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Preface
Before starting out with this graduation project I performed a literature study on pneumatically powered
hand prostheses. This literature study is titled “Advances in Pneumatically Powered Hand Prostheses
since 2000” and the paper that I wrote can be found in appendix A. This paper builds upon the inventory
of pneumatically powered hand prostheses by Dick Plettenburg from 2002 [7], called “Pneumatically
Powered Prostheses: An Inventory”. Together these two inventories give an overview of the efforts
that have been made by researchers to develop pneumatically powered hand prostheses ever since
the first design dating back to 1877. Modern advances in the field of pneumatically powered hand
prostheses are making them an ever more attractive option for people in need of a hand prosthesis.
This graduation project is, therefore, focuses on the field of a pneumatically powered hand prostheses.

After five years as a student, the end is now in sight. This thesis details the efforts made during
my graduation research and, therefore, the last step towards my graduation. Throughout my Bachelor,
Honours and Master program I have worked on many projects, each one more fun and challenging than
the last one, however, this graduation project has both been the nicest and most challenging project
of them all. It is a shame that this period in my life is coming to an end, but it is time to take the next step.

I would like to thank Dick Plettenburg for his supervision and invaluable input throughout this whole
project. Furthermore, I would like to thank Jan van Frankenhuyzen for his input on the design of the
prototype and help with realizing it. Moreover, I would like to thank Frans van der Helm for his feedback
on the draft version of this report. I would also like to thank Reinier van Antwerpen for producing the
parts of the prototype and helping with the assembly. Finally, I would like to thank my dad Arie Hoek,
my mom Leonor Arrebola Aranda, my brother Leo Hoek and my girlfriend Alexis Cuevas Landeros for
their support and motivation throughout my whole career. I could not have done this without a single
one of you!

A.L. Hoek
Delft, September 2020
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Abstract
Hand prostheses commonly advertise on three main selling points: strength, speed and lightweight.
Most conventional hand prostheses are only able to combine two of these three attributes. Therefore,
combining all three attributes into a single device can result in a commercially attractive hand prosthesis.
Another interesting point, particularly for pneumatic prostheses, is the usage time, as historically many
have run into problems here and an extended usage timemakes it attractive to the user. The goal of this
graduation research is, therefore, to design a pneumatically powered hand prosthesis, that combines a
high grip strength, a high opening/closing speed and lightweight into a single device, whilst maintaining
a reasonable usage time. A hybrid actuated hand prosthesis is designed that combines a finger design
based upon the Delft Cylinder Hand, with dual-mode actuation. This dual-mode actuation increases
the efficiency of the hand and consist of a COኼ supply with a hydraulic transmission to the fingers. A
final prototype of the dual-mode actuation transmission is fabricated and evaluated. Although there is
room for improvement in the resistance and timing of the system, the hand has a relatively high pinch
force of an estimated 56 N. Furthermore, a grip speed of less than a second makes the hand attractive
to be used. With a mass of only 235 grams, the hand weighs less than most of its competitors and
is comfortable in use. The dual-mode actuation significantly increases the efficiency of the hand and
gives it a usage time of over 400 cycles.
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1
Introduction

In this chapter the topic of this master thesis will be introduced and its goal will be made clear. Section
1.1 will detail the initial research idea and section 1.2 will build on this with a second source of inspiration.
Finally, section 1.3 will describe the goal of this graduation project and provides an overview of the
structure of this report.

1.1. 1919 hand
Initially this graduation project started out with the idea to perform research on the pneumatically actu-
ated “1919 hand” [1], which is shown in figure 1.1, and to see if this prosthesis could be recreated or
used to create a new design for a pneumatically actuated hand prosthesis.

Figure 1.1: Design of an adaptive pneumatically powered hand prosthesis from the year 1919 [1]. The hand features five
pneumatic actuators with built-in return springs, that each actuate one finger through a rod and crank mechanism. The pneumatic
pressure is divided over the actuators evenly, as they are connected to a single air supply, making the hand underactuated.

The 1919 hand consists of five fingers, consisting of two phalange links each, that each have their
own pneumatic actuator. This pneumatic actuator consists of a fixed cylinder in which a piston, that
is kept in place by a compression spring, slides. A rod is attached on one end to an axis that runs

1



2 1. Introduction

throughout the piston, which allows the rod to rotate with respect to the piston, and the other end is
attached to a pulley that is attached to the first link of the finger. Therefore, the pneumatic actuator
acts as a rod and crank mechanism; When the pneumatic actuator is pressurized the piston will slide
outwards, overcoming the force exerted by its return spring, and it will push the rod forward, which in
turn will rotate the pulley around its axis. As the pulley is attached to the finger, the finger will bend
once the pneumatic actuator is pressurized. The movement of the distal link of the finger is coupled
to the movement of the proximal link of the finger through a belt. This belt runs around the pulley
that is connected to the proximal link with its axis in the palm of the hand, and the other pulley that is
connected to the distal link with its axis in the proximal link. Due to this belt and pulley system, the
distal link will bend with respect to the proximal link once the proximal link bends with respect to the
palm of the hand, thus closing the hand. When the pneumatic actuator is depressurized, the built-in
return spring will return the hand to its initial, opened position.

The pneumatic actuators of the hand are all connected to the same pneumatic supply, which means
that the pressure within them is equal. This means that if the hand is closed and for example one finger
hits an object, causing the pressure inside its actuator to rise, the other fingers will keep closing until
they too hit an object or their limit, as the pressure is the same inside them all. This makes this hand
prosthesis adaptive, as it uses a single pneumatic supply to control five fingers that are able to grasp
a wide range of objects, as they are able to adapt to it.

The integrated return springs and the adaptive movement of this hand make it a very attractive hand
prosthesis, especially for its time, as it allows the hand to grasp a wide range of objects and returns the
hand to its initial position passively. However, there are no records of the hand ever actually being built
or tested. Therefore, it is unknown whether the hand works as intended and if the attributes that make
it interesting actually result in an attractive performance. That is why this looked like an interesting topic
for this graduation project, and the goal was set to:

Design a hand prosthesis based upon the blueprints of the “1919 hand”, and fabricate and test
this pneumatically powered hand prosthesis to uncover its performance.

The very first step that was taken was to recreate the exact design of the 1919 hand in SOLID-
WORKS. Figure 1.2 shows an overview of the model that was created. The belt and return spring are
not visible in the model but are added virtually through “mates”. This turned out to be a good step,
because when the actuator was moved, it turned out that only the whole finger bends, and not the links
with respect to each other. When looking into further detail, this makes sense; The first pulley appears
to be rigidly attached to the proximal link, which means that they cannot rotate with respect to each
other. The axis of the other pulley is attached to the proximal link and as this pulley is coupled to the
first pulley by a belt, it will also not be able to rotate with respect to the proximal link. Therefore, the
finger cannot bend at all, it can only be moved downwards by the pneumatic actuator.

Figure 1.2: Recreation of an actuated finger of the 1919 hand prosthesis in SOLIDWORKS. Top left: Cross section of the finger
and actuator. Bottom left: Top view of the finger and actuator. Right: overview of the finger and actuator.
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As it turns out the design of the 1919 hand as shown in figure 1.1 does not work as intended for a
hand prosthesis, and this could be the reason why it was never made or tested.

1.2. Delft Cylinder Hand
As the aforementioned 1919 hand did not turn out to work as intended, the topic of this graduation
project was re-evaluated. Another possible interesting direction could be to redesign the body powered
Delft Cylinder Hand in order to power it pneumatically. The Delft Cylinder Hand [9], as shown in figure
1.3 is a very promising hand prosthesis, as it is very lightweight compared to its competitors, while
simultaneously offering competitive grip forces.

Figure 1.3: Image of the Delft Cylinder Hand [9] without its cosmetic cover and holding a coffee cup.

This topic, however, was deemed to be too specific, as I might be able to come up with other designs
for pneumatically powered hand prostheses, that work even better than when being restrained to the
Delft Cylinder Hand. On the other hand, like the 1919 hand, the Delft Cylinder Hand shows many
promising aspects, and could therefore be used as a source of inspiration.

1.3. Assignment
Hand prostheses commonly advertise on three main selling points, namely:

• Strength How much force the hand can exert on an object. A high grip strength means that a
larger range of objects can be grasped, and more different tasks can be performed using the
prosthetic hand.

• Speed How fast the hand can be opened and closed. If the hand closes or opens too slow, the
user might get annoyed by this delayed response. A high opening and closing speed increases
the interaction between the user and the prosthetic hand.

• Lightweight How low the overall weight of the prosthetic hand is. A lower mass means that less
effort from the user is required when moving the prosthetic hand or the user’s arm.

Most conventional hand prostheses are, however, only able to combine two of these three attributes.
Figure 1.4 shows a Venn diagram of these attributes, including four overlapping areas, and most con-
ventional hand prostheses are located in areas A, B and C.

A These hand prostheses combine strength and speed but are heavy. An example of this are hand
prostheses using conventional pneumatic cylinders. These cylinders are very strong and fast
acting; however, they are bulky and relatively heavy.
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Figure 1.4: Venn diagram of common hand prosthesis selling points.

B These hand prostheses combine speed and lightweight but are weak. An example of this are soft
pneumatic hand prostheses, which are discussed in the literature review in appendix A. These
hands are hollow and made of soft material which inflates when pressurized. The hollow con-
struction and soft materials make these prostheses lightweight and they close fast once pressur-
ized and inflated. However, the soft materials and low allowable pressures severely reduce the
strength of the hand.

C These hand prostheses combine strength and lightweight but are relatively slow. An example
of this are hand prostheses using lightweight electric DC motors. These motors require a large
transmission in order to convert their high angular velocity into a high torque. The big transmission
ratio that is needed to achieve strength, however, severely reduces the speed of the hand.

For a new design of a hand prosthesis it would, therefore, be an interesting selling point to com-
bine all the three aforementioned categories into a single device and thus belong in area D. Another
interesting point, particularly for pneumatic prostheses, is the usage time. Pneumatic prostheses rely
on a gas cartridge to supply the gas needed for actuation, however, only a limited amount of gas can
be brought along. Therefore, the prosthesis needs to be efficient enough to be used for a sufficient
amount of time, without running out of gas. Historically, many pneumatic hand prostheses have run
into problems with usage time and, therefore, this should be taken into account for this new design.
Combining this attribute with the aforementioned attributes in area Dled to the goal for this graduation
project, namely to:

Design a pneumatically powered hand prosthesis, that combines a high grip strength, a
high opening/closing speed and lightweight into a single device, whilst maintaining a

reasonable usage time.

The next chapter will detail exactly which (quantitative) requirements are set for this new design,
indicating what needs to be achieved in order to reach this goal.

Due to the limited time available for this project, this research will focus on the mechanical design
of the hand prosthesis itself, and therefore the control of the hand and the gas supply to the hand were
deemed to be out of scope for this project.

This research was performed under the supervision of Dick Plettenburg and as part of the Delft
Institute of Prosthetics and Orthotics (DIPO) group, which is part of the BioMechanical Engineering
Department of the Faculty of Mechanical, Maritime, and Materials Engineering at the Delft University
of Technology.
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1.3.1. Looking forward
Chapter 2 will describe the requirements that were set on the design of the pneumatically powered hand
prosthesis. Next, chapter 3 will detail the concepts made to fulfill these requirements and the selection
thereof. Chapter 4 builds on the selected concept and details the complete design for the pneumatically
powered hand prosthesis. Hereafter, chapter 5 describes the process of creating a prototype for this
hand prosthesis and the manufacturing thereof. Next, chapter 6 goes in on the tests performed with
this prototype and the results that were obtained with them. Thereafter, chapter 7 discusses the results
that were found and the observations made during the project. Finally, chapter 8 will conclude this
project.





2
Requirements

Before starting to design the pneumatically powered hand prosthesis, the requirements for it need to
be clear. This chapter will, therefore, detail the requirements set for the prosthetic hand and how they
were determined. Even though, the requirements are numbered they are all considered to be equally
important. The definition of the list of requirements was an iterative process as a balance needed to be
found between wishes and reality. Furthermore, it is hard to make an exact list of requirements when
it is not yet known what the prosthesis will look like or how it will work. Therefore, the requirements are
generalized as much as possible. At the end of this report I will reflect back on this list of requirements,
to compare the actual performance to what was required.

The first requirement is on the total mass of the hand prosthesis (excluding the controller or gas supply).
An adult male hand weighs around 400-450 grams [2]. A hand prosthesis, however, should weigh less
than this, as the weight of a human hand is well distributed over the arm, as it is attached with muscles,
tendons and skin, while the weight of the hand prosthesis is concentrated at the socket that connects it
to the residual limb. Kay and Rakic, and Pons et al. [4, 8], therefore, state that a hand prosthesis should
weigh less than 375 grams. This is, however, still quite a lot of weight, and as there are already many
lighter designs for hand prostheses it is also not really a challenge. One of the lightest pneumatically
actuated adult hand prostheses, is the Delft Cylinder Hand that was mentioned earlier [9], which has a
mass of 273 grams. To make it a challenge, the requirement of the mass for the hand prosthesis was
therefore set at a maximum of 250 grams.

Req. 1: Mass. The total mass of the prosthetic hand (excluding control and supply) should not
exceed 250 grams.

The second requirement is on the grip strength of the hand prosthesis. As the grip strength depends
on the position and orientation of the hand, the grip strength was defined for a precision grip using one
finger and is thus measured as the maximum force at the tip of a finger. According to Weir [10], a
maximum precision grip strength of 68 N is needed in everyday life. For a hand prosthesis this a very
high force, and the Delft Cylinder Hand, for example, can only exert 30 N using a precision grip with two
fingers. For the current design of a pneumatically powered hand prosthesis the strength requirement
was set at 60 N, as this is more than enough for most everyday tasks and is much more than current
pneumatic hand prostheses offer.

Req. 2: Grip strength. The maximum grip force at the tip of a finger should be at least 60 N.

The third requirement is on the size of the hand prosthesis. In order to be cosmetically similar to a
real human hand, the hand prosthesis should be able to fit within the contours of a human hand, and
in case a cosmetic glove will be used, slightly smaller even. Human hands come in many shapes and
sizes depending on sex, age, gender, height, and even then, hands still vary in size. It is, therefore,
hard to set one size for a hand prosthesis. Since I will be designing the hand, I therefore chose to use
my own hand as a reference.

7



8 2. Requirements

Req. 3: Size. The prosthetic hand should fit completely inside the contours of an adult male
human hand.

The fourth requirement is on the range of motion of the hand prosthesis. The objects we grasp on a
daily basis come in all kinds of shapes and sizes; they can be as small as a grain of sand, or as large as
a mattress. Furthermore, they can be as light as a feather or as heavy as gym equipment. Preferably
a hand prosthesis would be able to grasp them all, however, this is not realistic as even real human
hands cannot grasp everything. Furthermore, hand prosthesis users frequently use an indirect grip,
where they place the object in their prosthetic hand using their functional limb. For the design of the
hand prosthesis the range of objects that it needs to be able to grasp, was therefore limited to objects
commonly found in an office, such as a pen or a cup, but also a laptop.

Req. 4: Motion. The prosthetic hand should be able to grasp differently shaped and sized
common office objects, using different kinds of grip.

The fifth requirement is on the grip speed (the time it takes to close the hand) of the hand prosthesis.
The speed with which one can open or close a hand depends on many factors, such as age or training.
For a hand prosthesis this depends heavily on the actuators and transmission that are used. A grip
speed that is too slow can be frustrating for a prosthesis user, as he needs to wait for it to move.
According to Peerdeman et al. [6], grip speeds currently range from a half to one second on average.
Therefore, the design for the pneumatically powered hand prosthesis needs to be at least within this
range, but preferably even lower.

Req. 5: Grip speed. The prosthetic hand should be able to switch from the completely opened
to completely closed position in less than one second.

The sixth requirement is on the type of gas that is used for the hand prosthesis. As shown in
the advancement of “Propellant” in my literature study in appendix A. Different kinds of gas have been
used for pneumatic hand prostheses. The oldest one is air, which was used as it is commonly available,
however, due to its low energy density it is not used much anymore. The most commonly used gas for
pneumatic hand prostheses is at the moment carbon dioxide (COኼ), as it has a relatively high energy
density, is non-toxic in reasonable amounts, and COኼ cartridges are commonly available in stores
nowadays. There are also other kinds of gasses being tested with pneumatic prostheses, however, for
the design of the pneumatically powered hand prosthesis COኼ will be used as this is currently the most
available and proven option.

Req. 6: Gas. The gas used for the pneumatic actuation of the prosthesis is carbon dioxide, COኼ.

The seventh requirement is on the pressure of the aforementioned COኼ that is used for the hand
prosthesis. As stated in the advancement of “Pressure” in my literature study in appendix A, many
different pressure levels are used for COኼ in prostheses, and there is not one standard level. In his
work, Doedens [3] shows, however, that using a pressure of 1.2 MPa for the COኼ supply, results in the
highest energy efficiency for the system. Therefore, this is also the pressure level that will be used for
the design of the pneumatically powered hand prosthesis.

Req. 7: COኼ pressure. The pressure of the COኼ supplied to the prosthetic hand should be 1.2
MPa.

The eighth requirement is on the usage time of the hand prosthesis. Hand prostheses are used the
whole day; however, the gas supply slowly depletes with each use. When the gas storage is finished,
it needs to be refilled or replaced, and even though this does not take as long as it did in the past, it
is still inconvenient. Therefore, the amount of times this needs to be done, needs to be minimized. It
would seem reasonable to limit this to moments when the user is already taking a break and would not
be bothered by taking a minute to change or refill the gas storage. Therefore, three times a day seems
reasonable, as most people take breaks for breakfast, lunch and dinner. According to Limehouse
and Farnsworth [5], a person performs on average 1200 grasping cycles a day and therefore a single
cartridge should last at least 400 cycles.
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Req. 8: Usage time. The prosthetic hand should be able perform at least 400 cycles with a
single COኼ cartridge.

The ninth requirement is on the loudness of the hand prosthesis. Pneumatic devices always pro-
duce some level of sound when operating, as the gas creates vibrations when moving through the
components, or when it is expelled. A low level of sound is not a problem as there is always some
amount of ambient noise, but your brain just filters it away. It does become problematic, however,
when the noise becomes too loud, because then it will not be filtered away and when you hear it the
whole day it will become annoying for you and the people around. A quiet office, which most people
experience as a pleasant environment, has a loudness of about 45 dB and, therefore, this seems like
an appropriate upper limit for the loudness of the pneumatically powered hand prosthesis.

Req. 9: Loudness. The loudness of the sound produced by the prosthetic hand should stay
below 45 dB at a distance of one meter.

The tenth requirement is on the appearance of the hand prosthesis. Cosmetics play an important
part in the choice of a prosthesis: The user wants it to look as close to the real thing as possible.
Hand prostheses do not always look like human hands, as there are for example a wide range of hook
prostheses available. The design of the pneumatically powered hand prosthesis, however, should be
close in resemblance to a real hand and thus have four individual fingers and a thumb, connected to
the palm of the hand. The movement of the hand should also be similar to that of a human hand, as
otherwise the hand will still look unnatural.

Req. 10: Cosmetic. The prosthetic hand should consist of four fingers and a thumb, connected
to a hand palm. Furthermore, the prosthetic hand should be similar both in dimensions and
movement to a real human hand.

The eleventh requirement is on the integration of the parts of the hand prosthesis. A pneumatic hand
prosthesis consists of many parts, such as the hand palm, phalanges, actuators, tubing, transmissions,
etc. The pneumatically powered hand prosthesis should be a standalone device and not require many
components to be worn externally (except the controller and gas supply). Therefore, all the components
needed for the hand, need to be integrated within the hand itself, to make it one whole and not individual
components.

Req. 11: Integration. All parts of the prosthetic hand system, except the control unit and the
COኼ supply, should be incorporated within the hand itself.

The twelfth requirement is on the resistance to environmental factors of the hand prosthesis. People
use their hands in all kinds of different environments, including many that are not ideal for prostheses,
such as corrosive environments or environments with small particles, such as sand or dust. Many hand
prostheses are not resistant to such environments and rely on a cosmetic glove to keep particles or
liquids out. The design of the pneumatically powered hand prosthesis should, however, be resistant
to most of the common environments that a person encounters, without needing external protection.
This means that the prosthesis should be water and dust proof, and thus have an IP67 or IP68 rat-
ing, and furthermore, the hand should be resistant to most everyday chemicals, such as alcohol or
hydrocarbons.

Req. 12: Environment. The hand prosthesis should be water and dust proof (IP67/68) and
non-reactive to common chemicals and substances.

The thirteenth requirement is on the durability of the hand prosthesis. When one buys a hand
prosthesis, or any other kind of device, they expect it to keep working well for a long time. However, all
devices with moving parts will at some point need maintenance or repairs to keep working well. This is
generally not a problem, as long as this is not required too often. As hand prostheses are mechanisms
with a lot of small moving parts, these are prone to damage or wear and thus need maintenance
relatively often. Most actively powered hand prostheses, and in particular electrically powered hand
prostheses, cannot even go a month without needing some form of maintenance. This seems like it
would be too often and will bother the user. Therefore, maintenance should only be required a couple
of times a year. For the pneumatically powered hand prosthesis a durability was chosen of at least one
season, so three months, as this seems like enough time to go without being bothered and not too long
to become unrealistic. Three months of usage comes down to around 100,000 cycles.
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Req. 13: Durability. The hand prosthesis should last at least 100,000 cycles without needing
maintenance or repairs.

