
Chapter 8

Conclusions and perspectives

8.1 Conclusions
This work proposes a study of a specific kind of actuators: the Flexible Fluidic Actuators.
These are driven by fluid, i.e. gas or liquid, and present a flexible structure, i.e. an elas-
tically deformable 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 present several DOFs. Two different methods to achieve
bending have been identified. The first technique is based on "internal 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
present 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 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 peripherics, some solutions have been presented in this respect.

Flexible fluidic actuators present interesting characteristics regarding an application in-
side the human body such as their compliance that allows them to handle delicate 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 [78], the "Flexible
Microactuator" (FMA) is presented and it is suggested that the measurements of the fluid
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pressure and of the volume of supplied fluid allow to determine 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 determine the
displacement of a flexible fluidic actuator and the force it develops without using a displace-
ment sensor or a force sensor [78].
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 [63]. 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 implementation 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 [49], has been selected
in the actuators review because it has a simple design, one DOF and because it is easily
manufactured.

The implementation 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 predictions provided by the PVFP principle implemented on the flexible fluidic actu-
ator, it to be evaluated with respect to a targeted application. Indeed, the predictions can
be accurate enough for a given application but not for another one.
Hysteresis tests have been performed and it can be concluded that some of the PBA variables
present some hysteresis; this hysteresis is not properly modeled by the experimental models.
However, before modeling the hysteresis, it has to be assessed whether this hysteresis is prob-
lematic or not with respect to the targeted application. Indeed, for a given application, the
hysteresis may be small enough to be negligible; in this case, there is no need to model the
hysteresis. On the other hand, for another application, the same hysteresis may be too large
to be ignored; in this case, it has to be modeled properly and this requires the elaboration
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

166



8.1. Conclusions

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 differences
between the predictions provided by the model and the measurements performed on the pro-
totypes (the PBA described in [49] 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 predominant, the PBA free end moves upwards while
if the pressure is predominant, it moves downwards.
It has to be mentioned that the numerical model seems to predict that all PBAs show this
bidirectional behaviour while in practice, this behaviour has 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 has 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 have 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 generation 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 specific
objective was set concerning the stroke of the muscle.
The achieved miniaturized muscles have a design similar to that of the third generation
PPAMs developed at the VUB and present 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 generation 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 presents 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 � = 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 PPAMs, 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
precise point and along only one precise 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 temperature.
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 predictions provided by the PVFP principle implemented
on the actuator will not be influenced by the changes of the atmospheric pressure and of the
temperature.
For medical applications, a physiological saline solution can be used as incompressible fluid
all 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 effect of each of these three causes would help to determine 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 effect 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 filled with liquid will be heavier and as a consequence it
will develop smaller displacements, for a given pressure level, than the same actuator filled
with gas. Hence, the actuator will probably present 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 compliant. All 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 predictions 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 determine whether the numerical model could be used to predict
the qualitative effects, on the tip displacements, of the change of a PBA parameter.

Concerning the miniaturized PPAMs, other tests on other miniaturized muscles will be
necessary to verify the repeatability of the results, to study more thoroughly the hysteresis of
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the muscle, to assess its life duration and to determine the maximum force and contraction
the muscle can produce and the maximum pressure it can bear. Besides, dynamical tests
could be performed to determine the dynamical characteristics of the miniaturized muscles.
Regarding a further miniaturization of the muscles, propositions have been made and could
be tested in future works.
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Appendix A

Test bench

A.1 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.1). 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 readily available source, it can be freely
evacuated in the ambient air [70] 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.1 and consists in the actuation of the
cylinder piston (no. 4 in Fig. A.1) by an actuator (no. 1 in Fig. A.1). This actuator will be
equipped with a position sensor to measure the displacement of the cylinder piston.

1 2 3 5 6 4 

Figure A.1: 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 connects the flexible fluidic actuator to the output of the cylinder)
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considered solutions

Four possible solutions have been considered for the implementation of the test bench;
they are presented here and compared regarding the implementation difficulty.

