
tal study of position-position and force-position control methods in teleoperation. In
Proceedings of Mechatronics 2006 - 4th IFAC - Symposium on Mechatronics Systems,
PP 301-306, 12-14 September 2006, Heidelberg, Germany.

« Aline De Greef, Pierre Lambert and Alain Delchambre. A Minimally Invasive Surgery
Actuator Based on a Flexible and Inflatable Structure. In Proceedings of the First
Annual symposium of the IEEE/EMBS Benelux Chapter, 7-8 December 2006, Brussels,
Belgium.

e Thierry Leloup, Aline De Greef, Sylvie Bantuelle, Wissam El Kazzi, Guy Mannaert,
Nadine Warzée, Frédéric Schuind and Alain Delchambre. Design of an Articulated Mini-
Fixation Device for Proximal Interphalangeal Joint Finger Fractures. In Proceedings
of the Annual Symposium of the IEEE/EMBS Benelux Chapter, 6-7 December 2007,
Heeze, The Netherlands.

« Marie Blondeau, Aline De Greef, Pierre-Alexis Douxchamps, Benjamin Genét, Marc
Haelterman, Cyrille Lenders, Erwan Leroy, Pasquale Nardone, Vincent Raman, Al-
iéner Richard and Frédéric Robert. Apprentissage par projet . Réalisation d’une éoli-
enne urbaine en matériaux de récupération. Proceedings of the "7éme Colloque sur
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I'Enseignement des Technologies et des Sciences de I'lnformation et des Systémes -
CETSIS 08", 27-29 October 2008, Brussels, Belgium.

e Patricia Van Dale, Aline De Greef, Cyrille Lenders and Nadine Warzée. Biomédical
engineer and phlebologist: a midship frame. In International Angiology - Proceedings
of the XVI World Congress of the Union Internationale de Phlebologie (31 August - 4
September 2009), 28: 138, 2009.

e Aline De Greef, Pierre Lambert, Thomas Delwiche, Cyrille Lenders, Bruno Tartini
and Alain Delchambre. Flexible Fluidic Actuators: Determining Force and Position
Without Force or Position Sensors. In Proceedings of the IEEE ISAM2009 conférence,
17-20 November 2009, Suwon, Korea

Miscellaneous

e Aline De Greef. Etude d'un actionneur a structure flexible et gonflable, DEA, Université
Libre de Bruxelles, 2006.

* Aline De Greef, Pierre Lambert and Alain Delchambre. Les actionneurs fluidiques
flexibles : caractérisation et application a la mesure de force sans capteurs, poster
présentation at 7émes Journées Nationales de la Recherche en Robotique JNRR'09, 4-6
November 2009, Sologne, France.
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