The fourteenth and final requirement is on the control of the hand prosthesis. Although the control
of the hand prosthesis was deemed to be out of scope for this graduation project, I wanted to make it as
simple as possible for someone making the controller, which could for example be an EMG controller.
Therefore, the pneumatic actuators of the hand prosthesis should be easily controllable, and if possible,
using only one single valve. This means that a control module will only need to control a single valve
to control the whole hand, which prevents that a lot of time and effort are needed to create a controller
for the hand.

Req. 14: Control. The operation of the hand prosthesis should be as simple as possible, prefer-
ably by a single valve.



3
Concepts

To go from a list of requirements to a detailed design, concepts are made first to see which direction is
the most promising one to go for the design. This chapter will detail the generation and selection of the
concepts made based on the requirements from chapter 2. Section 3.1 will describe all the concepts
that were made, section 3.2 will describe the selection procedure of these concepts, section 3.3 will
then describe the concept that was chosen in more detail, and finally section 3.4 will detail the actuation
of this concept.

3.1. Concept generation
There are many different technologies available that can be incorporated into the concept for a pneu-
matically powered hand prosthesis. To narrow down the list of technologies used for generating con-
cepts, the hand was split up into four separate attributes, namely: actuation, finger movement, joints
and return mechanism. For each of the attributes the advantages and disadvantages of different tech-
nologies that could be a solution for this attribute, were listed. By comparing the (dis)advantages of
different technologies with each other, the most attractive one(s) could be chosen for being used for
generating concepts. Tables 3.1, 3.2, 3.3 and 3.4 show the overviews of the technologies and the
(dis)advantages of each one. The most attractive technology for each of the attributes is underlined in
the tables.

Table 3.1: Overview of the advantages and disadvantages of the different possible technologies for the actuation of a concept
for a pneumatically powered hand prosthesis.

Attribute Actuation
Technology Soft Robotics PAM Cylinder
Pros Highly flexible/adaptive Large force Compact

Single part Large force
Cons Low pressure Antagonistic pair needed Rigid

Prone to rupture/tearing Low stroke

Table 3.2: Overview of the advantages and disadvantages of the different possible technologies for the movement of the fingers
of a concept for a pneumatically powered hand prosthesis.

Attribute Finger movement
Technology Underactuated Coupled Individual control
Pros Highly flexible/adaptive Simple control High level of control

Simple control Predefined motion
Force distribution

Cons Unpredictable behavior Sub-optimal grip Very complex
Not adaptive Many parts

11
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Table 3.3: Overview of the advantages and disadvantages of the different possible technologies for the joints of a concept for a
pneumatically powered hand prosthesis.

Attribute Joints
Technology Ball bearing Plain bearing Bending Rolling contact
Pros Low friction Simple No friction No friction

Single part
Cons Large size Moderate friction Elasticity Slip

Wear Fatigue Keep together

Table 3.4: Overview of the advantages and disadvantages of the different possible technologies for the return mechanism of a
concept for a pneumatically powered hand prosthesis.

Attribute Return mechanism
Technology Normally closed Normally opened
Pros Hold object at rest Precise control of grip force

Energy only to hold object
Cons Inverse control of grip force Drop object at rest

Energy to keep open

Using the list of requirements from chapter 2 and the chosen solutions for the attributes of the hand,
a total of 8 concepts were generated. Below each of the concepts it is indicated where the inspiration
came from. Each of the following paragraphs will briefly describe one of the eight concepts and show
a simplified schematic drawing.

Concept 1

Figure 3.1: Simplified schematic drawing of concept 1. This concept is based upon the Delft Cylinder Hand and features two
pneumatic cylinders that are operated by a single COᎴ supply.

This concept is based upon the design of the Delft Cylinder Hand and is shown in figure 3.1. It
consists of two connected four bar mechanism. The first four bar mechanism is fixed on the right side
(shaded), has a pneumatic cylinder as the top link, the bottom link acts as the proximal phalange,
and it shares a link with the second four bar mechanism on the left. The second four bar mechanism
also has a pneumatic cylinder as the top link, the bottom link acts as the medial phalange, and its
left link acts as the distal phalange. When the cylinder in the first four bar mechanism is extended the
proximal phalange will bend downwards and the second four bar mechanism will furthermore be rotated
counterclockwise, resulting in bending of the medial phalange with respect to the proximal phalange,
but not of the distal phalange with respect to the medial phalange. When the cylinder in the second
four bar mechanism is extended, the medial phalange will bend even more, and the distal phalange
will bend with respect to the medial phalange, thus closing the hand. Both of the pneumatic cylinders
are connected to the same gas supply, which means that the pressure within them is the same. This
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makes the cylinders adaptive, as when one cylinder is blocked due to the phalange hitting an object, the
other cylinder will keep moving until it is blocked too. Therefore, this significantly eases the control as
the cylinders do not have to be controlled separately, and furthermore this also distributes the contact
forces more evenly over an object.

Concept 2

Figure 3.2: Simplified schematic drawing of concept 2. This concept is based upon the classic design of an underactuated finger
and a single pneumatic cylinder that is operated by a COᎴ supply.

This concept is based upon the classic design of an underactuated (more degrees of freedom than
actuators) finger and is shown in figure 3.2. Just like concept 1 this concept consists of two adjacent
four bar mechanisms. This concept, however, only features one pneumatic cylinder except of two,
which could decrease the overall gas usage. When the cylinder is extended, the proximal phalange
bends downwards, but at the same time the link that is shared by the two four bar mechanisms rotates
counterclockwise, resulting in both the bending of the medial phalange with respect to the proximal
phalange, as the bending of the distal phalange with respect to the medial phalange. The underac-
tuation of the finger means that even though the finger only has a single actuator, the movement of
the phalanges is not coupled, i.e. their movement is not dependent on the movement of the other
phalanges.

Concept 3

Figure 3.3: Simplified schematic drawing of concept 3. This concept is based upon the 1919 hand and is actuated by a combi-
nation of a single pneumatic cylinder that is operated by a COᎴ supply, and a planetary gear mechanism.

This concept is based upon the 1919 hand. However, the movement problem described in section
1.1 is solved by using a planetary gear mechanism. The concept is shown in figure 3.3. The ring gear
is fixed (shaded), the axes of two of the planet gears are connected to respectively the actuator and
the proximal phalange which acts as the carrier, and the sun gear is connected to the axis of the distal
phalange through a belt transmission. When the actuator extends, it bends the proximal phalange
downwards, but at the same time the planet gears will roll in the ring gear and rotate clockwise. This
causes the sun gear to rotate counterclockwise with a higher angular velocity than the carrier (𝜔ኻ > 𝜔ኼ).
As the sun gear is connected to the axis of the distal phalange with a belt, this means that the distal
phalange will bend with respect to the proximal phalange. Extending the actuator thus causes the hand
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to close, although the bending angle of the two phalanges is coupled.

Concept 4

Figure 3.4: Simplified schematic drawing of concept 4. This concept is based upon the classic design of an underactuated finger
in combination with a pneumatic actuator of the 1919 hand.

This concept is based upon the classic design of an underactuated finger in combination with the
pneumatic actuator of the 1919 hand and is shown in figure 3.4. Like concepts 1 and 2, this concept
consists of two connected four bar mechanisms. However, here the pneumatic actuator as used in
the 1919 hand design is not one of the links, but rather it is connected externally. This means that
the fingers will be less bulky as the cylinder is moved outside of the finger itself. When the actuator
is extended, the right link of the first four bar mechanism is rotated counterclockwise. This not only
causes the whole finger to bend downwards, but it also causes the link that is shared by the two four
bar mechanism to rotate counterclockwise with respect to the proximal phalange. As described in
concept 2, this also causes the medial phalange to bend with respect to the proximal phalange, and
the distal phalange with respect to the medial phalange. Therefore, extending the pneumatic actuator
causes the hand to close.

Concept 5

Figure 3.5: Simplified schematic drawing of concept 5. This concept is based upon the Delft Cylinder Hand and features a single
pneumatic cylinder that is operated by a COᎴ supply.

This concept is based upon the design of the Delft Cylinder Hand and is shown in figure 3.5. This
concept is similar to concept 1, however, in this concept the left link of the second four bar mechanism
is removed and the distal phalange and medial phalanges are rigidly connected, therefore it only has
two bending phalanges instead of three. This reduces both the complexity of the design and the size
of the finger itself. As in concept 1, when the pneumatic cylinder in the first four bar mechanism is
extended, the proximal phalange bends downwards and the shared link rotates counterclockwise with
respect to the proximal phalange. When the second pneumatic cylinder is extended, the medial/distal
phalange link bends even more with respect to the proximal phalange, thus closing the hand.
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Figure 3.6: Simplified schematic drawing of concept 6. This concept is based upon the 1919 hand and features two pneumatic
cylinders that are operated by a single COᎴ supply.

Concept 6
This concept is based upon the 1919 hand and is shown in figure 3.6. However, it uses two pneumatic
actuators per finger instead of a single one. The extra pneumatic cylinder increases the force that
can be exerted at the tip of the finger. The pneumatic actuator that rotates the proximal phalange is
connected in the same way as in the 1919 hand. The other pneumatic actuator, is rigidly attached to
the proximal phalange and rotates the distal phalange with respect to the proximal phalange through a
rod and crank mechanism once the actuator is extended, thus closing the hand.

Concept 7

Figure 3.7: Simplified schematic drawing of concept 7. This concept is based upon the 1919 hand and features two conventional
pneumatic cylinders that are operated by a single COᎴ supply.

This concept is based upon the 1919 hand and is shown in figure 3.7. It is very similar to concept 6.
However, this concept uses two conventional pneumatic cylinders instead of the pneumatic actuators
of the 1919 hand. Conventional cylinders are more commonly available then the ones used in the 1919
hand and furthermore, they can be made more compact as there is no spring inside the cylinder.

Concept 8

Figure 3.8: Simplified schematic drawing of concept 8. This concept is based upon the 1919 hand and features three conventional
pneumatic cylinders that are operated by a single COᎴ supply.

This concept is again based upon the 1919 hand and is shown in figure 3.8. However, it features
three simplified phalanges, instead of two bulky ones. Furthermore, the concept uses three conven-
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tional pneumatic cylinders, one for each phalange, instead of the single one from the 1919 hand. Each
of the pneumatic cylinders causes a link to bend with respect to the previous link. Therefore, extending
all the pneumatic cylinders, causes the hand to close. Using three phalanges instead of two makes
the finger more adaptive to the shape of the object and the addition of an extra pneumatic cylinder
increases the forces that can be exerted on the object.

3.2. Concept selection
To see which of the eight aforementioned concepts shows the most promise, simplified force and mo-
ment balance calculations were performed to estimate and compare the performance of each of the
design. The performance is based upon two factors: the number of grasping cycles on a single gas
cartridge and the maximum force that it is able to exert at the tip of a finger. In order to be able to com-
pare the concepts fairly, the dimension of the fingers and actuators were kept constant for all concepts.
Therefore, the main difference in the calculations of the concepts is the number of actuators and the
layout of the finger.

The MATLAB code that was used to make the performance estimations is shown in appendix B.1.
The number of cycles was estimated by calculating the volume of a cylinder, which is the same in
all designs, and then dividing the total amount of gas in a cartridge (12 milligrams) by the density of
COኼ times the amount of cylinders times the volume of a cylinder. The maximum force at the tip of
a finger was estimated using simple force and moment balance equations based on the layout of the
finger and the forces exerted by the pneumatic actuators, which was kept constant for all concepts.
As the parameters were all estimated, the absolute values of the grasping cycles and tip forces are
not representative. What is interesting, however, is when you compare them for each of the concepts,
because this shows how well they compare with respect to each other. As the absolute values are not
important, the grasping cycles and tip forces were normalized, in order to be able to compare them
easily in the same graph.

Figure 3.9 shows a plot of the maximum tip force and the amount of grasping cycles for each
of the concepts. Concept 3 was discarded beforehand because the friction in the belt transmission,
and the complexity of the planetary gear mechanism already did not make it an attractive solution.
This concept was created in order to show how the 1919 hand could be made to work. The values
of concept 3 were, therefore, set to 0 for the comparison. The graph shows that concepts 1 and 8
perform the best when looking at the maximum tip force. Concepts 2 and 4, however, perform best
when looking at the amount of grasping cycles. Since both of these factors are equally important, the
normalized score of the maximum tip force and the amount of grasping cycles was combined into a
single parameter, as shown in figure 3.10. The figure shows that concept 1 and concept 8 have the
highest overall performance and, therefore, these concepts were chosen to continue with.

Figure 3.9: Bar graph of the normalized force at the tip of a fin-
ger and the normalized amount of grasping cycles with a single
gas cartridge, plotted for each concept.

Figure 3.10: Bar graph of the combined normalized force at the
tip of a finger and the normalized amount of grasping cycles
with a single gas cartridge, plotted for each concept.
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3.3. Concept combination
As both concepts 1 and 8 show promise for the design of a pneumatically powered hand prosthesis,
I tried to combine the two together in order to get the best of both worlds. Furthermore, I also looked
deeper into the design of the inspiration sources of both of the concepts: the Delft Cylinder Hand
and the 1919 hand. After several design iterations, the final concept 9 that was created is as shown in
figure 3.11. The finger consists of three links, corresponding to the metacarpal, proximal phalange, and
a combination of the intermediate and distal phalange. The first link is fixed to the hand, and the other
two are actuated by pneumatic cylinders. The last two links have an L shaped arm at the beginning,
to which the pneumatic cylinder is attached. The L shaped arm makes sure that when the pneumatic
cylinder is extended, it only slightly moves upwards, due to the rotation of the next link. If the L shaped
arm would not be used, but rather a design such as in concept 8, then the link pneumatic cylinder would
move slightly downwards, which would require that there is some spare room between the cylinder and
link to prevent collision. The addition of the L shaped arm means that there is no spare room required
and that the pneumatic cylinder can be placed against the link, saving space. Furthermore, this also
means that the moment arm of the force exerted by the pneumatic cylinder only increases and does
not get smaller, which means that the force exerted at the tip will stay higher. Tension spring are used
to compress the pneumatic actuators when depressurized and return the hand to its opened position.
The left side of the spring is attached to the same axis as the pneumatic cylinder, but the right side is
attached to an axis that is further away from the pneumatic cylinder. This means that when the finger
bends, the spring makes an angle with the pneumatic cylinder, which becomes larger the more the
finger bends. As a result, the increase in spring force gets smaller the more the finger is bent. This is
useful, as it means that less of the force exerted by the pneumatic cylinder goes to waste on overcoming
the spring force, which increases when the fingers are bent, then if the spring would be aligned with
the pneumatic cylinder.

Figure 3.11: Schematic drawing of concept 9 of a finger of the hand prosthesis. The finger consists of three links; The metacarpal
(dark blue), the proximal phalange (medium blue) and the intermediate and distal phalange are combined into one link (light blue).
The finger is actuated with two pneumatic cylinders between the links and is returned to its open state through two return springs
(red).

3.4. Dual-Mode actuation
As could be seen in figure 3.9, the concepts on which the combined concept 9 is based, both performed
very well when looking at the maximum forces on the tip of the finger. The number of grasping cycles,
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however, is relatively low compared to the other concepts. Therefore, I expected that concept 9 as
detailed in section 3.3 would have the same kind of performance. In order to increase the efficiency of
the hand concept, and thus the number of grasping cycles, I looked back at my literature study to see
if there were techniques that I could apply. The technique that seemed promising for this concept is
dual-mode actuation, as described in the advancement “Dual-Mode” in my literature paper in appendix
A.

Dual-mode actuation basically splits up grasping in two phases: the prehension phase, where you
move your hand to the object, but do not touch it yet, and the pinching phase, where you touch the object
and apply a force. The mechanical characteristics of both phases are very different, as the prehension
phase requires a large stroke, but almost no force, and the pinching phase requires a large force, but
almost no stroke. Therefore, using the same actuator for both of the phases would be inefficient, and
using different actuators for both of the phases could increase the efficiency significantly.

I initially came up with two different ways to implement dual-mode actuation in the concept shown in
section 3.3. Concept A is shown in figure 3.12 and consists of pneumatic actuators with integrated dual-
mode actuation, that would be used instead of the conventional pneumatic cylinders in the concept.
The pneumatic actuator consists of a prehension cylinder, a locking mechanism and a pinching cylinder.
The prehension cylinder has a large stroke, but a smaller diameter, as it does not require a large force,
and the pinching cylinder has a low stroke, but a larger diameter, to be able to exert larger forces. The
dual-mode actuator operates as follows; First the prehension cylinder is pressurized and extended.
Next the locking mechanism is pressurized, which causes it to mechanically lock into the teeth on
the prehension cylinder, preventing movement thereof. Finally, the pinching cylinder is pressurized,
exerting a large force between the axes of the actuator. As stated in chapter 2, the control of the hand
should be as easy as possible. Therefore, the control of this pneumatic actuator is done using only
a single pressure regulator. As can be seen on the right side of figure 3.12, this pressure regulator
controls the pressurization of the different phases of the dual-mode action, based upon the supply
pressure.

Figure 3.12: Concept A for a dual-mode actuator for the finger design concept. Each of the two cylinders is divided into two
stages: one with a large stroke and low force, and one with a low stroke and large force. When the pressure regulator is
pressurized, the large stroke cylinder is extended. Next the locking mechanism is activated, preventing movement of the large
stroke cylinder. Finally, the large force cylinder is pressurized.

Concept B is shown in figure 3.13 and incorporates a pneumatic-to-hydraulic dual-mode trans-
mission and the same pressure regulator as shown in the previous concept. The pinching phase is
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performed by pneumatic cylinders with a large diameter, but a small stroke (the eight grey cylinders).
The prehension phase is performed by hydraulic cylinders with a large stroke, but smaller diameter
(the eight blue cylinders). The locking mechanism is added before the prehension cylinders to pre-
vent flow and thus movement of the prehension cylinders once the pinching cylinders are exerting a
force. Initially the idea was to also have the prehension cylinders work pneumatically, however then the
locking mechanism would not work due to the compressibility of gas; When a force would be applied
on the pneumatic prehension cylinders and the locking mechanism would be engaged, the cylinders
would still be able to move backwards by compressing the gas within them. Therefore, the prehension
cylinders work hydraulically, as water is nearly incompressible, meaning that once the locking mech-
anism is engaged, these cylinders cannot move backwards anymore. This did, however, require the
pneumatic-to-hydraulic transmission cylinder, that is shown on the left, that allows the hydraulic pre-
hension cylinders to be actuated using a pneumatic supply. Therefore, the concept works as follows;
First the pneumatic-to-hydraulic transmission cylinder is pressurized, causing water to flow from this
cylinder and the hydraulic prehension cylinders to extend, as water is nearly incompressible. Next, the
locking mechanism is pressurized, which blocks the flow to/from the transmission cylinder, and thus
prevents movement of the hydraulic prehension cylinders. Finally, the pneumatic pinching cylinders
are pressurized, increasing the force exerted by the actuator on the fingers.

Figure 3.13: Concept B for a dual-mode actuation scheme for the finger design concept. Instead of a single cylinder, each finger
joint now has a high force and a large stroke cylinder. The low-pressure output of the pressure regulator goes to a pneumatic-to-
hydraulic transmission, used for the large stroke cylinders. The high-pressure output activates the lockingmechanism, preventing
flow from the large stroke cylinders, and is used for the high force cylinders.

Next, the concepts for the dual-mode actuation of the hand prosthesis concept were compared in
order to see which one shows the most promise. Concept B as shown in figure 3.13, was deemed to
be the most promising one, as it consists of several simple components instead of a more complicated
integrated one and, furthermore, the near incompressibility of water gives the dual-mode operation of
this concept a higher chance of success.

Through several iteration cycles the concept was improved even more, and the concept that was
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eventually generated is concept C that is shown in figure 3.14. Instead of using separate cylinders for
the prehension and pinching phase, the same hydraulic one is used for both. This is again possible
due to the near incompressibility of water and means that less room is needed in the fingers for actua-
tors. This does mean, however, that another pneumatic-to-hydraulic transmission cylinder is needed,
now for the pinching phase. The advantage of this is that a high pressure transmission ratio can be
incorporated, which means that an even higher force can be exerted using the same pneumatic sup-
ply pressure. The pneumatic-to-hydraulic transmission cylinder used for the pinching phase is shown
in the top center of the figure. To conclude, this final concept works as follows; First the high stroke
pneumatic-to-hydraulic transmission cylinder is pressurized, causing water to flow from this cylinder
and the hydraulic cylinders to extend, as water is nearly incompressible. Next, the locking mechanism
is pressurized, which blocks the flow to/from the high stroke transmission cylinder, preventing it to move
back once the water is being pressurized. Finally, the high force pneumatic-to-hydraulic transmission
cylinder is pressurized, causing the water pressure to increase and the hydraulic cylinders to exert a
force.