A.1.1 Basic solution: nothing is integrated, all the components are
chosen separately and assembled together

Description

Fig. A.2 presents the first solution. A DC or stepper motor (no. 2 in Fig. A.2), equipped
with an encoder, is coupled to a ball screw (no. 4 in Fig. A.2), supporting a ball 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 ball screw. The nut moves along the ball 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.

1 2 3 4 5 6 7 8 

9 
10 
11 

12 

Figure A.2: First solution to implement the syringe-pump test bench: nothing is integrated,
all the components are chosen separately and assembled together. 1) mounting parts of the
motor 2) DC or stepper motor + encoder 3) coupling parts 4) ball screw 5) ball nut 6)
support bearings of the ball screw 7) pneumatic cylinder 8) pneumatic tubes 9) linking part
between the ball 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 all 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 ball screw, coupling parts are necessary (no. 3 in Fig.
A.2). These can be chosen off the shelf.

• The ball screw needs support bearings (no. 6 in Fig. A.2). These can be chosen off the
shelf.
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• The part linking the ball nut and the slider needs to be manufactured (no. 9 in Fig.
A.2). This part will be subjected to shear and needs to be correctly designed to bear
these 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 ball screw need to be correctly aligned as well as the ball screw 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 moreover, these efforts could cause friction and loss of positioning accuracy.

• The ball screw has a limited maximum rotational 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).

• The backlash resulting from the assembly of all the parts of the system needs to stay
acceptable with regard to the wanted positioning accuracy.

In conclusion, the implementation of this first solution is quite difficult because of all the
components limitations that have to be taken into account and because of the large number
of parts that need to be selected or designed and manufactured.

A.1.2 The motor and the ball screw are integrated
Description

There exist motors already combined with a ball 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 ball 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 + ball screw" is designed to support higher axial loads
than classical motors.

• The coupling between the motor and the ball screw is already done. As a consequence,
no coupling part needs to be chosen and ordered.

• The alignment between the motor and the ball screw is already done.

A.1.3 The ball screw and the linear guide are integrated
Description

There exist devices including the ball 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 present:

• mounting parts for the motor

• a ball screw

• a ball train that slides in a rail

• support bearings for the ball screw

!2-2

LM Guide Actuator Model KR

Fig.1 Structure of LM Guide Actuator Model KR

Structure and Features

Because of its integral-structure inner block consisting of a highly rigid outer rail with a U-shaped
cross section, LM Guide units on both side faces and a Ball Screw unit in the center, LM Guide Actu-
ator model KR achieves a highly rigid and highly accurate actuator in a minimal space.
In addition, since the housings A and B also serve as support units and the inner block as a table, the
this model allows significant reduction of man-hours and time required for design and assembly since
it incorporates a support unit and a table, thus to contribute to total cost cutting.

LM Guide Actuator
Model KR

LM Guide + Ball Screw = Integral-structure Actuator

Housing A

Housing B
Ball screw

Inner block

Outer rail

Double-row ball circuit

Stopper

Grease nipple

Bearing (supported side)

Bearing (fixed side)

Stopper

500-5E0

Figure A.4: "LM guide actuator Model KR" proposed by THK. Figure from [15].

Fig. A.5 presents a scheme of the implementation 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 ball 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 + encoder 3) coupling parts 4) ball screw 5) linking part
between the ball train and the cylinder piston 6) support bearings 7) ball 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 presents the following advantages in com-
parison with the first solution:

• The support bearings of the ball screw are already provided.

• Mounting parts are already provided for the motor.

• A linking part between the ball screw and the linear guide is no longer needed since
the ball train slides in the guide.

• The alignment between the ball screw and the linear guide is already done.

• The alignment between the motor and the ball 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 company1 [10] (see Fig. A.7).