Figure 3.14: Concept C for a dual-mode actuation scheme for the finger design concept. Each finger joint has a single hydraulic
cylinder. The low-pressure output of the pressure regulator goes to a pneumatic-to-hydraulic transmission with a low-pressure
transmission ratio, used for the prehension phase of the cylinders. The high-pressure output activates the locking mechanism,
preventing flow from the prehension phase transmission, and is used for another pneumatic-to-hydraulic transmission with a
high pressure transmission ratio, used for the pinching phase of the cylinders.
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Design

This chapter will detail how the combination of concept 9 and C, shown previously in chapter 3 was
turned into the final design for a pneumatically powered hand prosthesis. Section 4.1 will detail the
analyses that were performed in order to find the dimensions and estimated performance of the hand.
Next, section 4.2 will go in on the detailed design of the fingers of which the concept was shown in
section 3.3. Hereafter, section 4.3 will describe the design of the transmission used for the dual-mode
actuation, as described in section 3.4. Thereafter, section 4.4 will detail the design of the pressure
regulator that is used to control the hand prosthesis. Next, section 4.5 will describe the design of the
palm base of the hand, to which all other components are attached. Finally, section 4.6 will detail the
complete overall design of the pneumatically powered hand prosthesis.

4.1. Force and dimension analysis.
To determine what the prosthetic hand, or more specifically the fingers and actuators must look like an
analysis was performed using MATLAB. As stated in section 3.2 the important performance factors to
design the fingers of the hand are the maximum force at the tip of a finger, and the number of grasping
cycles. In order to calculate the force at the tip of the finger, the other forces on the finger also must be
calculated. The first step to do this was to simplify the concept of the finger to the schematic drawing
shown in 4.1, consisting of links EAB, FGBC and HICD, and with joints at points B and C. Here 𝛼 is the
angle of link FGBC with respect to link EAB, and 𝛽 is the angle of link HICD with respect to link FGBC.

Figure 4.1: Schematic drawing of the finger prosthesis concept, consisting of three phalanges connected through joints at points
B and C.

In order to calculate the forces on the finger, the equations to calculate them need to be composed.
In order to do this free body diagrams were made for each of the links and, thereafter, the force and
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moment balance equations were derived. The first free body diagram is that of link EAB and is shown
in figure 4.2. This link is fixed at point A; therefore it has two reaction force components and a reaction
moment in this point. In point E, a tension spring and a hydraulic cylinder are attached. Therefore, both
exert a force on this point. As the exact orientation of these forces depends on the bending angle of
the finger, both forces are split up into a horizontal and a vertical component. In point B links EAB and
FGBC are connected through a joint, therefore there are two reaction force components in this point.
The distance between points A and B is called 𝐴𝐵 and the distance between points A and E is called
ℎኻ, as this dimension will also come back another link.

Figure 4.2: Free body diagram of the first finger phalange (AB) including forces and moments. ፅᑔᎳ and ፅᑔᎴ are the force com-
ponents of the hydraulic cylinder, ፅᑤᎳ and ፅᑤᎴ are the force components of the tension spring, ፅᐸᑩ, ፅᐸᑪ and ፌᐸ are the reaction
forces and moment in point A, and ፅᐹᑩ and ፅᐹᑪ are the reaction forces in point B.

Setting up the force balance equation in the horizontal direction resulted in equation 4.1, and in the
vertical direction resulted in equation 4.2. Setting up the moment balance equation for this free body
diagram resulted in equation 4.3.

𝐹ፀ፱ + 𝐹ፂኻ + 𝐹ፒኻ + 𝐹ፁ፱ = 0 (4.1)

𝐹ፀ፲ + 𝐹ፂኼ + 𝐹ፒኼ + 𝐹ፁ፲ = 0 (4.2)

𝑀ፀ + 𝐴𝐵 ∗ 𝐹ፁ፲ = ℎኻ ∗ (𝐹ፂኻ + 𝐹ፒኻ) (4.3)

The second free body diagram is that of link FGBC and is shown in figure 4.3. The hydraulic
cylinders are attached in points F and G respectively, and the tension springs are connected in point G,
therefore a horizontal and vertical component are added for each of these in the corresponding points.
As stated before, point B is where this link is attached to link EAB through a joint, therefore the same
reaction force components are added as in figure 4.2, although in opposite directions. In point C this
link is attached to link HICD through a joint, therefore also here reaction force components are added.
Finally, an external force that is the result of touching an object, is added halfway between points B
and C. The distance between points B and C is called 𝐵𝐶 and the distance between points B and G
is called ℎኼ, as this dimension will also come back another link. The horizontal (𝐹𝑔) and vertical (𝐵𝑔)
distance between points B and F are both equal to ℎኻ.

Setting up the force balance equation in the horizontal direction resulted in equation 4.4, and in the
vertical direction resulted in equation 4.5. Setting up the moment balance equation for this free body
diagram resulted in equation 4.6.
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Figure 4.3: Free body diagram of the second finger phalange (BC) including forces and moments. This phalange is rotated by
an angle ᎎ with respect to the first phalange (AB). ፅᑔᎵ, ፅᑔᎶ, ፅᑔᎷ and ፅᑔᎸ are the force components of the hydraulic cylinders, ፅᑤᎵ,
ፅᑤᎶ, ፅᑤᎷ and ፅᑤᎸ are the force components of the tension springs, ፅᐹᑩ and ፅᐹᑪ are the reaction forces in point B, ፅᐺᑩ and ፅᐺᑪ are
the reaction forces in point C, and ፅᑄ is the contact force of this phalange with an object at the center of the phalange.

𝐹ፂ኿ + 𝐹ፒ኿ + 𝐹ፁ፲ ∗ 𝑠𝑖𝑛(𝛼) + 𝐹ፂ፱ = 𝐹ፂኽ + 𝐹ፒኽ + 𝐹ፁ፱ ∗ 𝑐𝑜𝑠(𝛼) (4.4)

𝐹ፂዀ + 𝐹ፒዀ + 𝐹ፂ፲ + 𝐹ፌ = 𝐹ፂኾ + 𝐹ፒኾ + 𝐹ፁ፱ ∗ 𝑠𝑖𝑛(𝛼) + 𝐹ፁ፲ ∗ 𝑐𝑜𝑠(𝛼) (4.5)

ℎኼ ∗ (𝐹ፂ኿ + 𝐹ፒ኿) = ℎኼ ∗ 𝐹ፒኽ + ℎኻ ∗ (𝐹ፂኽ + 𝐹ፂኾ) + 𝐵𝐶 ∗ 𝐹ፂ፲ +
1
2 ∗ 𝐵𝐶 ∗ 𝐹ፌ (4.6)

The third and final free body diagram is that of link HICD and is shown in figure 4.4. The hydraulic
cylinder is attached in point H and the tension spring is connected in point I, therefore a horizontal and
vertical component are added for each of these in the respective points. As stated before, point c is
where this link is attached to link FGBC through a joint, therefore the same reaction force components
are added as in figure 4.3, although in opposite directions. Finally, in point D the tip force, as a result
of touching an object, is added. The distance between points H and I, and between points C and I are
both equal to ℎኼ. The distance between points C and D is called 𝐶𝐷.

Figure 4.4: Free body diagram of the third finger phalange (CD) including forces and moments. This phalange is rotated by an
angle ᎏ with respect to the second phalange (BC). ፅᑔᎹ and ፅᑔᎺ are the force components of the hydraulic cylinder, ፅᑤᎹ and ፅᑤᎺ
are the force components of the tension spring, ፅᐺᑩ and ፅᐺᑪ are the reaction forces in point C, and ፅᐻᑩ and ፅᐹᑪ is the contact
force of this phalange with an object at the tip of the phalange.

Setting up the force balance equation in the horizontal direction resulted in equation 4.7, and in the
vertical direction resulted in equation 4.8. Setting up the moment balance equation for this free body
diagram resulted in equation 4.9.

𝐹ፂ፲ ∗ 𝑠𝑖𝑛(𝛽) = 𝐹ፂ዁ + 𝐹ፒ዁ + 𝐹ፂ፱ ∗ 𝑐𝑜𝑠(𝛽) (4.7)

𝐹ፃ፲ = 𝐹ፂዂ + 𝐹ፒዂ + 𝐹ፂ፲ ∗ 𝑐𝑜𝑠(𝛽) + 𝐹ፂ፱ ∗ 𝑠𝑖𝑛(𝛽) (4.8)

𝐶𝐷 ∗ 𝐹ፃ፲ + ℎኼ ∗ (𝐹ፂ዁ + 𝐹ፒ዁ + 𝐹ፂዂ) = 0 (4.9)
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As could be seen in the previous figures there are a total of 25 unknown forces and moments in
this system. So far 9 equations have been drawn up, so there are still 16 needed to solve this system.
The rest of the equations will be determined both by the geometry of the system as by mechanical
relationships. The first relationship has to do with the force exerted by the hydraulic cylinders. This
force needs to be equal to the pressure inside the cylinder, 𝑝, times the area of the cylinder, which is
equal to a quarter of 𝜋 times the diameter, 𝑑 , squared. The force exerted by a cylinder was divided
into a horizontal and a vertical component and its magnitude is therefore the square root of the sum of
the squared force components. Combining these two, results in the equations 4.10 and 4.11.

4√𝐹ኼፂኻ + 𝐹ኼፂኼ = 𝑝 ∗ 𝜋 ∗ 𝑑ኼኻ (4.10)

4√𝐹ኼፂ኿ + 𝐹ኼፂዀ = 𝑝 ∗ 𝜋 ∗ 𝑑ኼኼ (4.11)

A similar relationship can be found for the spring forces. This force needs to be equal to the exten-
sion of the spring, Δ , times the spring constant, 𝑘. The force exerted by a spring was divided into a
horizontal and a vertical component and its magnitude is therefore the square root of the sum of the
squared force components. Combining these two, results in the equations 4.12 and 4.13.

√𝐹ኼፒኻ + 𝐹ኼፒኼ = 𝑘 ∗ Δ𝐸𝐺 (4.12)

√𝐹ኼፒ኿ + 𝐹ኼፒዀ = 𝑘 ∗ Δ𝐺𝐼 (4.13)

The following relationships again have to do with the forces exerted by the hydraulic cylinders.
As equilibrium of forces and moments is also valid for the hydraulic cylinders, the forces exerted on
both ends of the cylinder must be equal in magnitude, but opposite in direction. Furthermore, the
direction of the forces is determined by the coordinates of the axes to which the cylinder is connected,
as the forces need to form a line through these points, since a cylinder can only exert a force along
its length. Equations 4.14 and 4.15 make sure that the magnitudes satisfy these conditions for both
cylinders respectively, and equations 4.16, 4.17, 4.18 and 4.19 make sure that the directions satisfy
these conditions for both cylinders respectively.

𝐹ኼፂኻ + 𝐹ኼፂኼ = 𝐹ኼፂኽ + 𝐹ኼፂኾ (4.14)

𝐹ኼፂ኿ + 𝐹ኼፂዀ = 𝐹ኼፂ዁ + 𝐹ኼፂዂ (4.15)

𝐹ፂኼ
𝐹ፂኻ

= Δ𝑦ፄፅ
Δ𝑥ፄፅ

(4.16)

𝐹ፂኽ ∗ 𝑐𝑜𝑠(𝛼) + 𝐹ፂኾ ∗ 𝑠𝑖𝑛(𝛼)
𝐹ፂኾ ∗ 𝑐𝑜𝑠(𝛼) − 𝐹ፂኽ ∗ 𝑠𝑖𝑛(𝛼)

= Δ𝑥ፄፅ
Δ𝑦ፄፅ

(4.17)

𝐹ፂዀ
𝐹ፂ኿

= Δ𝑥ፆፇ ∗ 𝑠𝑖𝑛(𝛼) + Δ𝑦ፆፇ ∗ 𝑐𝑜𝑠(𝛼)
Δ𝑥ፆፇ ∗ 𝑐𝑜𝑠(𝛼) − Δ𝑦ፆፇ ∗ 𝑠𝑖𝑛(𝛼)

(4.18)

𝐹ፂ዁ ∗ 𝑐𝑜𝑠(𝛽) + 𝐹ፂዂ ∗ 𝑠𝑖𝑛(𝛽)
𝐹ፂዂ ∗ 𝑐𝑜𝑠(𝛽) − 𝐹ፂ዁ ∗ 𝑠𝑖𝑛(𝛽)

= Δ𝑥ፆፇ ∗ 𝑐𝑜𝑠(𝛼) − Δ𝑦ፆፇ ∗ 𝑠𝑖𝑛(𝛼)
Δ𝑥ፆፇ ∗ 𝑠𝑖𝑛(𝛼) + Δ𝑦ፆፇ ∗ 𝑐𝑜𝑠(𝛼)

(4.19)

Similar relationships can be found for the forces exerted by the tension springs. As equilibrium
of forces and moments is also valid for the tension springs, the forces exerted on both ends of the
spring must be equal in magnitude, but opposite in direction. Furthermore, the direction of the forces
is determined by the coordinates of the axes to which the spring is connected, as the forces need
to form a line through these points, since a spring can only exert a force along its length. Equations
4.20 and 4.21 make sure that the magnitudes satisfy these conditions for both springs respectively,
and equations 4.22, 4.23, 4.24 and 4.25 make sure that the directions satisfy these conditions for both
springs respectively.



4.1. Force and dimension analysis. 25

𝐹ኼፒኻ + 𝐹ኼፒኼ = 𝐹ኼፒኽ + 𝐹ኼፒኾ (4.20)

𝐹ኼፒ኿ + 𝐹ኼፒዀ = 𝐹ኼፒ዁ + 𝐹ኼፒዂ (4.21)

𝐹ፒኼ
𝐹ፒኻ

= Δ𝑦ፄፆ
Δ𝑥ፄፆ

(4.22)

𝐹ፒኽ ∗ 𝑐𝑜𝑠(𝛼) + 𝐹ፒኾ ∗ 𝑠𝑖𝑛(𝛼)
𝐹ፒኾ ∗ 𝑐𝑜𝑠(𝛼) − 𝐹ፒኽ ∗ 𝑠𝑖𝑛(𝛼)

= Δ𝑥ፄፆ
Δ𝑦ፄፆ

(4.23)

𝐹ፒዀ
𝐹ፒ኿

= Δ𝑥ፆፈ ∗ 𝑠𝑖𝑛(𝛼) + Δ𝑦ፆፈ ∗ 𝑐𝑜𝑠(𝛼)
Δ𝑥ፆፈ ∗ 𝑐𝑜𝑠(𝛼) − Δ𝑦ፆፈ ∗ 𝑠𝑖𝑛(𝛼)

(4.24)

𝐹ፒ዁ ∗ 𝑐𝑜𝑠(𝛽) + 𝐹ፒዂ ∗ 𝑠𝑖𝑛(𝛽)
𝐹ፒዂ ∗ 𝑐𝑜𝑠(𝛽) − 𝐹ፒ዁ ∗ 𝑠𝑖𝑛(𝛽)

= Δ𝑥ፆፈ ∗ 𝑐𝑜𝑠(𝛼) − Δ𝑦ፆፈ ∗ 𝑠𝑖𝑛(𝛼)
Δ𝑥ፆፈ ∗ 𝑠𝑖𝑛(𝛼) + Δ𝑦ፆፈ ∗ 𝑐𝑜𝑠(𝛼)

(4.25)

The above systems of equations were solved usingMATLAB in an iterative process; The dimensions
of the finger and cylinders were based uponmy own finger dimensions, but slightly adjusted each time to
get a better performance. The pressure inside the cylinders was based upon the COኼ supply pressure
of 1.2 MPa and the dual-mode transmission, whose dimensions were also calculated using the same
script. The spring constants were also adjusted iteratively but based upon real available springs. The
system of equations was solved for all possible position of the finger meaning that 𝛼 and 𝛽 both can
range from 0 to 90 degrees. The code that was used to calculate the results of these calculations is
shown in appendix B and consists of the following:

• The function in appendix B.4 was used to determine the coordinates of points A till I during the
bending of the finger.

• The function in appendix B.7 contains the 9 force and moment balance equations.

• The function in appendix B.6 contains the 8 equations relating to the hydraulic cylinders.

• The function in appendix B.5 contains the 8 equations relating to the tension springs

• The function in appendix B.8 is used to solve the whole system of 25 equations.

• Finally, the code in appendix B.3 is the main program that uses all the aforementioned functions
to calculate the performance of the system.

By running the aforementioned scripts andmaking iterative adjustments to optimize the performance
of the pneumatic hand prosthesis, the parameters shown in table 4.1 were found, and these will be used
for the further design of the pneumatically powered hand prosthesis.

Table 4.1: Parameters of the prosthetic hand design found using the MATLAB scripts. HS is used to indicate the high stroke
transmission cylinder and HF to indicate the high force one. The cylinders in the bottom of the table are the hydraulic cylinders
used in the fingers.

𝐴𝐵 45 mm Diameter of HF cylinder at CO2 25 mm
𝐵𝐶 40 mm Diameter of HF cylinder at H2O 14 mm
𝐶𝐷 30 mm Stroke of HF cylinder 1 mm
ℎ1 10 mm Max. pressure in hydraulic cylinder 4.2 MPa
ℎ2 8 mm Diameter of pressure regulator 8 mm
Spring constant 𝑘 0.2 N/mm Stroke of pressure regulator 12 mm
Diameter of HS cylinder at CO2 25 mm Length of pressure regulator spring 23.3 mm
Diameter of HS cylinder at H2O 25 mm Diameter of locking mechanism 10 mm
Stroke of HS 18 mm Stroke locking mechanism 8.2 mm
Diameter large of cylinder 10 mm Diameter of small cylinder 7 mm

Furthermore, the important performance factors, the amount for grasping cycles and the maximum
force at the tip of a finger were calculated. Figure 4.5 shows the results of the forces at the middle link
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and at the tip of the finger for different bending angles of the finger. As can be seen the force exerted by
the middle link ranges from 0 to around 165 Newtons, and that by the tip of the finger ranges from 42 to
a bit more than 60 Newtons. Furthermore, the pneumatically powered hand prosthesis would be able
to perform 456 grasping cycles on a 12 milligram COኼ cartridge. The same calculation was repeated
for the same hand design, but without the dual-mode actuation, to see if this had indeed increased
the efficiency of the hand. This was done using the script in appendix B.2 and resulted in a total of 42
grasping cycles on a 12 milligram COኼ cartridge. The dual-mode actuation, therefore, indeed makes
significant difference in the amount of grasping cycles as it increased the amount of possible cycles by
more than a factor 10.

Figure 4.5: Results of the MATLAB simulation plotted for all bending angles. Left: maximum force exerted on an object by link
FGBC (ፅᑄ). Right: maximum force exerted at the tip of the finger (ፅᐻᑪ).

4.2. Fingers
Using the dimensions shown in table 4.1, a design for the fingers could be made. Here the diameters
of the hydraulic cylinders and the locations of the joints are taken directly from the table. The overall
design of a finger is shown in figure 4.6, and figure 4.7 shows the cross section of the finger, revealing
the internal components.

Figure 4.6: 3D design of the finger of the pneumatically powered hand prosthesis, excluding the tension springs. Top left: top
view of the finger. Bottom left: side view of the finger. Right: overview of the finger in a bent position.

The finger consists of three aluminium links, whose thickness is based upon stress simulations in
SOLIDWORKS, using the forces found in the MATLAB simulation from section 4.1. Here the thickness
was iteratively adjusted until the maximum stress stayed well below the yield strength of aluminium.
The links are connected through stainless steel axes of 2 mm in diameter, that are secured with 1.5 mm
E-clips. As can be seen in figure 4.7, each of the axes passes through a plain bearing, that reduces
friction when the finger is bent. Furthermore, the axes that pass through the joints to which the tension
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springs must be attached stick out the side of the finger, as can be seen in the top of figure 4.6, in
order to be able to attach the springs without them scraping against the cylinders. The E-clips on these
protrusions keep the tension springs in place. The tension springs have a length of 34.8 mm and 31.75
mm respectively, an outer diameter of 3.05 mm, a wire diameter of 0.41 mm and a spring constant of 0.2
N/mm. In order to save weight and production time, the tip of the finger is made from a stainless-steel
tube with an outer diameter of 5 mm and a wall thickness of 0.4 mm. One end of the tube is pressed
inside the distal aluminium link and the other end is covered with a plastic cap.

Figure 4.7: Cross section of the 3D model of the finger design, including an enlarged view of the proximal cylinder.

The shells of the hydraulic cylinders are made from stainless steel and have an internal diameter
of respectively 10 mm and 7 mm, and a wall thickness of 0.4 mm. MATLAB was used to calculate the
minimum wall thickness that was required, to make sure that it is strong enough, and this came down
to 0.06 mm and 0.04 mm respectively. Therefore, the 0.4 mm is more than enough to withstand the
pressure, but it also makes sure that the cylinders do not damage when they accidentally hit something.
The respectively 10 mm and 7 mm in diameter pistons of the cylinders are made from PCTFE, which
has a very low friction coefficient, and feature a floating o-ring that seals of the cylinder. The o-rings are
respectively 8x1 mm and 5x1 mm in size. A floating o-ring has the advantage that it has a much lower
friction coefficient, and it can be used in this design as it is a single acting cylinder, meaning that the
hydraulic pressure pushes it one way, but it is returned through the tension spring forces. The piston
is partially hollowed out, to save weight, and it is threaded on the right where an aluminium coupling
is screwed in. This coupling is attached to the axis of one of the aluminium links. On the other end a
stainless-steel cap is glued on the shell of the cylinder, and it is used to seal the end of the cylinder.
This cap has a protrusion with a plain bearing inside which is attached to the axis of another aluminium
link. Furthermore, the top of the cap is beveled and has a centered hole of 1.5 mm in diameter, to
which a stainless-steel tube is attached. This tube is the hydraulic inlet of the cylinder and water flows
through it to fill the cylinder.