1Danaher 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 ball screw or acme screw, which translates the torque into axial force through the extension tube"
[5].
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Figure A.6: Linear motor proposed by LinMot. Figure from [1].Technical overview

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 ball screw or 
acme screw, which translates the torque into axial force 
through the extension tube.  While the concept is straight 

forward, as illustrated by the cutaway on this page, 
significant expertise and development have been invested 
in the specification and design of each component. Each 
actuator is also built to meet the highest quality standards 
and are thoroughly tested before shipment.

1. Parallel mounted motor with belt or helical gear or in-line motor with direct drive or planetary gear.

2. Permanent magnet DC motor, Brushless AC servo motor or three phase AC motor with or without integrated brake.

3. Stiff and strong extruded aluminium cover tube with integrated magnetic sensor grooves.

4. High quality extension tube seals protect the actuator from penetration of dust, dirt and liquids.

5. Robust stainless steel extension tube.

6. Choose between extension tube with inside or outside thread, clevis or spherical joint ends.

7. Acme or ball screw transmission.

8. Internally guided extension tube with anti-rotation mechanism which also acts as a screw support.

9. Shock load resistant acme nut or high-precision safety ball nut.

10. Mounting kits such as clevis, trunnion, mounting feet and front /rear flange available.

www.danahermotion.com06
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Figure A.7: "Electric linear actuator" proposed by Danaher Motion. Figure from [5].
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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.

1 2 3 5 6 4 

Figure A.8: Fourth solution to implement the syringe-pump test bench: 1) linear actuator +
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 all the ordered Linmot components (motor + acces-
sories)
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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 evolution of the peak force along the stroke has a trapezoidal shape and the centre of the
stroke range is called the "zero position (ZP)". The available peak force is thus dependent on
the slider position but it is also dependent on the maximum current from the servo controller.
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Figure A.10: Linmot linear motors: description of the maximum stroke S, of the shortened
stroke SS and of the zero position ZP. The evolution 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.2.3 Characteristics of the Linmot motor chosen for the test bench
The characteristics of the chosen Linmot motor are presented in Fig. A.11.
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Figure A.11: Characteristics of the PO1-48X240/90X240 Linmot linear motor. Figure from
[1].
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A.2. Linmot linear motor

The motor is installed in a flange (see Fig. A.12) and is cooled by a fan (see Fig. A.13).
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Figure A.12: Linear motor equipped with a flange (black part). 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).
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Figure A.14: External position sensor and magnetic strip. Figure from [1].
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A.2. Linmot linear motor
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Figure A.15: External position sensor and magnetic strip. Figure from [1].
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A.2. Linmot linear motor

A B1100-VF controller (see Fig. A.16, A.17 and A.18) has been chosen for the motor.
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Figure A.16: Datasheet of the B1100-VF controller. Figure from [1].
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A.2. Linmot linear motor
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Figure A.17: Datasheet of the B1100-VF controller. Figure from [1].
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A.2. Linmot linear motor
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Figure A.18: Datasheet of the B1100-VF controller. Figure from [1].
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A.2. Linmot linear motor

Fig. A.19 and A.20 present the datasheets of the 72 V/600 W power supply of the linear
motor.
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Figure A.19: Datasheet of the 72 V/600 W power supply of the linear motor. Figure from
[1].
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A.2. Linmot linear motor
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Figure A.20: Datasheet of the 72 V/600 W power supply of the linear motor. Figure from
[1].
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A.2. Linmot linear motor

Fig. A.21 presents 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.
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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 specifies 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: PO1-48X240/90X240 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 specifies the maximum current avail-
able for the linear motor.
For our study, a B1100VF 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
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Figure A.22: "Regular" slider mounting. Figure from [1].
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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
resistance 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 Zero 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 external 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 presents relative to the horizontal
For our study, this angle equals 0

◦.

– the spring zero 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
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Figure A.24: "Moving slider" layout: the slider moves while the stator is fixed. Figure from
[1].
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Figure A.25: "Moving stator" layout: the stator moves while the slider is fixed. Figure from
[1].