4.3. Transmission
As with the fingers, the design of the dual-mode transmission cylinders is based upon the dimensions
shown in table 4.1.

4.3.1. Stroke cylinder
The design of the high stroke pneumatic-to-hydraulic transmission cylinder, that is used for the pre-
hension phase is shown in figure 4.8. The cylinder consists of a stainless-steel sleeve, with an inner
diameter of 25 mm and a wall thickness of 0.4 mm, and two stainless steel caps that are glued on the
sleeve. The cap on the left seals the hydraulic side of the cylinder and has a 4 mm in diameter centered
hole, which is the inlet for the water. The cap on the right seals the pneumatic side of the cylinder. As
with the hydraulic cylinders in the finger, the top of the cap is beveled and has a centered hole of 1.5
mm in diameter, which is the inlet for COኼ. Furthermore, this cap has a protrusion on the side with a
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4 mm in diameter hole, which allows the cylinder to be attached to a base using an M4 screw. The
25 mm in diameter piston of the high stroke cylinder is again made of PCTFE, however, as this is a
double acting cylinder, a floating o-ring cannot be used here. Therefore, a Turcon® Glyd Ring® sealing
is used. This sealing is basically a normal o-ring with a polymer ring around it. The o-ring provides the
pressure against the wall of the cylinder, which keeps it sealed, and the polymer ring makes sure that
the friction coefficient stays low. The groove for the sealing has a width of 2.2 mm and a diameter of
20.1 mm, as prescribed by the manufacturer. The piston is 8.2 mm wide in total and has a stroke of 18
mm, as was calculated earlier with MATLAB.

Figure 4.8: Overview of the design of the stroke cylinder of the transmission of the hand prosthesis. Left: external overview of
the cylinder. Right: Cross section of the cylinder, showing the internal components.

4.3.2. Force cylinder
The design of the high force pneumatic-to-hydraulic transmission cylinder, that is used for the pinching
phase is shown in figure 4.9. The cylinder consists of three stainless steel parts: the central T-shaped
sleeve and two caps that are glued on. The T-shaped sleeve has a larger inner diameter of 25 mm
and a smaller diameter of 14 mm, as was calculated with MATLAB. The wall thickness of the sleeve
is 0.4 mm and the thickness of the side between the large and small wall is 1 mm. The sleeve has a
hole in the top of 2 mm in diameter that lets air escape when the piston moves, as this would otherwise
be compressed and counter the movement of the piston. The cap on the left seals the hydraulic side
of the cylinder and has a 4 mm in diameter centered hole, which is the inlet for the water. The cap
on the right seals the pneumatic side of the cylinder and is beveled with a centered hole of 1.5 mm in
diameter, which is the inlet for COኼ. Furthermore, this cap has a protrusion on the side with a 4 mm in
diameter hole, which allows the cylinder to be attached to a base using an M4 screw. The T-shaped
piston of the high force cylinder is again made of PCTFE and has two Turcon® Glyd Ring® sealings.
The groove for the large sealing has a width of 2.2 mm and a diameter of 20.1 mm, and for the small
sealing a width of 2.2 mm and a diameter of 9.1 mm, as prescribed by the manufacturer. The large
part of the piston has a width of 5.2 mm and a diameter of 25 mm, and the small part has a width of 6.2
mm and a diameter of 14 mm. Furthermore, the piston has a stroke of 1 mm, as was calculated earlier
with MATLAB.

Figure 4.9: Overview of the design of the force cylinder of the transmission of the hand prosthesis. Left: external overview of
the cylinder. Right: Cross section of the cylinder, showing the internal components.
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4.3.3. Locking mechanism
Through many design iterations and after coming up with many different kinds of locking mechanisms,
the locking mechanism that is schematically shown in figure 4.10 was conceived. It consists of a piston
within a cylinder that has two inlets and two outlets. The locking mechanism is normally opened due to
a compression spring that keeps the piston in place. As can be seen in the top figure, when the locking
mechanism is not engaged, and thus kept open by the spring, water can flow freely from the hydraulic
inlet to the hydraulic outlet. When the locking mechanism is engaged by pressurizing the pneumatic
inlet, the piston slides to the right, thus sealing the hydraulic inlet and preventing the flow of water, as
can be seen in the bottom figure. The pneumatic outlet on the right lets air escape when the piston
moves to the right, as this would otherwise be compressed and hinder the movement of the piston.

Figure 4.10: Schematic overview of the functioning of the locking mechanism of the transmission of the hand prosthesis. The
top figure shows the locking mechanism in its opened state, where water (blue) can flow freely from the inlet to the outlet. The
bottom figure show that when pneumatic pressure (red) is applied on the piston, it slides to the right, thus moving the locking
mechanism to its closed state, where the flow of water is blocked.

Based on this schematic design, a model was made in SOLIDWORKS, which is shown in figure
4.11. The cylinder of the locking mechanism consists of a stainless steel sleeve with two stainless-
steel caps that are glued on, and two connections that are glued on as well. The sleeve has an inner
diameter of 10 mm and a wall thickness of 0.4 mm. Furthermore, it has two holes of 4 mm in diameter
to which the connections are attached, which act as the hydraulic inlet and outlet. The cap on the left
features a 2 mm in diameter hole, that lets air escape and has a protrusion of 2.5 mm in diameter and
5 mm long, that keeps the compression spring in place. The spring has an uncompressed length of 14
mm, an outer diameter of 3.05 mm, a wire diameter of 0.25 mm and a spring constant of 0.2 N/mm,
as was calculated with MATLAB. The cap on the right seals the pneumatic side of the cylinder and is
beveled with a centered hole of 1.5 mm in diameter, which is the inlet for COኼ. The 10 mm in diameter
piston is again made of PCTFE and has three Turcon®Glyd Ring® sealings. The groove for the sealing
has a width of 2.2 mm and a diameter of 5.1 mm. The thinner central part of the piston is 5.1 mm in
diameter as well. Furthermore, the piston has a hole of 5.8 mm in length and 3.1 mm in diameter, that
allows the spring to be placed inside. The piston has an overall length of 28.8 mm and a stroke of 8.2
mm, as was calculated with MATLAB. The shorter end of the slider is 4.2 mm in length, the longer end
is 12.4 mm in length and the thinner central part is 12.2 mm in length.

Figure 4.11: Overview of the design of the locking mechanism of the transmission of the hand prosthesis. Left: external overview
of the locking mechanism. Right: Cross section of the locking mechanism, showing the internal components.
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4.4. Pressure regulator
The pressure regulator is the part of this hand that was the most complicated to design. Through many
design iterations and after coming up with many different ideas for it, the pressure regulator that is
schematically shown in figure 4.12 was conceived. It consists of a piston within a cylinder that has
one inlet and four outlets. The piston of the pressure regulator is kept in place by a pretensioned
compression spring. When the pneumatic supply inlet on the left is pressurized with a low pressure,
the COኼ will flow through the piston and out the first pneumatic outlet, which leads to the stroke cylinder.
When the pressure is increased and the forces of the spring and o-ring friction are overcome, the piston
will slide to the right. It will first pass the pneumatic outlet that leads to the locking mechanism, which
will thus be engaged, and when it slides further it will come to rest against the end of the cylinder
and COኼ will flow through the third pneumatic outlet, which leads to the force cylinder. The outlet on
the right has two functions: it makes sure that the second and third pneumatic outlet stay/return to
atmospheric pressure when they are not being pressurized and it prevents that the movement of the
slider is hindered by the compression of gas in the cylinder.

Figure 4.12: Schematic overview of the functioning of the pressure regulator of the hand prosthesis. The top figure shows the
pressure regulator for low pressures, where the spring (green) is strong enough to prevent movement of the piston (red) as
a result of the pneumatic pressure. Here the gas (blue) flows through the piston to the outlet that leads to the stroke cylinder.
Furthermore, the hole in the cylinder end on the right keeps the outlets of the lockingmechanism and force cylinder at atmospheric
pressure. When the pneumatic pressure is increased, the force on the piston will overcome that of the spring, causing the piston
to slide to the right. The piston will first slide past the outlet that leads to the locking mechanism, thus activating it, as can be
seen in the middle figure. Next it will slide to the outlet that leads to the force cylinder and the piston will come to rest against
the cylinder end, thus letting gas flow to the force cylinder, as can be seen in the bottom figure. When the pneumatic supply
pressure is decreased, the piston will slide back and, thus, the outlets of the locking mechanism and the force cylinder will return
to atmospheric pressure.

Based on this schematic design, a model was made in SOLIDWORKS, which is shown in figure
4.13. The cylinder of the pressure regulator consists of a stainless steel sleeve with two stainless-steel
caps that are glued on. The sleeve has an inner diameter of 8 mm and a wall thickness of 0.4 mm.
Furthermore, it has three 2 mm in diameter holes that act as the outlets to the transmission cylinders.
The cap on the left is beveled with a centered hole of 2 mm in diameter, which is the inlet for the COኼ
supply. The cap on the right has a hole of 2 mm in diameter that lets gas escape. Furthermore, it has
two protrusions of 2.5 mm in diameter and 4.5 mm in length, that keep the two compression springs that
are used in place. Two springs are used to keep the piston aligned within the cylinder. As calculated
with MATLAB, the springs needed to have a compressible length of at least 23.3 mm. However, springs
are not fully compressible as the coils will stack against each other. The length of the fully compressed
spring is called the block length. Therefore, the spring that was found to work has a length of 28.4 mm
and a block length of 4.9 mm, which gives it a compressible length of 23.5 mm. This spring has an
outer diameter of 3.05 mm and a coil diameter of 0.25 mm. Furthermore, it has a pretension of 11.5
mm, as was calculated with MATLAB. The springs have a spring constant of 0.1 N/mm which together
gives them the required 0.2 N/mm. The 8 mm in diameter piston is again made of PCTFE and has three
Turcon® Glyd Ring® sealings. The groove for the sealing has a width of 2.2 mm and a diameter of 3.1
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mm. On the left side the slider has a central hole of 2 mm in diameter and 18 mm long, through which
the COኼ will flow. The piston has a total length of 26.9 mm. Between the second and third sealing there
is a slit in the piston, which allows coኼ to flow from the inside of the piston to the pneumatic outlets in
the cylinder. On the right side of the piston there are two 3.1 mm in diameter holes with a length of 4.9
mm, that allow the springs to sit in them.

Figure 4.13: Overview of the design of the pressure regulator of the hand prosthesis. Left: external overview of the pressure
regulator. Right: Cross section of the pressure regulator, showing the internal components.

4.5. Palm base
All the components that were designed need to be combined into a single hand, therefore they need
to be attached to a common base. Furthermore, the hand does not have a thumb yet, which is an
essential part of the hand. Therefore, a palm base including a thumb needed to be designed, which
would integrate all the components and make the pneumatically powered hand prosthesis into a whole.
The final design is shown in figure 4.14.

The palm itself is made of aluminium and consists of three parts, as this makes fabrication easier
and cheaper. The parts are attached to each other using screws and the four fingers are attached using
four M6 screws. The fingers are placed at different distances from the wrist, to mimic a real human
hand, even though the same fingers are used. On top of the palm, four connectors are attached with
screws that allow the cylinders of the locking mechanism and the pressure regulator to be attached with
two connectors each. The stroke cylinder and the force cylinder are each attached with an M4 screw,
with the protrusions in them that were made especially for it. The thumb is made of a stainless-steel
tube with an outer diameter of 8 mm and a wall thickness of 1 mm. As with the fingertips, a plastic
cap covers the tip of the thumb. The other side of the thumb is fixed into an aluminium part with a set
screw, and this part is attached to the palm using a hinge, which allows the position of the thumb to be
adjusted. At the back of the palm there is an M8 threaded hole with a depth of 10 mm, which allows
the hand prosthesis to be attached to a wrist or arm.

Figure 4.14: Three different views of the palm base, including the thumb, of the design of the hand prosthesis. Each of the four
fingers is attached with one of the four M6 screws at the front of the palm. On top of the palm, the connectors for the transmission
cylinders and pressure regulator are visible.
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4.6. Complete hand design
Now that all the parts have been designed, they can be combined into a single pneumatically powered
hand prosthesis. Figure 4.15 shows an overview of the complete design of the hand prosthesis includ-
ing the fingers, transmission, pressure regulator, thumb, palm and connection elements. The outlets
of the pressure regulator are connected to the transmission cylinder inlets using stainless steel tubes
that are attached with glue. The only things missing in this design overview are the tension springs and
the tubing.

Figure 4.15: Three different views of the complete design of the pneumatically powered hand prosthesis, excluding the tension
springs on the fingers and the pneumatic tubing.
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Prototype

To see how well the design detailed in chapter 4 actually works and if its performance is similar to the
MATLAB simulations, a prototype will be created that can be tested. This chapter will detail the design
stages of the various prototypes and fabrication of the final prototype. Section 5.1 will detail the design
of the first two prototypes, section 5.2 will describe the third prototype, section 5.3 will detail the design
for the final prototype and, finally, section 5.4 will detail the fabrication and assembly of that prototype.

5.1. Prototype design V1 & V2
The first two versions for the prototypes are very similar to the design shown in chapter 4. However,
changes are made to improve the functionality, difficulty of fabrication and ease of testing. Further-
more, it is not needed to build the whole pneumatically powered hand prosthesis in order to prove its
functionality. The first version, therefore, consists only of the transmission, pressure regulator and a
finger. In order to save a lot of production time, version two excludes the finger and will use an existing
finger of the Delft Cylinder Hand which is similar and would be enough to prove the functioning of the
prototype. The other main differences between the prototypes and the design in chapter 4 are:

• Standard Parker Legris fittings (3281 03 09) are used for connecting the tubing to the cylinders.
This makes it easier to use standard tubes and to (dis)connect tubing whenever needed.

• Instead of gluing the caps on both ends of the cylinders, one end is glued, and the other end is
screwed on. This means that the cylinders can be opened whenever needed and offers access
to the pistons in case that this is needed.

• Standard sizes are used for the stainless-steel cylinder sleeves, which means that they can be
bought instead of needing to be fabricated.

• Regular o-rings are used instead of the Turcon® Glyd Ring® sealings, as regular o-rings have
been proven to work and are easy to mount on a piston, contrary to the polymer rings.

• The holes in the locking mechanism and pressure regulator along which o-rings slide are adapted
to prevent the o-rings from being damaged by the hole edges.

• The protrusions in the locking mechanism and pressure regulator caps, that are used to keep
the compression springs in place, are replaced with set screws, as the caps would be hard to
fabricate with the protrusions.

Figure 5.1 shows the designs of these first two versions of the prototype. The difference between
both versions is that the second version excludes the finger and uses aluminium for some parts instead
of stainless-steel to save weight and allow easier fabrication. The following subsections will each de-
scribe the specific changes that were made in the second prototype for the designs of the components
with respect to the original design from chapter 4.

33
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Figure 5.1: Overview of the design of the first two versions of the prototype for the pneumatic hand prosthesis. Left: first version
of the prototype, consisting of the transmission cylinders, pressure regulator, a finger and tube couplings. Right: second version
of the prototype, consisting of the transmission cylinders, pressure regulator and tube couplings.

5.1.1. Stroke cylinder
The design for a prototype of the high stroke pneumatic-to-hydraulic transmission cylinder is shown in
figure 5.2. Here the stainless-steel sleeve is made according to a commercial pipe size. The sleeve
has an outer diameter of 28 mm and a wall thickness of 1.5 mm.

The right cap that seals the pneumatic side of the cylinder is still glued on, however, it is made
thicker in order to allow a Parker Legris fitting with a 3 mm long M3 thread to be screwed into the
beveled surface of the cap. Furthermore, it is made out of aluminium instead of stainless-steel.

The left cap is also made of aluminium and is divided into two parts in order to be able to open it.
The outer part is glued to the cylinder sleeve and has an internal M30 thread.

The internal part has an external M30 thread, which allows it to be screwed into the outer part. This
way the hydraulic part of the cylinder can be sealed, however, it is still possible to access the piston
and to take it out if needed. The internal part, furthermore, has a centered M3 tapped hole in which
another Parker Legris fitting can be screwed. Moreover, the internal part has two recesses that make
it easier to clamp it and unscrew it.

Finally, the piston features an 21x2 mm o-ring set in a groove with a width of 2.7 mm and a diameter
of 21.7 mm.

Figure 5.2: Cross section of the second prototype for the stroke cylinder of the transmission of the prosthetic hand.
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5.1.2. Force cylinder
The design for a prototype of the high force pneumatic-to-hydraulic transmission cylinder is shown in
figure 5.3. The right cap that seals the pneumatic side of the cylinder is now made of aluminium and
thicker in order to allow a Parker Legris fitting with a 3 mm long M3 thread to be screwed into the
beveled surface of the cap.

The outer aluminium part of the cylinder is glued on the right cap and has an internal M30 thread,
that allows the left cap to be screwed into it.

The left cap that seals the hydraulic side of the cylinder is made T-shaped and out of aluminium. On
the thicker side it has an external M30 thread, which allows it to be screwed into the outer aluminium
part, and on the thinner side it has a centered M3 tapped hole in which another Parker Legris fitting
can be screwed. Furthermore, this part features the 2 mm vent hole.

The thin side of the piston is now 12.9 mm long, in order to compensate for the thickness of the
hydraulic end cap. The piston, furthermore, features an 21x2 mm o-ring set in a groove with a width of
2.7 mm and a diameter of 21.7 mm, and a 10x2 mm o-ring set in a groove with a width of 2.7 mm and
a diameter of 10.7 mm

Figure 5.3: Cross section of the second prototype for the force cylinder of the transmission of the prosthetic hand.

5.1.3. Locking mechanism
The design for a prototype of the locking mechanism is shown in figure 5.4. Here the stainless-steel
sleeve is made according to a commercial pipe size. The sleeve has an outer diameter of 12 mm and
a wall thickness of 1 mm.

The right cap that seals the pneumatic side of the cylinder is now made of aluminium and thicker in
order to allow a Parker Legris fitting with a 3 mm long M3 thread to be screwed into the beveled surface
of the cap.

The connections, which act as the hydraulic inlet and outlet, have an internal M3 thread, which
allows Parker Legris fittings to be screwed in. Furthermore, the drill hole on the right in the sleeve is
internally chamfered to prevent damage to the o-rings.

The hydraulic end cap on the left is made of two aluminium parts. The outer part is glued on the
stainless-steel sleeve and has an internal M14 thread.

The inner part has an external M14 thread, which allows it to be screwed into the outer part. This
way the hydraulic part of the cylinder can be sealed, however, it is still possible to access the piston
and to take it out if needed. The internal part, furthermore, has a centered M2.5 tapped hole in which
the M2.5x10 mm set screw can be screwed, that is used to keep the compression spring in place.
Moreover, the internal part features the 2 mm vent hole.

The sealings of the piston have been replaced for three 7x1.5 mm o-rings that are set in grooves
that have a width of 2 mm and a diameter of 7.5 mm.
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Figure 5.4: Cross section of the second prototype for the locking mechanism of the transmission of the prosthetic hand.

5.1.4. Pressure regulator
The design for a prototype of the pressure regulator is shown in figure 5.5. Here the stainless-steel
sleeve is made according to a commercial pipe size. The sleeve has an outer diameter of 9 mm and a
wall thickness of 0.5 mm.

The right cap that seals the pneumatic inlet side of the cylinder is now made of aluminium and
thicker in order to allow a Parker Legris fitting with a 3 mm long M3 thread to be screwed into the
beveled surface of the cap.

The three connections, which act as the outlets to the duel-mode transmission cylinders, have an
internal M3 thread, which allows Parker Legris fittings to be screwed in. Each of the holes in the
stainless-steel sleeve that leads to one of the aforementioned outlets has now been replaced by 5
holes with a diameter of 0.3 mm in a plus shaped pattern. The face of the o-ring that slides past the
holes has a width of 0.38 mm and, therefore, choosing the holes smaller than this prevents the o-rings
from being damaged.

The end cap on the left is made of two aluminium parts. The outer part is glued on the stainless-steel
sleeve and has an internal M10 thread.

The inner part has an external M10 thread, which allows it to be screwed into the outer part. This
way this part of the cylinder can be sealed, however, it is still possible to access the piston and to take
it out if needed. The internal part, furthermore, has a two M2.5 tapped holes in which the M2.5x8 mm
set screws can be screwed, that are used to keep the compression springs in place. Moreover, the
internal part features the 2 mm vent hole.

The sealings of the piston have been replaced for three 5x1.5 mm o-rings that are set in grooves
that have a width of 2 mm and a diameter of 5.5 mm.

Figure 5.5: Cross section of the second prototype for the pressure regulator of the prosthetic hand.

5.2. Prototype design V3
Based upon the design of the second version of the prototype and many brainstorm sessions with other
technicians, changes were made to the prototype in order to further improve the functionality, difficulty
of fabrication and ease of testing. An overview of the design of the third version of the prototype is
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shown in figure 5.6.

Figure 5.6: Overview of the third design for a prototype for the pneumatic hand prosthesis, consisting of the transmission cylin-
ders, pressure regulator and tube couplings.

The main differences between the third version and second version of the prototype are:

• The length of the piston of the high stroke pneumatic-to-hydraulic transmission cylinder is in-
creased in order to prevent blocking due to the piston tilting and getting stuck in the cylinder.

• The diameter of the pistons is decreased with 0.2 mm in order to leave a required clearance
between the piston and the cylinder.