Once all these data are provided to the program, the motion of the linear motor can
be specified. To do so, it is segmented, i.e. it is divided into movement sections called
"segments" (e.g. forward movement, backward movement, standstill). For each segment, the
curve settings and the local load settings are specified:

• the curve settings

– the curve type for the displacement, the velocity and the acceleration: 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 acceleration and deceleration

– the maximum acceleration and maximum deceleration

– 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
come 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 Fext 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

LinMot® Designer 1.5:  Tutorial  5/15 

NTI Ltd. 30.09.08 www.LinMot.com 

Open the “Edit Segment” window for the first segment of the motion (double click on text “1 Sine”). In the “Curve 
Settings” window we specify the 220mm motion for the forward movement (pushing). As we have to consider the 
additional product mass of 700g during pushing (construction and slider mass will be considered automatically). 
  

  
 
 
Define the “Backward” motion 
Add a new segment for the backward stroke and open the “Edit Segment” window (double click on text “Add new 
segment”). In the “Curve Settings” window we specify the -220mm motion for the backward movement. We do not have to 
consider additional mass, as for the backward movement there is now additional payload.  
 

  
 

Payload for pushing: 
700g Product + 500g 
construction weight 

Payload for 
backward stroke: 0g 
Product + 500g 
construction weight 

Figure A.26: Sign convention for the external force: a negative (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 viscous 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 definition of the SS stroke).
The start position is defined relatively to ZP and is thus computed as follows:

start_position = 45 mm− L, (A.1)

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 Fext = −Fmax_statics and a
maximum velocity vmax = 0.9 m/s

2. a backward motion of stroke L with an external force Fext = −Fmax_statics and a
maximum velocity vmax = 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 each
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_statics 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_statics (0 N), at the end
of the displacement. Hence, considering that Fext = −Fmax_statics during all the motion
overestimates the real external force.
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A.3. MiniTec profiles

A.3 MiniTec profiles
The MiniTec company [17] proposes different types of profiles and fastening elements that
can be combined to easily build structures. The MiniTec components used for the test bench
are:

• 45X45 F profiles of different lengths (see Fig. A.27)

• 45 GD-Z angles (see Fig. A.28)

• Power-Lock fasteners (see Fig. A.29)

• screws, square nuts and square nuts with spring metal (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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A.3. MiniTec profiles

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
metal is inserted. Figure from [2].
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A.4. National Instruments platform for measurement and control: detailed
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

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

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).

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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A.5. Detailed description of the connections between the motor
controller, the motor fan and the different power supplies

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.1.

24 VDC logic supply of the linear motor controller
brand SIEMENS
type SITOP modular 5A 1/2phasig

6EP1 333-3BA00
output DC voltage 24V DC ± 1%

direct output current 0− 5 A

power consumption (active power) 140 W

rated input voltage 120V AC / 230V AC − 500V AC, 50/60 Hz

input current at 230 V 1.2 Arms

can be installed on DIN rail yes

Table A.1: 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.

Linear motor  
supply 

Linear motor  
controller 

Logic supply 

Fan supply 

Fan 

L1 

L2 
220VAC 

SB1 SB1 SB2 SB2 
SB3 SB3 

E-Stop 
(normally  
closed) 

C (normally open) 

F1 F1 F2 F2 

24VDC 

72VDC 24VDC 

6,4A 1,2A+0,75A 

1,2A 

0,75A 

L3 L4 

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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A.5. Detailed description of the connections between the motor
controller, the motor fan and the different power supplies

The fuses, the switching breaks, the E-Stop button, the contactor and the fan supply of
the circuit have the following characteristics:

• F1 is a 10AT fuse2 (as suggested by Fig. A.32) under 72V DC but it is able to bear
550V AC and 250V DC. It protects the controller and the linear motor supply.