• The cylinder ends into which the pistons are inserted are internally chamfered under a 15-degree
angle, which allows the o-rings to be gradually compressed when the pistons are inserted. This
not only makes facilitates insertion, but it also prevents damage to the o-rings when inserted.

• Instead of sealing the cylinder ends using screwed in caps, the ends are plugged with a cap with
an o-ring that is pressed inside the cylinder. This does not only make fabrication a lot easier and
faster, but it also facilitates opening or closing the cylinders.

• The stroke of the high force pneumatic-to-hydraulic transmission cylinder is increased in order to
prevent it from not working due to the elasticity of other parts in the system. This cylinder has
a very short stroke but produces a high pressure, therefore, if another part in the system would
deform due to the pressure, the stroke will be lost in compensating for this deformation instead
of moving the fingers.

• Instead of using a chamfered hole for the hole along which an o-ring slides in the locking mech-
anism, the cylinder sleeve is cut and chamfered under a 15-degree angle at this location. A ring
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with an outlet hole is placed around this cut to connect the two parts of the cylinder sleeve to-
gether. This solution prevents damage to the o-ring but still allows water to flow freely to the
hydraulic outlet of the locking mechanism.

• The pressure regulator uses a single compression spring instead of two, as this is much easier
to fabricate and does not suffer from alignment issues when compressed.

• Drain holes are added to the pneumatic-to-hydraulic transmission cylinders in order to facilitate
the filling of the system with water.

• The end caps are kept in place using a cage construction using M3 screws. This keeps the
cylinders together even under high pressure and is easy to (dis)assemble.

The following subsections will each describe the specific changes that were made in the third pro-
totype for the designs of the components with respect to the second prototype from section 5.1.

5.2.1. Stroke cylinder
The design for the third prototype of the high stroke pneumatic-to-hydraulic transmission cylinder is
shown in figure 5.7. The stainless-steel sleeve has a 15-degree chamfer on the left side, where the
piston is inserted through.

The hydraulic end cap on the left now is designed like a plug. Therefore, it has a part with a smaller
diameter of 24.8 mm that slides into the cylinder sleeve, with an o-ring to seal the cylinder. The o-ring
is the same one as used in the piston and is a 21x2 mm o-ring set in a groove with a width of 2.7 mm
and a diameter of 21.7 mm. Furthermore, a drain hole is added to the hydraulic end cap. Herefore, an
M3 tapped hole is made into the end cap which allows water to flow through it when it is not sealed. At
the end of this hole a 1.3 mm deep and 6.4 mm in diameter hole is made into which a 3x1.5 mm o-ring
is placed. This o-ring together with the M3x8 mm screw seals the drain hole when it is not used.

The length of the piston was increased and is now 18.2 mm, and therefore two o-rings are used on
the piston instead of a single one. Furthermore, the diameter of the piston was decreased to 24.8 mm
to leave a clearance between it and the cylinder wall.

Two laser cut brackets, one at each end of the cylinder, are clamped together using four M3 screws
and make sure that the hydraulic end cap plug remains in place even when the cylinder is pressurized.

Figure 5.7: Cross section of the third prototype for the stroke cylinder of the transmission of the prosthetic hand.

5.2.2. Force cylinder
The design for the third prototype of the high force pneumatic-to-hydraulic transmission cylinder is
shown in figure 5.8. The cylinder now consists of two aluminium parts: the pneumatic end cap and the
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hydraulic end cap. The hydraulic end cap on the left now is designed like a plug. Therefore, it has a
part with a smaller diameter of 24.8 mm that slides into the pneumatic end cap, with an o-ring to seal
the cylinder. The o-ring is the same one as used in the piston and is a 21x2 mm o-ring set in a groove
with a width of 2.7 mm and a diameter of 21.7 mm. Furthermore, the internal 14 mm in diameter hole of
this cap has an internal chamfer of 15-degrees on the right side, where the piston is inserted through.
Moreover, a drain hole is added to the hydraulic end cap. Herefore, an M2 tapped hole is made into
the end cap which allows water to flow through it when it is not sealed. At the end of this hole a 1.3 mm
deep and 5.4 mm in diameter hole is made into which a 2x1.5 mm o-ring is placed. This o-ring together
with the M2x4 mm screw seals the drain hole when it is not used.

The pneumatic end cap has a 15-degree chamfer on the left side, where the piston is inserted
through. Furthermore, it has a 1 mm in diameter vent hole on the top, that lets air flow when the piston
moves, and prevents the movement of the piston from being hindered by the compression of air.

The length of the thin side of the piston was increased to 22.9 mm in order to compensate for the
increased internal length of the hydraulic end cap. Furthermore, the large diameter of the piston was
decreased to 24.8 mm and the small diameter to 13.8 mm, in order to leave a clearance between it and
the cylinder wall.

Two laser cut brackets, one at each end of the cylinder, are clamped together using four M3 screws
and make sure that the hydraulic end cap plug remains in place even when the cylinder is pressurized.

Figure 5.8: Cross section of the third prototype for the force cylinder of the transmission of the prosthetic hand.

5.2.3. Locking mechanism
The design for the third prototype of the locking mechanism is shown in figure 5.9. The stainless-
steel cylinder sleeve is now divided into two pieces: one before the hydraulic outlet and one after the
hydraulic outlet. Furthermore, the sleeve has 15-degree chamfers on the left side, where the piston is
inserted through, and around the hydraulic outlet.

Two aluminium connection rings, both with M3 tapped holes for the Parker Legris fittings for the
hydraulic inlet and outlet, are glued around the cylinder sleeve. The thinner one is placed around the
left 3 mm in diameter hole in the cylinder sleeve and the thicker one connects both parts of the sleeve
together to form the hydraulic outlet. Furthermore, the thinner ring has three M3 tapped holes in its
side, spaced at 120 degrees angles, which will allow the pneumatic end cap to be screwed on.

The diameter of the pneumatic end cap has been increased, which allows three 3 mm in diameter
holes to be drilled in, spaced at 120 degrees angles. Three M3x20 mm screws are placed through
these holes, and they screw into the thinner connection ring. This makes sure that the pneumatic end
cap is securely attached.

The diameter of the piston was decreased to 9.8 mm, in order to leave a clearance between it and
the cylinder wall.
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Figure 5.9: Cross section of the third prototype for locking mechanism of the transmission of the prosthetic hand.

5.2.4. Pressure regulator
The design for the third prototype of the pressure regulator is shown in figure 5.10. The five 0.3 mm
in diameter holes that were drilled into the stainless-steel cylinder sleeve at a plus shape pattern are
now replace by three 0.3 mm in diameter holes next to each other along the radius of the sleeve.
Furthermore, the sleeve has a 15-degree chamfer on the left side, where the piston is inserted through.

Three aluminium connection rings, all with M3 tapped holes for the Parker Legris fittings for the
pneumatic outlets, are glued around the cylinder sleeve. All are place around the 0.3 mm in diameter
holes in the cylinder sleeve. Furthermore, the left ring has three M3 tapped holes in its side, spaced at
120 degrees angles, which will allow the left end cap to be screwed on.

The diameter of the left end cap has been increased, which allows three 3 mm in diameter holes to
be drilled in, spaced at 120 degrees angles. Three M3x20 mm screws are placed through these holes,
and they screw into the left connection ring. This makes sure that the left end cap is securely attached.
Furthermore, instead of two M2.5 tapped holes, the left end cap now only has one M2 tapped hole in
which an M2x12 mm set screw is placed, that keeps the compression spring in place. Instead of two
parallel compression springs with spring constants of 0.1 N/mm, now a single compression spring with
a spring constant of 0.2 N/mm is used.

The diameter of the piston was decreased to 7.8 mm, in order to leave a clearance between it and
the cylinder wall. Furthermore, the two 3.1 mm in diameter holes for the springs to fit in were replaced
by a single 3.1 mm in diameter hole, as only one spring is used now.

Figure 5.10: Cross section of the third prototype for the pressure regulator of the prosthetic hand.
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5.3. Prototype design V4
Based upon the design of the third version of the prototype and many brainstorm sessions with other
technicians, changes were made to the prototype in order to further improve the functionality, difficulty
of fabrication and ease of testing. An overview of the design of the fourth and final version of the
prototype is shown in figure 5.11.

Figure 5.11: Two different views of the fourth design for a prototype for the pneumatic hand prosthesis, consisting of the trans-
mission cylinders and pressure regulator.

The main differences between the fourth version and third version of the prototype are:

• Instead of placing Parker Legris fittings on beveled edges on the caps of the cylinders, these are
placed in the center of the caps. This makes them much easier to fabricate

• The o-rings in the pressure regulator were replaced with 4x2 mm o-rings, meaning that the holes
along which they slide can be single 0.5 mm in diameter holes instead of three 0.3 mm in diameter
holes.

• The pistons are made out of aluminium instead of PCTFE. This will make them much easier to
fabricate and as the o-rings slide past the cylinder, and not the piston itself, it will not have an
effect on the friction coefficient.

• The drilled holes in the pistons are now real drilled holes and not flat ended ones.

• The detachable caps of the locking mechanism and pressure regulator now have protrusions
sticking into the cylinder sleeves, which helps them stay aligned.

• The gas channels in the pressure regulator piston were redesigned in order to be symmetric and
thus not needing to be aligned.

The following subsections will each describe the specific changes that were made in the fourth
prototype for the designs of the components with respect to the third prototype from section 5.2. The
technical drawings with the dimensions of all the parts used in this prototype can be found in appendix
C. Furthermore, appendix D shows the drawings for the brackets that are laser cut.

5.3.1. Stroke cylinder
The design for the fourth and final prototype of the high stroke pneumatic-to-hydraulic transmission
cylinder is shown in figure 5.12. Here the piston is made of aluminium instead of PCTFE. Furthermore,
the pneumatic end cap on the right now has a centrally tapped M3 hole, which allows a Parker Legris
fitting with a 3 mm long M3 thread to be screwed in. To allow the fitting to pass through the right bracket
that keeps the cylinder together, a 6 mm diameter hole is made in its center.



42 5. Prototype

Figure 5.12: Cross section of the fourth prototype for the stroke cylinder of the transmission of the prosthetic hand.

5.3.2. Force cylinder
The design for the fourth and final prototype of the high force pneumatic-to-hydraulic transmission
cylinder is shown in figure 5.13. Here the piston is made of aluminium instead of PCTFE. Furthermore,
the end cap on the right now has a centrally tapped M3 hole, which allows a Parker Legris fitting with a
3 mm long M3 thread to be screwed in. To allow the fitting to pass through the right bracket that keeps
the cylinder together, a 6 mm diameter hole is made in its center.

Figure 5.13: Cross section of the fourth prototype for the force cylinder of the transmission of the prosthetic hand.

5.3.3. Locking mechanism
The design for the fourth and final prototype of locking mechanism is shown in figure 5.14. Here the
piston is made of aluminium instead of PCTFE and the hole for the spring to fit in is now drilled with a
3.2 mm drill bit to a depth of 5.8 mm. Furthermore, the end cap on the right now has a centrally tapped
M3 hole, which allows a Parker Legris fitting with a 3 mm long M3 thread to be screwed in. The end
cap on the left now has a 2 mm long protrusion with a diameter of 9.8 mm that sticks inside the cylinder
sleeve and keeps it aligned. The centrally tapped M2.5 hole in this cap has been changed for a M2
hole, to allow an M2x12 set screw to be used.

Figure 5.14: Cross section of the fourth prototype for the locking mechanism of the transmission of the prosthetic hand.
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5.3.4. Pressure regulator
The design for the fourth and final prototype of pressure regulator is shown in figure 5.15. Here the
piston is made of aluminium instead of PCTFE and the hole for the spring to fit in is now drilled in with
a 3.8 mm drill bit to a depth of 8.4 mm. The three o-rings of the piston have been replaced by 4x2 mm
o-rings placed in grooves with a width of 2.7 mm and a diameter of 4.7 mm. The central hole which
allows gas to flow through the piston is drilled in with a 2 mm drill bit to a depth of 18 mm. At the end
hereof, the diameter of the cylinder is reduced to 6 mm, and it is drilled through twice perpendicularly,
using a 1.5 mm drill bit. This allows gas to flow from the central 2 mm canal, through the four 1.5 mm
holes and into the groove with a width of 2 mm and a diameter of 6 mm. When this groove moves past
one of the outlets, COኼ will therefore flow from the supply inlet to this outlet.

The three side-by-side 0.3 mm in diameter holes in the stainless-steel cylinder sleeve have now
been replaced by a single 0.5 mm in diameter hole. Furthermore, the end cap on the right now has a
centrally tapped M3 hole, which allows a Parker Legris fitting with a 3 mm long M3 thread to be screwed
in. Moreover, the end cap on the left now has a 2 mm long protrusion with a diameter of 7.8 mm that
sticks inside the cylinder sleeve and keeps it aligned.

Figure 5.15: Cross section of the fourth prototype for the pressure regulator of the prosthetic hand.

5.4. Final Prototype
Using the technical drawings in appendices C and D, all the parts for the final prototype from section 5.3
were fabricated in the workshop of the 3mE faculty of the Delft University of Technology, with the help of
Reinier van Antwerpen. Pictures of all the manufactured parts, with the names corresponding to those
in the technical drawings, are available in appendix E. Furthermore, table 5.1 shows an overview of all
the standard components that are used to make the prototype. The glue used to glue the components
together is Loctite 638 and the o-rings are lubricated using Rocol Kilopoise. The picture in figure 5.16
shows an overview of the completely manufactured and assembled prototype, consisting of the high
stroke cylinder, high force cylinder, locking mechanism and the pressure regulator.
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Table 5.1: Inventory of the standard components used in the prototype for the pneumatically powered hand prosthesis.

Category Type Size Min. Qty

O-rings

10 x 2 mm 1
21 x 2 mm 5
4 x 2 mm 3
2 x 1.5 mm 1
3 x 1.5 mm 1
7 x 1.5 mm 3

Legris 3281 03 09 M3 11
3204 03 00 M3 2

Screws

M3 x 40 mm 4
M2 x 4 mm 1
M3 x 60 mm 4
M3 x 8 mm 1
M3 x 20 mm 6

Set screw M2 x 12 mm 2

Nuts M3 4
Locknut M3 4

Springs

D10530 1
D20530 1
D10785 1
D20785 1
D10790 1
D20790 1

Figure 5.16: Picture of the fabricated and assembled prototype, consisting of the force cylinder (left), stroke cylinder (top), locking
mechanism (right) and pressure regulator (bottom), next to a ruler showing the scale.



6
Testing

The prototype designed and manufactured in chapter 5 needs to be tested, in order to measure its
actual performance. This chapter will therefore detail the tests performed with the prototype, and the
results thereof. Section 6.1 will detail the manual test that was performed, section 6.2 gives an overview
of the setup used for testing, section 6.3 details the testing of the pneumatic side of the system and,
finally, section 6.4 describes the testing of the fully functional prototype system.

6.1. Manual test
The first test that was performed with the prototype shown in section 5.4 was a manual one. Here the
pistons of the high stroke cylinder, high force cylinder, locking mechanism and pressure regulator were
manually moved using a small 1.5 mm hex key, that fits through the hole in the Parker Legris fittings.
This was done to validate if the pistons were able to move at all, to estimate the friction caused by the
compression of the o-rings, and to see if the return springs were strong enough to return the pistons to
their initial position.

The pistons were indeed able to slide around when manual pressure was applied using the hex key.
The amount of force needed to get them to move, however, was much more than expected. For the
high stroke cylinder, I even needed almost all the force in my arms to get it to move. This indicates that
the friction created by the o-rings is much higher than expected and even too much for this application.
Furthermore, although the compression spring of the pressure regulator was able to successfully return
the piston to its initial position, due to the significant pretension, the compression spring of the locking
mechanism did not move the piston at all.

The cylinders of the prototype were, therefore, opened and the pistons were removed in order to
see what could cause the excessive friction. Inspection of the components and consultation with Jan
van Frankenhuyzen, led to the following observations:

1. The compression of the o-rings, as prescribed by themanufacturer, is toomuch for this application
and would be more suited for industrial applications. In the prototype, o-rings are compressed up
to 18% of their thickness, but for this kind of application a compression of 10% would suffice.

2. The lubricant used for the o-rings in the prototype should have been Rocol Kilopoise, as men-
tioned in section 5.4. However, as it turns out a syringe containing the wrong kind of lubricant was
supplied by the workshop and used in the prototype. This lubricant is much tackier and viscous
than Rocol Kilopoise and, therefore, also contributes to the increased o-ring friction.

To overcome these problems, and hopefully reduce the amount of o-ring friction, the following two
changes were made to the prototype:

1. The grooves in the pistons for the o-rings were made deeper, to limit the compression of the o-
rings to 10% of their thickness. The MATLAB script in appendix B.9 was used to calculate the
exact groove depth for each of the o-rings. The diameter of the grooves in the piston of the high
stroke cylinder for the 21x2 mm o-rings were, therefore, reduced from 21.7 mm to 21.4 mm. The
diameter of the grooves in the piston of the high force cylinder were reduced from 21.7 mm to
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21.4 mm for the 21x2 mm o-ring, and from 10.7 mm to 10.4 mm for the 10x2 mm o-ring. The
diameter of the grooves in the piston of the locking mechanism for the 7x1.5 mm o-rings were
reduced from 7.5 mm to 7.3 mm. Finally, the diameter of the grooves in the piston of the pressure
regulator for the 4x2 mm o-rings were reduced from 4.7 mm to 4.4 mm.

2. All components that were covered with the wrong kind of lubricant were cleaned using turpentine.
Next, the correct lubricant, Rocol Kilopoise, was applied to all the o-rings before assembling the
prototype again.

After applying these changes, the prototype was reassembled, and the same manual test as de-
scribed earlier was repeated. This showed that the friction in the pistons of the high stroke cylinder,
high force cylinder and pressure regulator had decreased significantly. These were now able to move
with a fraction of the force that was needed before. The locking mechanism, however, still showed
a significant amount of resistance; Not because of the o-ring friction -this was also significantly lower
than before- but because of the resistance of the o-ring when it exits the first half of the cylinder sleeve
and enters the second one. Here the o-ring needs to be compressed again to enter the sleeve and this
takes a force that although it is possible to do it by hand, the return spring that belongs to the locking
mechanism is not strong enough to return the piston to its original position. This compression spring
was therefore replaced by a stronger, pretensioned spring, i.e. the same spring as used in the pressure
regulator, in order to hopefully be strong enough to overcome this resistance.

6.2. Overview setup
Figure 6.1 shows a schematic overview of the setup that is used for testing the prototype of the pneu-
matically powered hand prosthesis. A pneumatic supply is used to pressurize the pressure regulator.
The controls the distribution of COኼ to the rest of the system, and its outlets are connected to the pneu-
matic inlets of the high stroke cylinder, high force cylinder and the locking mechanism. The hydraulic
outlet of the high stroke cylinder is connected to the hydraulic inlet of the locking mechanism. The hy-
draulic outlets of the locking mechanism and high force cylinder both lead to one end of a Parker Legris
T-coupling. The hydraulic outlet of this T-coupling is connected to the inlets of the hydraulic cylinder(s)
of the finger(s).

Figure 6.1: The connection scheme of the prototype. Green is used to indicate pneumatic tubing, and blue to indicate hydraulic
tubing. A pneumatic supply is connected to the inlet of the pressure regulator, which controls the transmission. The outlets of
the transmission are connected to a T-coupling that joins them and leads to the inlet of the hydraulic finger.
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Figure 6.2 shows the hand prosthesis of which the finger(s) will be used to test the prototype. This
hand is the second version of the Delft Cylinder Hand; however, adjustments have been made for
various other projects. The middle two finger are, however, still unchanged and are those that will be
used for testing. Contrary to my design for the fingers, this hand only has a single hydraulic cylinder
per finger. Therefore, the movement of all phalanges is coupled to the extension of this cylinder.

Figure 6.2: The hydraulic hand prosthesis of which one finger was used for testing the prototype. Top picture: overview of the
hand that was used, consisting of four fingers. Bottom picture: side view of the hand, showing the construction of a finger.

6.3. Pneumatic test
After having performed manual tests on the components of the prototype, tests were performed using a
pneumatic supply in order to validate the correct functioning of the pneumatic side of the system before
testing the complete hybrid system. This way problems with the pneumatic side of the system can be
detected more easily than when the whole setup is connected. The setup that is used in these tests
is shown in figure 6.3. Here a 410g COኼ SodaStream canister is used as the pneumatic supply and a
custom flow regulating valve is used to control the supply flow. A Festo MA-23-16-R1/8 manometer,
with a range of 0 to 16 bar, is used to measure the supply pressure.

Figure 6.3: Setup used to for pneumatic testing, in this case the pressure regulator is attached. A COᎴ supply consisting of a
SodaStream canister with a flow regulating valve, is connected to a manometer, which in turn is connected to the pneumatic inlet
of the component that will be pressurized.
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6.3.1. Individual components
The first thing that was done was to pressurize each of the four components individually, to see their
response to being pressurized and to validate if this is in line with the expected behavior.

The first component to be tested was the pressure regulator. Figures 6.4, 6.5 and 6.6 show the
pressure regulator under an increasing supply flow. The figures show that the pressure regulator indeed
performs as intended, i.e. the supply flow leads to the first, second and third outlet respectively under
an increasing inlet pressure. Furthermore, the compression spring proved to be strong enough to return
the piston to its original position once the regulator was depressurized.

Figure 6.4: Response of the pressure regulator to a low pneumatic inlet flow. Here it can be seen that the COᎴ flows from the
inlet to the first outlet, i.e. the outlet leading to the high stroke cylinder.

Figure 6.5: Response of the pressure regulator to a moderate pneumatic inlet flow. Here it can be seen that the COᎴ flows from
the inlet to the second outlet, i.e. the outlet leading to the locking mechanism.

Figure 6.6: Response of the pressure regulator to a high pneumatic inlet flow. Here it can be seen that the COᎴ flows from the
inlet to the third outlet, i.e. the outlet leading to the high force cylinder.

The next component to be tested was the locking mechanism. Figure 6.7 shows the locking mech-
anism before and after being pressurized at the pneumatic inlet (left coupling). Air was blown in at
the hydraulic inlet (bottom coupling) to see if the locking mechanism indeed engaged and sealed the
hydraulic outlet (top coupling). As can be seen in the figure, the locking mechanism works as intended,
i.e. when depressurized the locking mechanism allows flow from the hydraulic inlet to the hydraulic
outlet, but when the locking mechanism is pressurized it seals off the hydraulic outlet and prevents flow
from the hydraulic inlet to the hydraulic outlet. The return spring, however, is not strong enough to re-
turn the piston of the locking mechanism to its original position after depressurization, even after being
replaced with the stronger spring. The piston therefore has to be pushed back to its original position
manually using a 1.5 mm hex key that fits through the air venting hole in the end cap on the right.
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Figure 6.7: Response of the locking mechanism to pressurization. Left: the locking mechanism before being pneumatically
pressurized, with air flowing through the cylinder. Right: the locking mechanism after being pneumatically pressurized, with the
air flow being blocked.

Finally, the high stroke and high force cylinders were tested. Here the inlet pressure was gradually
increased, which resulted in the pistons of the respective cylinders gradually sliding from the pneumatic
inlet side to the hydraulic outlet side. Very little inlet pressure was needed to get the pistons moving
and their behavior is therefore in line with the design.

6.3.2. Connected system
After having tested each of the components individually, the high stroke cylinder, locking mechanism
and high force cylinder were connected to the pressure regulator, to see how the connected system
behaves when pressurized and to validate if this is in line with the expected behavior. 1.5 mm hex keys
were inserted into the ends of the high stroke cylinder, locking mechanism and high force cylinder and
placed against the internal pistons, in order to reveal the movement of these pistons. A piece of white
tape was place around the hex key at the place where it entered the components, to be able to see
how much the hex key was moved. Figure 6.8 shows the prototype during gradual pressurization of
the pressure regulator.

Figure 6.8: Gradual pneumatic pressurization of the pressure regulator, connected to the rest of the prototype. Hex keys with
white tape are used to reveal piston movement.

The pressure was increased until something moved, then a picture was taken and then the pressure
was increased further. The test and figure showed the following behavior in order of appearance and
each corresponding to one of the pictures in figure 6.8:

1. When the pressure regulator is depressurized, all other components are at their initial position.
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2. When the pressure regulator is pressurized with a low pressure, the high stroke cylinder starts
extending until it is fully extended.

3. Further increasing the pressure of the supply to the pressure regulator causes the locking mech-
anism to engage.

4. Finally, increasing the pressure even further causes the high force cylinder to start extending until
it is fully extended.

This behavior and the order in which components are activated is exactly as was designed. There-
fore, the pneumatic distribution by means of the pressure regulator seems to be successful and further
testing should show whether it also works when attaching the hydraulic part of the system.

The strokes of the pistons of the high stroke cylinder, locking mechanism and high force cylinder were
measured in order to see if the stroke corresponded to the theoretically designed one. This was done
by measuring the distance that the piece of white tape on the hex key had travelled during extension.
Figure 6.9 shows the measured stroke for each of the prototype components.

Figure 6.9: Measurement of the stroke of the pistons of the prototype components when pressurized and fully extended. Left:
the high stroke cylinder. Center: the locking mechanism. Right: the high force cylinder.

As designed in section 5.3, the stroke of the high stroke cylinder should be 18 mm, the stroke of the
locking mechanism 8.2 mm and the stroke of the high force cylinder should be 5 mm.

The stroke of the high stroke cylinder was measured to be 18.0 mm and therefore is exactly as
designed.

The stroke of the locking mechanism is 8.0 mm and is therefore 0.2 mm less than was designed.
This is due to the usage of the stronger, pretensioned spring, which has a larger block height. This
means that the piston will stop moving not because it has hit the end cap, but 0.2 mm earlier because
it is blocked by the compressed spring. As shown in the tests this does, however, not have a negative
effect on the functioning of the locking mechanism and is, therefore, not a problem.

The stroke of the high force cylinder is 4.7 mm and is therefore 0.3 mm less than was designed.
This is due to the protrusion of the M2x4 mm screw for the drain hole. The length of this screw is perfect
when it keeps the o-ring in place, but when it is tightened in order to compress the o-ring and seal the
drain hole, the screw protrudes slightly into the cylinder, blocking the piston 0.3 mm before it is fully
extended. Later on, a washer will be added to this screw which overcomes this problem.

For a final pneumatic test, the hydraulic side of the system was attached, however, without filling it
with water. Here the high stroke cylinder is connected to the locking mechanism and the locking mech-
anism and high force cylinder are both attached to a T-coupling, which in turn is connected to one of
the fingers of the Delft Cylinder Hand. Figure 6.10 shows an overview of this setup.

Pressurizing the pressure regulator showed that the system still works as intended with the high
stroke cylinder being activated first, followed by the locking mechanism and, finally, the high force
cylinder. The finger, however, did not move at all. This shows that this dual-mode actuation scheme
indeed needs to be a hybrid between pneumatic and hydraulic actuation, as the compressibility of the
air in this test resulted in the finger not moving at all, even though the components worked as intended.
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Figure 6.10: Complete setup of the prototype without the hydraulic side being filled with water.

6.4. Hybrid test
After having performed tests on the prototype, using only the pneumatic side of the system, tests were
performed using the full hybrid system consisting of both the pneumatic and the hydraulic side. In
order to do this the components of hydraulic side of the system were filled with water. This was done
by submerging the entire component underwater and forcing water through the hydraulic side, thus
blowing out any air. The pneumatic inlets were connected to a tube that lead out of the water, to
prevent this side from filling with water too. Before filling, the drain holes of the high stroke and high
force cylinders were opened to let air escape and once the cylinders were filled with water, these holes
were sealed using the screw and o-ring.

6.4.1. Individual components
The first thing that was done was again to test each of the parts of the system individually, to see their
response to being pressurized and to validate if this is in line with the expected behavior. The first
part to be tested was the high stroke cylinder and locking mechanism. The pneumatic inlet of the high
stroke cylinder was directly connected to the pneumatic supply and the hydraulic outlet was connected
to the hydraulic inlet of the locking mechanism. The hydraulic outlet of the locking mechanism was
connected to a WIKA manometer with a range of 0 to 16 bar, used to measure the output pressure.
Figure 6.11 shows an overview of this setup and the readings of the input and output manometers for
three different pressure levels.

Figure 6.11: Gradual pressurization of the high stroke cylinder for three increasing pneumatic pressure levels. The readings of
the pneumatic input pressure (Festo manometer) and hydraulic output pressure (WIKA manometer) are shown.
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The pressure level measurements obtained with this test setup are shown in figure 6.12. Here the
pressure of the hydraulic outlet is plotted against the pressure of the pneumatic supply. The MATLAB
code shown in appendix B.10 was used to create this plot. This plot also shows the theoretical pressure,
which is the line of equal pressure, as this cylinder does not have a transmission ratio.

Figure 6.12: Plot of the hydraulic output pressure against the pneumatic inlet pressure of the high stroke cylinder.

The figure shows that for pressures higher than 2 bar, the prototype is very close to the theoretical
model. For pressure lower than 2 bar, however, the measured pressure is higher than the theoretical
pressure. This could in part be due to friction in the cylinder but could also be a results of inaccuracies
of the WIKA output manometer. I noticed that when no supply is connected, the manometer already
gave a reading higher than 0, even though nothing was connected. When the supply pressure was
increased gently, the pressure first stayed at that level until it started increasing, as if there was some
minimum level of pressure before the manometer starts working. Therefore, it seems that the output
manometer is less accurate for pressure lower than 2 bar.

Next the same experiment was performed, but then for the high force cylinder. Here the pneumatic
supply was directly connected to the inlet of the high force cylinder and the hydraulic outlet was con-
nected to the WIKA manometer. Figure 6.13 shows an overview of the setup and the manometers for
two different pressure levels.

Figure 6.13: Gradual pressurization of the high force cylinder for two increasing pressure levels. The readings of the pneumatic
input pressure (Festo manometer) and hydraulic output pressure (WIKA manometer) are shown.
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The measurements obtained with this setup were much lower than expected, and even lower than
that of the high stroke cylinder, even though this cylinder does have a transmission ration. Careful
inspection showed that water was leaking out of the drainage hole in the cylinder. Apparently, the head
of the M2x4 mm screw was not wide enough to seal and keep the o-ring in place. An M2 washer was
therefore placed between the head of the screw and the o-ring to create a better seal. This, however,
resulted in leakage between the washer and the screw at higher pressure levels. The washer was
therefore glued to the head of the screw using the same Loctite 638 as was used for assembling the
prototype. This did have the wanted effect as the cylinder does not leak under any pressure in the
desired range of up to 12 bar. To be sure that the same does not happen in the high stroke cylinder,
an M3 washer was also glued to the M3x8 mm screw thereof.

6.4.2. Connected system
Now that the parts of the prototype have been tested separately and seem to work as intended after
some improvements, the separate parts can be connected in order to test the full hybrid system with
both the pneumatic and the hydraulic side. To fill the complete hydraulic side of the system, each
of the components was submerged in a bucket filled with water. The pneumatic side of the system
was connected to tubes that stuck out of the water to prevent this side from filling with water. Each
of the components and hydraulic tubes was blow through with water to ensure that no air remained
within them. Finally, all the submerged components and tubes were connected to each other, while
still submerged, in order to seal of the hydraulic system without any air present. Figure 6.14 shows
the system being connected while submerged in water on the left and the right side shows the sealed
hydraulic side of the system.

Figure 6.14: Left: hydraulic side of the prototype submerged in water, in order to fill it with water and seal it without air entering
the system. Right: The filled and sealed off hydraulic side of the prototype.

The Festo manometer was again used to measure the pressure of the pneumatic supply at the inlet
of the prototype, and the WIKA manometer was place before the hydraulic Delft Cylinder Hand in order
to measure the hydraulic output pressure of the prototype. Figure 6.15 shows a picture taken of the
setup of the complete and connected prototype.

Many tests and test cycles were preformed using this setup to see exactly how it performed and
how the behavior of the complete system is. There were, however, two main tests: an unloaded test,
where the finger could move freely, and a loaded test, where a heavy object was placed on the finger
to prevent its movement.

Unloaded
The unloaded test showed many interesting results such as:

• The hydraulic pressure required to close the finger is about 4.5 bar.

• The unloaded finger does not close gradually, but rather it goes from completely opened to com-
pletely closed when the hydraulic outlet pressure reaches a level around 4.5 bar.
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Figure 6.15: Picture taken of the complete prototype setup, including two manometers for measurements.

• The point where the finger closes and where the locking mechanism engages, and the high force
cylinder starts moving appear to coincide. This is coincidental as different kinds of tests showed
that both require a similar pressure level, and it is not a result of one affecting the other. Although
this is coincidental it is not very practical, as in the design the idea was to first close the hand and
then apply a force, and not have both at the same time.

• Tiny amounts of air enter the hydraulic side of the system through the finger when it moves. This
means that the sealing of this produced Delft Cylinder Hand is insufficient. Air bubbles become
apparent in the hydraulic tubing after around 10-15 operating cycles.

• When the finger is closed and the finger is manually opened while the system is still pressurized,
the hydraulic outlet pressure sharply rises.

• When the system is depressurized, the finger, pressure regulator, high stroke cylinder and high
force cylinder all return to their initial position without needing help. The locking mechanism also
slides back, however, as stated before it is not able to move to its initial position completely.

Loaded
The loaded test was performed by placing heavy objects on top of the Delft Cylinder Hand, in order to
block the movement of the finger. Figure 6.16 shows an example, where a heavy roll of 3D printing
filament is placed on top of the finger. A block of metal was tried before this; however, the hand was
strong enough to launch this block of the table and close the finger.

Both of the manometers were put alongside each other and recorded with a camera. This allowed
data points to be gathered after completing the experiment, without having to stop to record a measure-
ment during the actuation of the hand using the prototype. The test had to be cut short, however, as the
output manometer already reached its limit when the pneumatic input pressure was at only 3.5 bar out
of 12 bar. Using the full 1.2 MPa (12 bar) could damage the manometer and the supply pressure was
therefore not increased above the 3.5 bar even though the prototype could have gone on much further.
The results of this test are plotted in figure 6.17 using the MATLAB script shown in appendix B.11. The
figure clearly shows the distinction between the two phases of the dual-mode actuation; Below a supply
pressure of 2 bar the hydraulic output pressure slowly increases linearly, due to the high stroke cylin-
der. Around 2.3 bar the locking mechanism is engaged, block flow to the high stroke cylinder, and the
high force cylinder starts extending. The rapid jump in pressure can be explained by the fact that when
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Figure 6.16: Picture of the loaded test where a heavy object, in this case a big roll of 3D printer filament is placed on top of the
finger.

the pressure regulator activates the output to the high force cylinder, the pressure at this output jumps
from atmospheric pressure to a high level of pressure that was needed to move the pressure regulator
to this outlet. Hereafter, the pressure starts gradually increasing again corresponding to the increase in
supply pressure. This results in the steeper linear increase in the hydraulic output pressure that starts
around a supply pressure of 2.5 bar. For each of the two phases a regression line is calculated and
plotted which shows the distinction between the prehension (blue) and the pinching (green) phase.

Figure 6.17: Plot of the measurements of the hydraulic output pressure against the pneumatic inlet pressure of the full prototype.
Regression lines are calculated and added for both of the dual-mode actuation phases.

As the experiment had to be cut off to prevent damage to the manometer, the experiment was
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repeated without the WIKA manometer, to be able to use the full range of supply pressure. When
increasing the pressure, the weight on top of the hand had to be increased as the increasing strength
of the finger was lifting the objects. Gradually increasing the supply pressure once again started with
showing the same behavior as shown in figure 6.17. Hereafter, however, the force of the finger kept
increasing linearly until the supply pressure reached 12 bar. This could be seen as the weight that
needed to be added with each step in pressure was equal for equal steps in pressure. Although there
were unfortunately no manometers available in the lab that went above 16 bar, and due to the Corona
virus there was no possibility to obtain it elsewhere, the maximum pressure could be estimated using
the finding that the force kept increasing linearly even above a supply pressure of 3.5 bar. In order to
do this the regression line that was calculated and shown in figure 6.17 was used and this results in an
estimated maximum pressure of 39 bar or 3.9 MPa.
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Discussion

This chapter will discuss the observations that were made throughout this whole graduation project.
Section 7.1 will discuss the prototype that was made for the pneumatically powered hand prosthesis,
and the observations from testing it. Next, section 7.2 will reflect back on the requirements that were set
in chapter 2. Finally, section 7.3 will give recommendations for future research on this pneumatically
powered hand prosthesis.

7.1. Prototype
The prototype that was design and built in chapter 5 and tested in chapter 6 showed many promising
aspects but also showed some unexpected behavior. This section will therefore first give an overview
of the promising aspects of the prototype and afterwards an overview of the points that will need some
more attention.

7.1.1. Promising aspects
The pressure regulator is able to activate components sequentially for dual-mode actuation. As shown
in the tests the pressure regulator first pressurizes the high stroke cylinder, followed by the locking
mechanism and, finally, the high force cylinder. This allows the dual-mode actuation to work as intended
and the grasping to be split up in the prehension and pinching phase, resulting in both a lower gas
consumption and a larger grip strength.

The measurements of the full system indeed show the dual-mode actuation characteristics, where
the prototype starts with a large stroke and low force and later with a large force and low stroke, meaning
that the dual-mode actuation was implemented successfully.

The tests show that a high output pressure can be obtained. Even though, the maximum pressure
could not be measured, due to the lack of a manometer with a larger measuring range, the tests indicate
that a high output pressure can be achieved using this prototype.

The majority of system automatically returns to initial position when depressurized. The pressure
regulator, high stroke cylinder, high force cylinder and finger all automatically return back to their initial
position when the system is depressurized. This is as designed and advantageous as it means that at
the end of each grasping cycle the hand can reset itself for a new cycle, without needing any help. The
locking mechanism also moves back partially, however, it is not able to move back completely.

After hundreds of operating cycles have been performed with the prototype during the testing, no
signs of wear or fatigue are visible. Furthermore, the prototype also did not block or fail in any other
way. This is a good indication as it could mean that the design is able to have a long life cycle before
needing any repairs or maintenance.

After all the leakage problems had been fixed, the prototype did not show any leakage even after
being pressurized at high levels for extended periods of time. Leakages introduce air into the sys-
tem, which deteriorates its performance. Therefore, the lack of leakages shows promise for a reliable
system.

The components that make up the prototype are relatively easy to assemble. This not only reduces
the time it takes to build the prototype, but it also means that it is easy to replace a part in case there is
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wear or a failure. This reduces both the price and duration of maintenance, which makes it attractive
to a potential user.

The prototype is a modular system, which means it consists of separate components that can easily
be connected through tubes. This makes the prototype as a whole easy to assemble and also means
that in case something is wrong with one of the components, it can be disconnected and replaced by
another one. Furthermore, this allows each of the components to be tested separately, which can be
favorable in case there would be problems with the prosthesis, and it is not known where the problem
lies.

7.1.2. Points of attention
The o-ring friction was a lot higher than expected. Increasing the depth of the o-ring grooves reduced
the friction significantly, as the o-ring are compressed less, however, the friction is still higher than
anticipated. Although the system works, the friction means that higher pressure levels are necessary
to actuate the system and decrease its performance slightly.

The resistance in the locking mechanism is still too high. The expansion and re-compression of the
o-ring while moving between the two halves of the cylinder sleeve requires too much force to be per-
formed by the return spring. A much stronger spring could be used to return the locking mechanism to
its initial state, however, that would reduce its functioning. The solution should therefore lie in reducing
the resistance in the mechanism.

The switch between the two dual-mode phases happens too early. At this moment the switch hap-
pens at around the same time as that the finger closes. The intention is that the high stroke cylinder
close the finger and that the high force cylinder applies a force after the finger is already closed. Right
now, both happen at the same time and this reduces the functionality of the dual-mode actuation. It
would therefore be favorable if the switch between the prehension and the pinching phase happens at
a later stage, after the finger is closed. This could, however, be in part due to the usage of a different
finger design, which has a single cylinder that is smaller than in my design. This means that to close
the finger a higher pressure is needed, which means that the finger closes at a later moment, thus
coinciding with the dual-mode phase switch.

The pressure measurements were done using simple manometers. These manometers seemed to
be slightly less accurate for very low pressure and only had a range of up to 16 bar. This meant that
the full range of the output pressure of the prototype could not be measured and had to be estimated
based upon unmeasured tests and regression lines.

The usage of another kind of finger with the prototype means that the results, like for example
pinching strength, are different when using this finger than if the one that I designed would have been
used.

The prototype was simplified with respect to the full design that was made in chapter 4. This made
many parts of the fabrication, assembly and testing easier, but it also means that the performance could
be slightly different from the designed one.

The prototype is just part of the full hand prosthesis. The results obtained with it are therefore
useful to indicate its performance, however, the whole design should be made in order to find out the
real performance of the design made in chapter 4. Unfortunately, this duration of this project was not
long enough to do so, especially with the Corona virus outbreak.

7.2. Requirements
To see how the design made in chapter 4 performs with respect to the requirements set in chapter 2,
this section will examine each of the requirements and evaluate how the design (or prototype) preform
with respect to it.

Req. 1: Mass. The total mass of the prosthetic hand (excluding control and supply) should not
exceed 250 grams.

The total weight of the design made in chapter 4 is 235 grams, according to the SOLIDWORKS model.
Therefore, this requirement appears to be fulfilled. The whole hand was not built, however; therefore
it cannot be said with certainty that the actual weight stays below 250 grams. The prototype that was
built was heavily simplified and as a result weighs much more than the one in the initial design. It could
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therefore be that when redesigning the whole hand prosthesis, it could exceed the 250 grams, however
the current SOLIDWORKS design shows promise as it is below that.

Req. 2: Grip strength. The maximum grip force at the tip of a finger should be at least 60 N.

The MATLAB simulations indicate that a tip force of just over 60 N could be achieved, so in theory
this requirement should be met. Tests performed with the prototype, however, estimate a maximum
output pressure of 3.9 MPa, which is lower than the calculated 4.2 MPa with MATLAB. Therefore, an
estimation for the grip strength would be 60N * (3.9 MPa / 4.2 MPa) = 56 N. This is slightly below the
requirement, and it seems therefore that the prototype does not meet the requirement, although it gets
very close. Fabrication of the full design made in chapter 4 should show exactly what the grip strength
is of the actual design.

Req. 3: Size. The prosthetic hand should fit completely inside the contours of an adult male
human hand.