• F2 is a 2AT fuse (as suggested by Fig. A.32) under 24V DC but it is able to bear
550V AC and 250V DC. It protects the controller and the logic supply.

• SB1 is a switching break whose limit current equals 2A. It is under 220V AC but it is
able to bear 440V AC and 60V DC. It protects the E-stop button, which can bear up
to 3A, and the coil of the contactor C. As the contactor consumes 70V A and is under
220V AC, the current in its coil equals 70V A

220V AC = 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 10A. It is under 220V AC but
it is able to bear 440V AC and 60V DC. 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 10A.

• SB3 is a switching break whose limit current equals 2A. It is under 220V AC but it
is able to bear 440V AC and 60V DC. It protects the logic supply and the fan supply.
The logic supply consumes 1.2A (see Table A.1) 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 lines 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 lines L1
and L2. The chosen contactor is normally open. This means that when the coil is not
(is) put under voltage, the lines L1 and L2 are open (closed).
The E-Stop button is normally closed. This means that when the E-Stop button is not
(is) pressed, the lines L3 and L4 are closed (open).
Hence, when the E-Stop button is pressed, lines L3 and L4 open, thus the coil of the
contactor is no more under voltage, this involves the opening of lines L1 and L2 and
the rest of the circuit is no more put under voltage.
In the lines 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 lines L1 and L2.
This is why a contactor has been combined with the E-Stop. This contactor is under
220V AC (but is able to bear 440V AC) and is able to open a line travelled by a current
of 10A. The E-Stop commands the opening of lines L1 and L2 but in practice, it is the
contactor that opens the lines.

• The fan of the linear motor requires a supply providing 24V DC 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

2The 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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A.5. Detailed description of the connections between the motor
controller, the motor fan and the different power supplies

24VDC fan supply
brand RS
type DR-45 series

282-473
output DC voltage 24V DC ± 1%

rated output current 2 A

output rated power 48 W

input voltage range 85 ∼ 264 VAC or 120 ∼ 370 VDC, 47 ∼ 63 Hz

input typical 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.

Figure A.34: Picture of the limit switches used in the test bench

The limit switches could be installed in series 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 (LS1 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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A.5. Detailed description of the connections between the motor
controller, the motor fan and the different power supplies

Linear motor  
supply 

Linear motor  
controller 

Logic supply 

Fan supply 

Fan 

L1 

L2 
220VAC 

SB1 SB1 SB2 SB2 
SB3 SB3 

E-Stop 
(normally  
closed) 

C (normally open) 

F1 F1 F2 F2 

24VDC 

72VDC 24VDC 

6,4A 1,2A+0,75A 

1,2A 

0,75A 

L3 L4 

shunt 

LS1 LS2 

SB4 

SB4 

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", "contactor" and "limit switch",
respectively.

Figure A.36: Earth connector

The main characteristics of the fuses, the fuse holders, the switching breaks, the limit
switches, the E-Stop button, the earth connectors, the shunt and the contactor are summa-
rized in Tables A.3 and A.4.
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A.5. Detailed description of the connections between the motor
controller, the motor fan and the different power supplies

fuses F1 brand: GE Power Controls
part number: NIT10
current rating: 10A
max. voltage rating ac: 550V
max voltage rating dc: 250V
fuse technology: T; HBC
fuse type: A1

fuses F2 brand: GE Power Controls
part number: NIT2
current rating: 2A
max. voltage rating ac: 550V
max voltage rating dc: 250V
fuse technology: T; HBC
fuse type: A1

fuse holders brand: Cooper Bussmann
part number: CM32FC
current rating: 32A
fuse type: A1
installation on DIN rails: yes

switching breaks SB1 and SB3 brand: ABB
part number: S201D2
current rating: 2A
rated voltage: 440V AC/60V DC
tripping characteristics: type D
number of poles: 1
short circuit capacity: 6kA
installation on DIN rails: yes

switching breaks SB2 brand: ABB
part number: S201D10
current rating: 10A
rated voltage: 440V AC/60V DC
tripping characteristics: type D
number of poles: 1
short circuit capacity: 6kA
installation on DIN rails: yes

switching breaks SB4 brand: ABB
part number: S203D10
current rating: 10A
rated voltage: 440V AC
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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A.6. Sensors

limit switches LS1 and LS2 brand: Patterson
maximum current: 12A
rated voltage: 125 250V AC