The design of the whole hand fits inside the contours of a human hand, so this requirement is met.
The prototype, however, is much bulkier due to the simplifications that were made. It should, therefore,
be examined if the design of the full hand prosthesis can be produced and function with the compact
design made in chapter 4.

Req. 4: Motion. The prosthetic hand should be able to grasp differently shaped and sized
common office objects, using different kinds of grip.

The full hand prosthesis was not completely made, so the exact range of motion is unknown. But the
SOLIDWORKSmodel and similar Delft Cylinder Hand indicate that this requirement can be met without
further adjustments.

Req. 5: Grip speed. The prosthetic hand should be able to switch from the completely opened
to completely closed position in less than one second.

Depending on the speed of increase in the supply pressure the prototype acts very quickly. The finger
closes in a fraction of a second. When the prototype is depressurized the finger returns to its initial
position just as fast. The switch from the completely opened to completely closed position, therefore,
takes much less than one second, and meets the requirement.

Req. 6: Gas. The gas used for the pneumatic actuation of the prosthesis is carbon dioxide, COኼ.

COኼ was used for powering the hand and also the prototype.

Req. 7: COኼ pressure. The pressure of the COኼ supplied to the prosthetic hand should be 1.2
MPa.

In the design a supply pressure of 1.2 MPa is used indeed.

Req. 8: Usage time. The prosthetic hand should be able perform at least 400 cycles with a
single COኼ cartridge.

The simulations made with MATLAB indicate a total of over 400 cycles on a single cartridge, and there-
fore this requirement should be met. The amount of gas used by the prototype could not be measured,
however, and therefore the actual gas consumption is unknown. Further tests should, therefore, reveal
what the exact usage time of the hand prosthesis is.

Req. 9: Loudness. The loudness of the sound produced by the prosthetic hand should stay
below 45 dB at a distance of one meter.

The prototype itself and the finger barely make any sound at all, and their sound is not noticeable in
quiet office. Thus, the requirement is met. The gas supply that was used for testing, however, produces
much sound and does not stay below 45 dB. So, although this gas supply is not part of the design, it
should be taken into account that this will be the louder part of the system.
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Req. 10: Cosmetic. The prosthetic hand should consist of four fingers and a thumb, connected
to a hand palm. Furthermore, the prosthetic hand should be similar both in dimensions and
movement to a real human hand.

The design of the hand prosthesis indeed consists of four finger and a thumb, connected to a palm,
with similar movement and dimensions as a real hand.

Req. 11: Integration. All parts of the prosthetic hand system, except the control unit and the
COኼ supply, should be incorporated within the hand itself.

In the design all the components are integrated. However, only a partial prototype was built, therefore,
the whole hand should be fabricated to see if the whole hand will function with all parts integrated.

Req. 12: Environment. The hand prosthesis should be water and dust proof (IP67/68) and
non-reactive to common chemicals and substances.

The prototype is water and dust proof and the exterior materials are resistant to most chemicals, there-
fore this requirement is met. When the whole hand prosthesis is built, this requirement should be
checked again to see if it is also valid for the hand as a whole.

Req. 13: Durability. The hand prosthesis should last at least 100,000 cycles without needing
maintenance or repairs.

No durability test was performed, so this is something that should still be tested. The prototype does
not show any signs of wear or fatigue after hundreds of test cycles, so this shows promise for meeting
the requirement.

Req. 14: Control. The operation of the hand prosthesis should be as simple as possible, prefer-
ably by a single valve.

The design of the pressure regulator allows the whole hand to be controlled using a single COኼ supply
and, therefore, could be controlled using a single valve.

7.3. Recommendations
Based upon the findings of the tests performed in chapter 6 and on general observations made during
this project, a number of recommendations can be made for further research on this topic:

• In further design the higher o-ring friction should be compensated. The MATLAB simulation now
used a lower level of friction and, therefore, problems arose during testing. Redesign using the
knowledge that the friction is higher than anticipated could improve the function of the system as
a whole.

• Currently the resistance in the locking mechanism is too high to be overcome by a return spring.
This means that the mechanism can be used to lock the dual-mode actuation, however, it does
not return to its initial, unlocked position when depressurized. As stated before, this is due to
the expansion and re-compression of the o-ring while travelling between the two halves of the
cylinder sleeve. The locking mechanism should therefore be altered or redesigned in order to
decrease the resistance and to make sure it functions both ways.

• At the moment the switch between the dual-mode actuation phases and the closing of the finger
happen at around the same pressure level. As stated earlier this is unwanted behavior, and
therefore it should be tried to either have the finger close earlier or have the switch between
the phases happen later. This could lead to significant improvements in the performance of the
system and are therefore definitely worth the research.

• When continuing testing with the current prototype, other measurement devices should be used.
The current manometers appeared to be slightly inaccurate for low pressure levels and their
range was insufficient for the current design. It should therefore be tried to test the prototype with
measurement devices that have a larger range and that are recently calibrated, so that it is sure
that their readings are accurate. Unfortunately, I was not able to do this due to restrictions in time
and the fact that the Corona crisis made access to instruments and facilities much more difficult
than normally.
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• The current prototype was heavily adjusted and simplified to make production and assembly
easier, as time was running out, especially due to the Corona crisis. It should be tried to create
a more compact prototype to see if the weight and size can be reduced, whilst maintaining the
performance.

• The prototype was only part of the full hybrid hand prosthesis and, therefore, does not show all
the aspects and performance of the whole hand. Producing one of my fingers or the whole hand
prosthesis and testing them, can show exactly how the full design performs and which aspects
should still be improved. Furthermore, the full design made in chapter 4 can be adjusted or
partially redesigned based upon the findings with the prototype.

• The prototype is currently still far from being commercially viable. Several improvements are still
needed before the whole prosthetic hand can be built and tested. Those tests should indicate
whether the improved performance of this design, and its main selling points indeed lead to a
commercially viable product or if more adjustments are needed.
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Conclusion

This thesis presents the design a pneumatically powered hand prosthesis, that combines a high grip
strength, a high opening/closing speed and lightweight into a single device, whilst maintaining a rea-
sonable usage time.

■ The combination of pneumatic actuation with a hydraulic transmission gives the hybrid actuated
hand a relatively high pinch force of an estimated 56 N.

■ With a grip speed of much less than a second, the hybrid actuated hand is fast enough to be
intuitively operated by a user.

■ With a mass of only 235 grams, the hybrid actuated hand weighs less than most of its competitors
and is comfortable in use.

■ The dual-mode actuation significantly increases the efficiency of the hybrid actuated hand and
gives it a usage time of 400 cycles per cartridge.

For future research the following recommendations are given:

□ The locking mechanism should be adjusted or redesigned in order to overcome the resistance
that currently hinders its return stroke.

□ The pressure regulator should be adjusted in order to improve the timing of the switch between
dual-mode phases.

□ The full hand prosthesis should be constructed and thoroughly tested in order to prove its com-
mercial viability.
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Advances in Pneumatically Powered Hand
Prostheses since 2000

Ad Hoek†

Abstract—A common type of prostheses is the upper extremity
prosthesis, of which (partial) hand prostheses are the most
common. Different forms of actuation have been used for hand
prostheses throughout time, one of which is pneumatics. The
use of pneumatic actuation for hand prostheses spiked during
the thalidomide disaster, however, it never became very popular
due to drawbacks such as unmanageable control, bulkiness of
gas storage and difficulty of refilling the gas storage. Since the
turn of the century many efforts have been made to improve
pneumatically powered hand prostheses. The aim of this paper
is, therefore, to see if the advances in pneumatically powered
hand prostheses have been sufficient for a comeback of pneumatic
power, and if they make it an attractive actuation method for
future prostheses. Through a literature study, advances were
found in the areas of actuation, control, energy, ergonomics
and fabrication, leading not only to improvements in both the
performance and appearance of the prosthesis, but also the
affordability. Although the hand prostheses presented in this
paper are not yet ready for commercialisation, the current designs
show numerous promising aspects and further development could
result in successful commercial pneumatic hand prostheses. As a
result of the recent advancements, pneumatics has now become
an attractive actuation method for hand prostheses, as the major
drawbacks from the past have been overcome, whilst more and
more advantages are becoming apparent.

Index Terms—Prosthetics, hand prostheses, pneumatic actua-
tors, biomechanical engineering.

I. INTRODUCTION

IT is estimated that at least 100 million of people worldwide
are in need of a prosthesis or orthosis [1]. However, only

about 20% of them has access to one. Furthermore, it is
estimated that of the people that do have access to prostheses
or orthoses more than 26.3% reject them [2]. An even larger
amount of people state that the prostheses are inconvenient
to use or state that there is a real need for improvement [3].
There are, however, also many people that are very content
with their prosthesis and that even depend on them for living.
It is therefore clear that there is a big need for prostheses and
that there is still a lot of room for improvement, both in usage
as in access, as prostheses are an important and sometimes
even essential part of the life of the user.

Throughout time there have been many different prostheses.
These can either be passive, i.e. without movement or requiring
an external force to move, or they can be actuated to allow
them to move without external forces. A common type of
prosthesis is the upper extremity prosthesis. Prostheses for
upper extremities are usually actuated, as the movement of
hands and arms are essential for almost all daily activities. Ac-
tuated prostheses can be mainly divided into three categories,

† Master Student Mechanical Engineering at the Delft University of
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based on their actuation method; Body powered prostheses,
pneumatically powered prostheses and electrically powered
prostheses.

Body powered prostheses have been around the longest.
These prostheses commonly consist of a hook that can be
opened or closed using a cable that is attached to the body
of the user, using a harness. Their relative simplicity makes
them lightweight, as they do not require energy supplies or
advanced transmissions, and furthermore also durable, as they
do not consist of many moving parts that are prone to wear
and fatigue. On the downside, however, these prostheses are
awkward to control, as they are controlled by moving other
body parts, and they require the user to be able to exert enough
force to actuate the prosthesis, as the force by the user and
the force exerted by the prosthesis are directly coupled.

Pneumatically powered upper extremity prostheses have
been around since 1877. In contrast to the body powered
prostheses, the input from the user and the output of the
prostheses have been decoupled; The input of the user, such as
an electrical signal from the muscles or brain, is used to control
a pneumatic supply, that in turn is used to power the prosthesis.
The advantage of this is that the user does not need to use a
large range of motion or much force to control a prosthesis
that does have a large range of motion and large forces.
Their popularity spiked during the thalidomide disaster [4],
however, in the first century of their existence, pneumatically
powered prostheses never really became successful, due to
their unmanageable control, the bulkiness of the gas storage
and the difficulty of refilling the gas storage [5].

With the advances in electronics and the decrease of
rechargeable battery sizes, electrically powered prostheses
gained in popularity. As with pneumatically powered pros-
theses, the input of the user and the output of the prostheses
are not directly linked. Here the input of the user is used
to electronically control the actuators, that are powered by
batteries. Currently electrically powered prostheses are the
most popular choice for an upper extremity prosthesis, as these
prostheses offer a large range of motion and do not require
harnessing.

The popularity of electrically controlled prostheses, does
not mean that they are necessarily better than pneumatically
powered prostheses. As stated in the article of Plettenburg
[6], pneumatic power has several advantages over electrical
power, such as high operating speeds, increased reliability
and low component weight, which could make pneumatically
powered prostheses a favorable choice for an upper extremity
prosthesis, if the downsides of pneumatic actuation were to be
overcome.

In 2002 an overview of the efforts made by researchers to
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Fig. 1. Selection tree summarizing the literature searching process in online publication databases.

develop pneumatically powered hand prostheses was published
by Plettenburg [5]. Since then many efforts have been made
to overcome the aforementioned weaknesses of pneumatic
prostheses. Therefore the aim of this paper is to see if the
advances in pneumatically powered hand prostheses have been
sufficient for a comeback of pneumatic power, and if they
make it an attractive actuation method for future prostheses.
In order to do this, this paper will give an overview of the
advances in pneumatically powered hand prostheses that have
taken place since the start of this millennium.

II. METHODS

To create an overview of the advances in pneumatically
powered hand prostheses, relevant literature was sought in
online databases and the repositories of the Delft University of
Technology. Subsection II-A will detail the searching method-
ology and selection of research articles and subsection II-B
will detail that of patents.

A. Research articles

The search for relevant research articles was started by
searching in the online databases: Scopus, PubMed and IEEE.
Web of Science was also consulted afterwards, however, this
was left out as its results were already included in the first three
databases. The first search term that was used was: “pneumatic
AND hand AND prosthe*”. However, a hand prosthesis can
also be part of a full arm prosthesis, therefore, the search was
extended with the search term: “pneumatic AND arm AND
prosthe*”. Furthermore, advances in pneumatically powered

hand prostheses could also include the most important part of
them, namely the fingers. Therefore, the search was further
extended with the search term: “pneumatic AND finger AND
prosthe*”. In these search terms the “AND” means that all
the three words need to be present in the article. Furthermore,
“prosthe*” indicates that the word has to start with “prosthe”
but can end in any way.

Figure 1 shows the hits belonging to the search terms and
databases, and the selection of the found articles. Articles
were discarded based on nonuniqueness, the relevance of
their title, the language in which they were written (English),
the availability of the full text article and, finally, on the
information found in their abstract. This resulted in a total
of 50 selected research articles.

Next relevant research articles and papers were sought in the
two TU Delft repositories: the research repository, consisting
of research articles, and the education repository, consisting
of master theses and dissertations. These repositories use
different search term operators than the Scopus, PubMed and
IEEE databases; When a search term consists of multiple terms
that all need to be present in the article, the “AND” operator
is not added between words, rather the system automatically
searches for articles that include all the terms. Furthermore,
the “*” operator at the end of a word is not recognized by
the TU Delft repositories. Therefore, the aforementioned three
search terms were adapted to be able to find results in the TU
Delft repositories. The only search term that yielded promising
results was “pneumatic hand prosthesis”. Figure 2 shows the
hits belonging to this search term. The results were discarded
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based on the relevance of their title, the availability of the
full text article and, finally, on the information found in their
abstract. This resulted in a total of 18 selected research articles
and papers.

Fig. 2. Selection tree summarizing the literature searching process in the TU
Delft repositories.

B. Patents

To find relevant patents, the online patent database, Es-
pacenet Worldwide, was used. The search term used to find
relevant patents was: “pneumatic AND hand AND prosthe*”.
As can be seen in figure 3, this resulted in 2254 hits. Therefore,
the following filters were added: the publication country was
restricted to WO (Worldwide), EP (Europe), US (United
States) or NL (The Netherlands), and the publication language
was restricted to English. This resulted in 1479 filtered hits.

Fig. 3. Selection tree summarizing the patent searching process in the
Espacenet Worldwide database.

The amount of results was still too much, therefore, the
exact classification of patents for prosthetic hands was sought
in the International Patent Classification (IPC), to make sure
that only relevant hand prosthesis patents were found:
A Human necessities
A61 Medical or veterinary science; Hygiene

A61F Filters implantable into blood vessels; Prostheses;
Devices providing patency to, or preventing col-
lapsing of, tubular structures of the body, e.g.
stents; Orthopaedic, nursing or contraceptive de-
vices; Fomentation; Treatment or protection of eyes
or ears; Bandages, dressings or absorbent pads;
First-aid kits

A61F2/00 Filters implantable into blood vessels; Prostheses,
i.e. artificial substitutes or replacements for parts of
the body; Appliances for connecting them with the
body; Devices providing patency to, or preventing
collapsing of, tubular structures of the body, e.g.
stents

A61F2/50 Prostheses not implantable in the body
A61F2/54 Artificial arms or hands or parts thereof

Filtering the previously found results, based on the IPC
group A61F2 and IPC subgroup A61F2/54, resulted in a total
of 42 filtered results. Finally, the results were discarded based
on the relevance of their title and the information found in the
description of the patent. This resulted in a total of 12 selected
patents.

III. RESULTS

All the articles and patents that were selected in section
II were categorized based upon the technological advance-
ments discussed within them. Literature discussing the same
advancements were grouped together and all the advance-
ments were then grouped in five main areas of advance-
ments, namely: Actuation, Control, Energy, Fabrication and
Ergonomics. Figure 4 shows a schematic overview of the
categorization of the selected literature.

Fig. 4. Schematic overview of the categorization of the found articles and
patents.

The following five subsections will each discuss one of the
five main areas of advancements, and each sub-subsection will
discuss one of the specific advancements, with examples from
the literature.

A. Actuation

1) Soft pneumatic actuators: Most conventional prosthetic
hands consist of “hard” metal/plastic parts connected through
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joints [7]. However, more and more research is being done
on soft prosthetics, i.e. prosthetic hands made of “soft” elastic
materials, such as silicone, with integrated pneumatic actua-
tion through internal bladders. These actuators are generally
called soft pneumatic actuators. The geometry and material
composition of the actuator determines its deformation upon
pressurization: bend, twist, extend, contract or combinations.
A soft prosthetic hand can therefore be made that moves like
a human hand when pressurized.

An advantage of soft prosthetics is that the hand is
compliant, which allows it to grasp a much wider range of
objects than rigid prostheses and also makes it safer to use
in the presence of humans. Furthermore, this makes it easier
to control, as the prosthesis itself forms to the object that is
being grasped. Another advantage is that the prosthesis can
be entirely 3D printed, molded or a combination of both.
This not only makes the fabrication of the prosthesis easier
and cheaper, but it also allows the prosthesis to become
more cosmetically appealing as it can be modelled after
a real human hand. A disadvantage, however, is that the
soft materials of the prosthesis can withstand much lower
pressures than stronger, more rigid materials. This means
that the supply pressure is lower, which in turn decreases
the grasping forces of the hand. Furthermore, the soft
materials increase the chance of a rupture in the hand due to
over-pressurization or fatigue, and the hand is more easily
damaged by external objects [8]–[32].

Fras and Althoefer [25] designed a soft prosthetic hand
that is modelled after a 3D scan of a human hand. Each
finger is actuated by a soft pneumatic actuator, of which a
schematic drawing is shown in figure 5. Contrary to the other
fingers, the thumb has two actuators, making it capable of
both apposition and opposition.

Fig. 5. Design of a soft pneumatic actuator in [25]. The actuator consists
of a helically wound thread reinforcement sandwiched between two tapered
silicone tubes. The end with the smaller diameter is sealed, creating a hollow
internal pressure chamber.

When the hollow internal chamber is pressurized the forces
on the silicone layers cause the actuator to expand by stretch-
ing the silicone. The helically wound thread, however, prevents
the actuator from expanding radially and therefore, the actuator
only expands in the axial direction. Thus, increasing the
pressure inside the actuator, causes the actuator to elongate.

A 3D printed mold, based of 3D scans of a human hand,
is used to mold the exoskeleton structure around the soft
pneumatic actuators. This is shown in figure 6.

Fig. 6. Molding of the exoskeleton of a prosthetic hand (blue) around the
soft pneumatic actuators (yellow) in [25], using a 3D printed mold.

The exoskeleton is made of a stiffer silicone than the
actuators. This allows it to still have a degree of flexibility,
allowing bending of the exoskeleton, but also more rigidity
than the actuators. The semi-open structure of the exoskeleton
prevents expansion of the actuator in the closed parts, but
allows it in the open parts. Upon pressurization of an actuator
this therefore results in the bending of the finger, as shown
in figure 7.

Fig. 7. Pressurization of a single soft pneumatic actuator of the soft prosthetic
hand of Fras and Althoefer [25], resulting in the bending of the pressurized
finger.

The soft prosthetic hand is operated using six solenoid
valves, one for each actuator, and these are controlled by a
Raspberry PI module. In the current experiment the hand is
controlled by the human using a simple joystick, however,
efforts are being made to control the hand by means of
electromyography (EMG). When using a supply pressure of
100 kPa, the hand is able to exert a maximum force of around
0.9 N at the tip of a finger.

Although the soft prosthetic hand of Fras and Althoefer is
in an early stage of development, it shows promising aspects
for further development of pneumatic hand prostheses. The
flexibility of the hand and its cosmetic resemblance to a
human hand make it a very attractive prosthesis. Furthermore,
its simple and cheap fabrication could make it available to
a much broader group of users than currently available hand
prostheses. Moreover, although the weight of the prosthesis
is not mentioned in their work, the used materials and hollow
design suggest that the hand prosthesis could be relatively
lightweight compared to conventional hand prostheses. The
grip force, however, is at least an order of magnitude lower
than that of commercially available electrically powered hand
prostheses [33]. Although the soft prosthetic hand proved to
be able to pick up several every day objects, the grip force is
something that needs to be addressed before this design can
be turned into a commercially viable prosthesis. Furthermore,
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the control of the prosthesis should be further developed in
order to make it easier for the user to control it. As stated
before, EMG control is currently being developed for the soft
prosthetic hand and this could prove to be a very attractive
solution.

2) PAM: Pneumatic Artificial Muscles (PAMs) are pneu-
matic actuators that mimic human muscles, i.e. they contract
when they are activated (pressurized). PAMs originally were
developed under the name McKibben Artificial Muscles in the
1950s, however, their usage in hand prostheses did not become
popular until the 2000s. A PAM consists of a tube/balloon
made of elastic material, which is covered by a braided
fiber mesh. The fibers that make up the mesh have a high
tensile strength and thus can not elongate, and therefore they
can only change direction. The braid pattern of the mesh
therefore determines how the PAM deforms when pressurized.
Increasing the pressure inside the tube causes it to expand.
However, the pattern in which the fibers are braided to form
the mesh, causes the PAM to expand in radial direction, but
contract in axial direction. Figure 8 shows a PAM in both
neutral and pressurized state, alongside a schematic drawing
of the PAM.