E-stop button brand: Telemecanique
part number: XAL-K174F
turn to release
AC current under 240V: 3A
contact configuration: 2N/C

earth connectors brand: RS
part number: 1212.2
installation on DIN rails: yes

shunt brand: ABB
part number: S2C-A2
operating current at 230V AC: 1A
installation on DIN rails: yes

contactor brand: RS
part number: 135-020
contact configuration: 2 NO and 2 NC
coil voltage: 50/60 Hz - 230V
installation on DIN rails: yes

Table A.4: Main characteristics of the limit switches, the E-Stop button, the earth connectors,
the shunt and the contactor

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.

Figure A.37: Electronic circuit of the anti-aliasing filters
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A.6. Sensors

Component Characteristics
A1 instrumentation amplifier

AD620AN
A2 operational amplifier

TLE 2061
C1 decoupling capacitor

C1 = 100 nF
C2 capacitor

C2 = 22 nF
R1 resistor

R1 = 7.15 kΩ

R2 resistor
R2 = 1.21 kΩ

R3 resistor
R3 = 2.05 kΩ

R4 resistor
R4 = 1 kΩ

D1 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 present the EAGLE block diagrams of the anti-aliasing filter described
above. Fig. A.40 and A.41 present 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 (+12 V DC and −12 V DC) used for the instrumentation and
the operational amplifiers of the three filters. This explains why this anti-aliasing 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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A.6. Sensors

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 +12 V DC and −12 V DC voltages. These voltages are
used as supply voltages for the instrumentation and the operational amplifiers.

have been organized around a central set of screw terminals (see Fig. A.43). Each element
is connected to it using shielded cable and the connections between the elements are made
by connecting electric wires between the different screw terminals. The shielded cables are
connected to the plastic boxes thanks to female and male DB connectors.
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A.6. Sensors

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 +12 V DC and −12 V DC 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.

Relative
Pressure 
sensor

Differential
Pressure 
sensor

220 VAC

anti-aliasing 
filter

solenoid 
valve

anti-aliasing 
filter

NI PXI 
platform

24VDC logic 
supply

circuit 
controlling the 
solenoid valve

anti-aliasing 
filter + 

±12VDC 
power supply

dimanche 18 avril 2010Figure 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 terminals. Each element is connected to it using shielded
cable (= grey lines in the figure) and the connections between the elements are made by con-
necting electric wires between the different screw terminals. The boxe noted "anti-aliasing
filter + ±12 V DC power supply" is the third anti-aliasing filter that contains an electronic
component producing +12 V DC and −12 V DC voltages.
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Appendix B

Pneumatic balloon actuators

B.1 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 as can be seen in Fig. B.1.
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, as
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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B.1. Home-made manufacturing methods of the "Pneumatic Balloon
Actuator"

from the mould. Latex sticks quite well to the wood but absolutely not to the polystyrene
part.

part n°2

part n°5

part n°1 part n°3 part n°4

part n°6

samedi 1 mai 2010

Figure B.1: 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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B.1. Home-made manufacturing methods of the "Pneumatic Balloon
Actuator"

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 × 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 [50] 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 present 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 difficult 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 will 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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B.1. Home-made manufacturing methods of the "Pneumatic Balloon
Actuator"

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 polyurethane
(TPU) since TPU exists under the form of films or sheets. Samples of TPU films of different
thicknesses (50 µm, 100 µm and 200 µm) 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.

1
2
3

4

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
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B.1. 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 presents the shape of its
copper tracks. Electrodes are connected to points Z and Z � and all the copper tracks have
the same thickness. Once the weldings are made, the TPU films are cut along the welded
edges and a PBA is obtained.

Z 

Z’ 

A P 

P’ D’ 

F 

F’ 

E 

E’ 

Figure B.6: Drawing of the electronic card used to manufacture PBAs by welding TPU films
to each other. All 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 delicate 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× 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 all these components. Table B.1 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 signals 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 V (24 V) and the solenoid valve sees a potential difference
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of 24 V (0 V) between its terminals 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.
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8 9 10 11 

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

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.
All the fittings are equipped with seals.
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Components of the fluidic circuit
implemented to study the PBAs
Component Description
1) threaded T-fitting brand: Festo

type: NPFB - T - 3G14 - F
pressure ports: G1/4 female + G1/4 female +
G1/4 female

2) double nipple brand: Festo
type: NPFB - D - G18 - G14 - M
pressure ports: G1/4 male + G1/8 male

3) 0− 1 bar relative pressure sensor see Table 3.7
pressure port: G1/4 male

4) and 6) push-in fittings brand: Festo
type: QS - G1/8 - 8
pressure ports: G1/8 male + push-in fitting for tubes
with OD = 8 mm

5) solenoid valve brand: Burkert
type: 2/2-way valve, normally closed / number: 126091
pressure ports: G1/8 female + G1/8 female

7) 0− 10 mbar differential pressure sensor see Table 3.8
pressure ports: Φ 6.6 X 11, for flexible tubes
with ID = 6 mm

8) and 9) multiple distributors brand: Festo
type: QSLV2 - G1/4 - 8
pressure ports: G1/4 male + 2 push-in fittings for tubes
with OD = 8 mm

10) sleeve brand: Festo
type: NPFB - S - 2G14 - F
pressure ports: G1/4 female + G1/4 female

11) PBA pressure port: G1/4 male
12) pneumatic cylinder pressure port: G1/8 female
tubes brand: Festo

type: PUN - 8 - SI - 25 - CB
ID = 5.7 mm and OD = 8 mm

seals 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.1: 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-
nals. 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 V (24 V) and the solenoid valve
sees a potential difference of 24 V (0 V) between its terminals A and B, it is thus supplied
(not supplied) and it opens itself or stays open (it closes itself or stays closed).
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Appendix C

List of Publications

Journal papers

• Aline De Greef, Pierre Lambert and Alain Delchambre. Towards Flexible Medical
Instruments: Review of Flexible Fluidic Actuators. Precision Engineering, 33: 311-
321, October 2009.

• Marie Blondeau, Aline De Greef, Pierre-Alexis Douxchamps, Benjamin Genêt, Marc
Haelterman, Cyrille Lenders, Erwan Leroy, Pascal Nardone, Vincent Raman, Aliénor
Richard and Frédéric Robert. Apprentissage par projet : Réalisation d’une éolienne
urbaine en matériaux de récupération. J3EA, 8, 2009.

Proceedings of conferences

• 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", pp108, 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.

• 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 Genêt, Marc
Haelterman, Cyrille Lenders, Erwan Leroy, Pasquale Nardone, Vincent Raman, Al-
iénor Richard and Frédéric Robert. Apprentissage par projet : Réalisation d’une éoli-
enne urbaine en matériaux de récupération. Proceedings of the "7ème Colloque sur
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l’Enseignement des Technologies et des Sciences de l’Information et des Systèmes -
CETSIS 08", 27-29 October 2008, Brussels, Belgium.

• Patricia Van Dale, Aline De Greef, Cyrille Lenders and Nadine Warzée. Biomedical
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.

• 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 conference,
17-20 November 2009, Suwon, Korea

Miscellaneous

• Aline De Greef. Etude d’un actionneur à 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 à la mesure de force sans capteurs. poster
presentation at 7èmes Journées Nationales de la Recherche en Robotique JNRR’09, 4-6
November 2009, Sologne, France.
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