Fig. 8. Pressurization of a PAM in [40]. The increased pressure causes the
elastic balloon to expand, however, the mesh geometry restrains expansion
and causes the PAM to expand radially and contract axially.

A big advantage of PAMs is that they are compliant, which
means they can adapt to the situation, are less sensitive
to alignment issues and they are safer to use in proximity
of a human. The simple design also makes them easy to
manufacture and low in cost. It is often stated that another
advantage of PAMs over other pneumatic actuators is that they
have a relatively high power-to-volume/weight ratio, which is
true when they are compared to standard components, such
as industrial cylinders. Plettenburg [34] shows, however, that
careful design of pneumatic cylinders results in a much higher
power-to-volume/weight ratio than that of PAMs. A disadvan-
tage of PAMs is that the stroke is on average 30% of its total
length, which is relatively low compared to other pneumatic
actuators. Furthermore, the deformation of a PAM is nonlinear
which increases the difficulty of control. Moreover, they can
only provide a unidirectional tension, which means that for
most use cases an antagonistic pair is needed, similar to
muscles in the human body [6], [35]–[57]. Figure 9 shows
a schematic overview of such an antagonistic pair, that works
to bend a finger. The overview shows the three different states
of the system and the corresponding pressure differences.

Fig. 9. Antagonistic PAM movement in [40]. Pressure differences between
the PAMs cause the system to bend in the direction of the higher pressure.

Honda, Miyazaki and Nishikawa [39] designed a pneumat-
ically powered robotic hand, consisting of 16 joints, 25 PAMs
and 17 degrees of freedom. Ide and Nishikawa [40] further
developed the controller of this hand.

The thumb and little finger of the prosthesis use three PAMs
to mimic human movement and the other fingers use four.
Here some movements are coupled to a single PAM, e.g. the
bending of the distal and medial phalange of the little finger is
coupled. Figure 10 shows the complete robotic hand without
its cosmetic cover. On the left side the PAMs in the wrist
are visible and on the right side the PAMs in the fingers are
visible.

Fig. 10. Robotic hand from [40], with and without covering, showing the
PAMs used to actuate the phalanges of the fingers.

The robotic hand is still in a very early stage of devel-
opment, therefore not much is reported on its performance
in the reports of both Honda, Miyazaki and Nishikawa [39],
and Ide and Nishikawa [40]. They do show, however, that the
fingers have a step response of approximately 0.5 s for opening
or closing, which is relatively fast for a hand prosthesis
and therefore seems promising. The control method used by
Honda, Miyazaki and Nishikawa [39], however, leads to a
steady-state error in the bending angles of the joints in the
range of 1 to 5 degrees. As stated by the authors this will need
to be addressed in a following design, for example by using
angle sensors. Ide and Nishikawa [40] used another approach
for the control of the hand, which among other things led to the
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elimination of the steady state error. This, however, increased
the operating cycle of the hand by an order of magnitude. The
usage of PAMs in a hand prostheses seemed promising due to
their high power-to-volume ratio, however, the aforementioned
design does not yet show or state specifications that support
this statement. When the robotic hand is further developed it
would be interesting to see performance specifications such
as the grip force and the mass of the entire hand, to be able
to compare it to other designs of robotic/prosthetic hands in
order to judge if PAMs are indeed a promising direction of
hand prosthesis actuation.

B. Control

1) Myoelectric: In myoelectric control, electromyography
(EMG) is used to control a prosthesis. EMG is a form of
medical electrodiagnosis where the electrical potential of the
muscles is measured using needle electrodes that are inserted
into the skin or patch electrodes that stick to the skin. When
these muscles are activated, their electrical potential changes,
which can be seen in an electromyograph. Thus, EMG can
be used to monitor muscle activity. Most muscles that control
the human hand are located in the forearm. Therefore, when
a hand is amputated, most of these muscles remain partially
intact. The brain can still activate these muscles and thus,
by monitoring the muscle activity using EMG, the user’s
intention of hand movement can be derived and performed
by the prosthesis.

An advantage of myoelectric control over conventional
control methods is that it provides a direct link between the
user’s brain and prosthesis. However, this link only works
one way; The brain can send signals to the prosthesis (feed
forward), but the prosthesis can not send direct signals to the
brain (feedback). This means that the user can actuate the
prosthesis in the same way he would actuate a human hand,
however, he does not get any feedback, which complicates
the control of the hand. Another advantage of myoelectric
control is that it allows for complex movements without
complex control algorithms or effort from the user, as the
actuation of the prosthesis is directly coupled to the muscle
activity of the user, which is controlled by the brain already.
A disadvantage, however, of myoelectric control is that the
accuracy of EMG is currently still relatively low, even though
it is getting better and better. Adipose tissue, such as fat,
affects measurements, therefore, myoelectric control does not
work equally well for all users. Furthermore, activity from
muscles that are located deeper within the body, is harder to
measure and the signal is heavily influenced by the activity
of surrounding muscles. At this point it is therefore not yet
feasible to single out activity from individual muscles, and
therefore control is now based upon the activity of larger
muscle groups [8], [9], [15], [21], [58].

Feng et al. [21] designed a myoelectrically controlled
soft robotic hand. The EMG electrodes are connected to the
right arm of the user as shown in figure 11.

The electrodes are placed on the mayor muscle groups
controlling the hand movement, and consist of three channels

Fig. 11. Muscle anatomy of the right human forearm and the electrode
positions for EMG measurement in [21]. The three electrode channels are
used to measure muscle group activity with respect to the reference electrode.

and a reference. To control a prosthesis using the EMG signal,
an experiment was done in order to create a mathematical
model that accurately determines the type of hand movement
based on the three EMG channels. In the experiment subjects
were asked to perform the fine hand gestures, as shown in
figure 12, and their EMG signal was recorded.

Fig. 12. The ten types of fine gestures used in the experiment of Feng et al.
[21] to try to find patterns in the corresponding EMG measurements.

Based on the data of all subjects, a model for the
translation from EMG to prosthesis movement was derived,
with an accuracy of 93.2%. Using this model and the
test setup shown in figure 13, the user is able to control
the hand prosthesis, based on the movement of their real hand.

Fig. 13. Test setup used by Feng et al. [21] to test the myoelectric control
of a hand prosthesis, using the derived EMG-to-movement translation model.
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2) Sensors: Tjahyono et al. [35] developed a novel strain
sensor. The sensor is made form natural rubber (NR) coated
with a layer of the conducting polymer polypyrrole (PPy).
This combination is used as NR has the mechanical properties
needed for a large strain sensor and PPy has the conducting ca-
pabilities to detect and measure strain. When strain is applied
to the NR/PPy sensor, its electrical conductivity decreases.
This relationship can be used to derive the applied strain from
the measured electrical conductivity.

When compared to a laser distance sensor the absolute
measurement error of the strain sensor is less than 1.5 mm,
with an average of 0.7 mm, which is acceptable for usage in
a hand prosthesis. Furthermore, experiments with the novel
strain sensor and a hand prosthesis proved that it could be
used to smoothly move the hand to desired setpoints.

An advantage of this sensor over conventional strain
sensors is that its compliance not only allows it to measure
large strains but also allows the sensor to adapt to the motion
of prosthesis, which allows for a wider range of motion.
Furthermore, the sensor is compact and lightweight, which
makes it ideal for usage in a prosthetic hand. A disadvantage,
however, is that the compliant materials of the sensor are
more prone to damage from contact with more rigid or sharp,
parts or objects. Moreover, the accuracy of the strain sensor
is affected by the effects of elastic hysteresis of the materials,
i.e. the relation between stress and strain is different for
loading and unloading of the sensor.

Kadota et al. [45] developed a balloon sensor to measure
external forces. This sensor is shown in figure 14.

Fig. 14. Balloon sensor developed by Kadota et al. [45]. It consists of a rubber
tube, closed on one end and connected to a differential pressure sensor through
a tube on the other end.

When an external force is applied to the sensor, the tube
is compressed and the pressure inside it increases, which
is measured by the differential pressure sensor. Thus, by
monitoring the pressure inside the tube the external forces can
be determined. Experiments show that the pressure measured
with the sensor increases linearly with the applied force.

An advantage of this sensor is that the balloon and sensor
can be placed at a distance from each other. This means
that the compact and lightweight balloon can be placed at
the extremities of the prosthesis, where weight and size play
an important role, and the heavier sensor can be placed at
the base of the prosthesis. A disadvantage, however, is that
the longer the tube between the balloon and sensor is, the
bigger the error in the pressure reading becomes due to fluid
mechanics.

Scharff [30] details the design of several 3D printed
soft pneumatic pressure sensors. One of the designs is the
double bellow pressure sensor, shown in figure 15.

Fig. 15. Double bellow pressure sensor developed by Scharff [30]. This
design features a column of bellows, that are divided in two chambers along
the length of the column. In this way a separate air chamber is formed for
respectively the left and right side of the sensor.

When the bellow column is bent to the left or right the
pressure on one side increases, while the pressure on the other
side decreases. The pressure difference between the two sides
is, therefore, a measure for the bending angle of the column.
Using a mathematical model the bending angle can, therefore,
be calculated from the pressure difference.

The double bellow pressure sensor is still in the concept
stage of development and, consequently, no data is available
yet on the performance of this sensor.

An advantage of these soft 3D printed sensors is that
their compliance allows them to be used with adaptive
hand prostheses, such as soft pneumatic hands. Furthermore,
fabrication of the sensors is simple and cheap, as they
consist of a single 3D printed part. Besides, the design of
the sensor can be easily adapted for the specific use case.
A disadvantage, however, is that the soft material of the
sensor is more prone to tearing and fatigue, and 3D printing
introduces minor faults in the material, which increases the
chance of tearing even further.

3) Feedback: Feedback for the control of prostheses is not
something new; Old body-powered prostheses already had
a form of feedback through the operation forces. However,
feedback in prostheses is something that has been neglected
throughout time, especially with the switch to electronic pros-
theses. Researchers are, however, starting to realize more and
more the importance of feedback in controlling a prosthesis.

An advantage of feedback is that the user has more
awareness of the forces that the prosthetic hand is applying
on an object, which not only allows for more precise control
of the prosthesis but also makes sure that the applied force is
not too large or small for the task at hand. This results in a
much more intuitive control for the user and an overall better
acceptance of the prosthetic hand by users. A disadvantage
is, however, that the wrong amount of feedback or the wrong
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kind of feedback can lead to over-stimulation of the user,
which in turn negates the intended effect of the feedback
[11], [24], [55].

Huaroto et al. [11] developed a soft pneumatic actuator
(SPA) meant for giving feedback to the user of a prosthetic
hand in the form of tactile and kinesthetic forces on the
residual limb. The design of this SPA is shown in figure 16.

Fig. 16. SPA design of Huaroto et al. [11]. The design of the SPA consists
of a silicone rubber liner, with an internal chamber. This chamber is shaped
like a plano-convex lens, where one side is flat and the other has a circular
curvature. A small tube allows the chamber to be pressurized.

When the SPA’s chamber is pressurized, the liner expands
as shown in figure 17, with a total displacement of 2.8 mm.
This displacement results in a force between the liner and the
residual limb. By controlling the magnitude and frequency of
this force, feedback is given to the user of the hand prosthesis.

Fig. 17. Pneumatic expansion of the SPA of Huaroto et al. [11] when
pressurized. Positive displacement is shown in red and negative displacement
in blue.

While only weighing 8 grams, the SPA is able to produce
a force up to 12.5 N with a frequency of 70 Hz, using a
pneumatic pressure of 60 kPa. Compared to other tactile and
kinesthetic devices, the SPA is much simpler and smaller.
Furthermore, Huaroto et al. [11] showed that the usage of the
SPA resulted in a significant improvement of the perception of
a prosthesis user and shows high potential for future prosthesis
designs.

As shown in the dissertation of Witteveen [59], this kind
of tactile feedback helps users in controlling their prosthesis,
eventhough the tactile nature of this feedback means that it
is relatively slow, thus limiting the increase of performance
with this feedback.

4) Miscellaneous: There have been many other advances
in the field of control for pneumatically actuated hand
prosthesis, such as the improvement of control algorithms

[40], [41] and the electrical control schemes [17], modelling
of the full prosthesis [53], and pneumatic transmissions [12].

Vorob’ev, Mikheev and Morgunenko [60] developed a
way to control a hand prosthesis using one’s foot. Here tactile
sensors are placed within an insole and the hand prosthesis
can be controlled by applying forces to these sensors with
one’s foot. Seven sensors are placed within the insole:

• The five sensors underneath the toes are used to control
finger movement.

• The sensor underneath the heel is used to fix wrist
position and is switched off during walking.

• The sensor underneath the ball of the foot is used to
control grip strength.

Figure 18 shows the insole with sensors and the test setup
used to control the pneumatically actuated prosthetic hand.

Fig. 18. Setup used to test the control of a prosthetic hand with the foot
controller of Vorob’ev, Mikheev and Morgunenko [60]. The tactile sensors
are visible on the insole.

An advantage of this form of control is that one can
control the prosthetic hand using other limbs in a discreet
way. Furthermore, this form of control allows all the fingers
to be controlled independently and also allows control over
the magnitude of the grip force. A disadvantage, however, is
that one will need a lot of practice to use this form of control.
Besides, this controller cannot be used when the foot is used
normally, such as during walking.

No specifications on the performance of this controller are
reported, which could either mean that not enough data is
available yet, as it is still in an early stage of development,
or that the performance of this controller is much worse
than expected. Either way it would be interesting to see how
well this kind of controller performs, to see whether it is an
attractive option for a future prosthesis design.

C. Energy

1) Propellant: Different kinds of propellants have been
used for pneumatically powered hand prosthesis throughout
the years. The first prostheses used air, as this is available
everywhere and could be compressed using a bellow and
muscle power. However, the energy density of this supply
is very low and, therefore, the hand could not be used long
before it needed new compressed air. Therefore, the switch
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was made to compressed carbon dioxide (CO2), which has
a higher energy density, which means that it can last longer
until a refill is needed. Using a portable cartridge to store
highly pressurized CO2 resulted in even longer usage without
a refill [5]. Nowadays, CO2 cartridges are commonly available
as they are used for a wide variety of applications, and they
are also recyclable, which means that they are perfect for
usage in a hand prosthesis that uses around one cartridge
a day. Furthermore, CO2 is a relatively safe gas and also
cheap, as it is a byproduct of many processes. The downside,
however, is that the emission of CO2 is frowned upon from
an environmental standpoint, but the amount of CO2 emitted
by the hand prosthesis is relatively low.

In recent research the usage of a liquid mono-propellant,
i.e. hydrogen peroxide (H2O2), has been investigated. The
advantage that H2O2 has over CO2 is that its energy density
is an order of magnitude higher, which means that the hand
prosthesis can be used longer, with less propellant. Opposite
to CO2, H2O2 needs a catalyst to be converted to pressurized
gas in the form of H2 and O2. An advantage is that these
gasses are environmentally friendly, in contrast to CO2 [6],
[23], [47], [56], [61]–[76].

Fite et al. [63] designed a complete pneumatically powered
arm prosthesis, that uses H2O2 as propellant. Figure 19,
shows an overview of the actuation system of the prosthesis.

Fig. 19. Schematic overview of gas supply and actuator configuration in [63].
H2O2 is stored in a fuel cartridge and a catalyst is used to break the molecular
bonds and, thus, convert the liquid propellant into pressurized gas that is used
to actuate the prosthesis. A small CO2 cartridge is used to pressurize the liquid
propellant, which forces it to go through the catalyst pack when needed.

Figure 20 shows a computer-aided design (CAD) model of
the full prosthetic arm, including the fuel cartridge.

The full arm prosthesis weighs 2.0 kg in total, including
the fuel cartridge with a weight of 450 g when full. Although
no performance specifications are reported, Fite et al. [63]
show that the arm is able to grasp a wide range of differently
shaped objects. This prosthesis has a very large range of
motion which seems attractive, however, this also significantly
increases the difficulty of controlling it and its weight, as
many actuators and valves are needed to operate it. For future
designs it would be interesting to see whether this range of
motion is needed, or that a simpler and lighter prosthesis,
with a decreased range of motion, is sufficient for the user.

Fig. 20. CAD model of the full arm prosthesis of Fite et al. [63]. The
fuel cartridge containing the H2O2, the CO2 cartridge and the catalyst pack
supplies pressurized gas to the 4-way servovalve banks, which determine the
actuators that are pressurized.

2) Dual-Mode: The act of grasping an object can be
divided into two phases: the prehension and the pinching
phase. The prehension phase is when the fingers are moving
towards the object, but do not touch it. The pinching phase
is when the fingers touch the object and apply a force to it.
Most conventional hand prostheses use the same actuation for
both phases of grasping. The motion and force characteristics
of both phases are, however, very different; In the prehension
phase a large stroke is needed to move the fingers to the
object, however, almost no force is needed, as the fingers
do not touch the object yet. In the pinching phase it is
the other way around; Almost no stroke is needed, as the
fingers already touch the object, but a large force is needed
to hold the object. Therefore, using the same combination of
actuation and transmission for both phases is very inefficient,
as both phases require very different actuation characteristics.
Kim et al. [66] and Plettenburg [68], therefore, suggest to use
different actuators for both of the phases, to make sure that
each phase uses an actuator with optimized characteristics.
This will, therefore, result in a higher energy efficiency of
the hand prosthesis, and in turn a lower gas consumption and
longer usage time.

In his dissertation Plettenburg [68] details the design of
a pneumatic hand prosthesis using dual-mode operation.
Figure 21 shows a schematic drawing of this prosthesis.

The figure shows the hand in its rest position, where it it
closed and locked in place by the locking mechanism, which
resists reaction forces from an object inside the hand. To grasp
an object, the pinching motor is pressurized first, followed
by unlocking the locking mechanism and pressurizing the
prehension motor. Next the opened hand is moved around an
object and the prehension motor is depressurized, thus moving
the fingers to the object by the weak closing spring. Then the
locking mechanism is engaged, followed by depressurizing the
pinching motor, which results in a pinching force by the strong
pinching spring.
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Fig. 21. Schematic drawing of the pneumatically powered dual-mode hand
prosthesis in [5], consisting of a thumb and finger, actuated by respectively
a pinching motor/spring and a prehension motor/spring, including a locking
mechanism.

Table I shows an overview of the masses and operating cycle
of the hand. Furthermore, it shows the same specifications for
a comparable commercial myoelectric hand prosthesis. As can
be seen in the table, not only the mass of the hand prosthesis
itself is much lower for the pneumatic dual-mode prosthesis,
also the mass of the pneumatic energy storage is much lower
than that of a commercial myoelectric device, eventhough both
have an energy storage that lasts one full day. Moreover, the
operating cycle (the time it takes to open en close it) of the
pneumatic dual-mode prosthesis is much faster than that of the
myoelectric device. Both the low mass and fast operating cycle
make the pneumatic dual-mode prosthesis a very attractive
option for future hand designs.

TABLE I
COMPARISON OF DUAL-MODE HAND.

Hand prosthesis
Plettenburg Myoelectric Bock

Mass hand 60 g 130 g
Mass energy storage 36 g 60 g
Mass complete prosthesis 250 g 340 g
Operating cycle <1 s >2.5 s

3) Pressure: Pneumatic pressure is something that has
varied widely among hand prostheses; There has not been
a standard pressure level. The pressure depended on factors
like the available compressors, storage cartridge pressure,
maximum pressure ratings of parts, or the results of tests with
different pressure levels used to operate the hand prosthesis.
More recently researchers started looking into the supply
pressure for pneumatically powered hand prostheses [46],
[69], [72].

With the emergence of soft pneumatic actuators, researchers
have started looking at how to actuate the prostheses with
a pressure level that is as low as possible. The reason for

this is that a low pressure level lowers the chance of rupture
of the soft materials, is safer when used in the presence of
humans and makes it easier to refill. However, a low pressure
level commonly results in a lower gripping force and heavily
reduced usage time. Tsujiuchi et al. [43], however, were able
to develop a pneumatic actuator, using a lower pressure level,
that has a similar performance to conventional pneumatic
actuators. Their hand prosthesis has a movable range similar
to that of a human hand and can lift objects with a mass up
to 400 g. This is enough to pick up many everyday objects,
however, it will not be able to lift heavier objects, such
as a water bottle, a laptop, a pan, etc. The usage of low
pressure in soft pneumatic actuators therefore has aspects that
seem promising, however, more research should be done into
increasing the actuation forces before it becomes an attractive
option for prosthesis users.

Other research focuses on the ideal supply pressure for
pneumatical devices in general. Doedens [71] did research
on the optimal CO2 pressure for a pneumatic system. Based
upon previous research, theoretical work and experiments,
an ideal pressure level of 1.2 MPa was found. Using this
level of CO2 pressure in a pneumatic system, such as a
pneumatically powered hand prosthesis, would result in a
minimum gas-consumption and, thus, a prolonged usage time
before needing to refill.

4) Energy Recovery: Pneumatic actuation generally relies
on letting pressurized gas flow into a previously depressurized
chamber. This gas expands in the chamber and performs
work, which means the actuator exerts a force, e.g. a PAM
used to close the fingers of a hand prosthesis. When the
actuator needs to release the force, e.g. to open the hand
prosthesis again, the gas in the chamber is released into the
surrounding, returning the chamber to a depressurized state.
The releasing of this gas into the surrounding means that
energy is lost during the usage of the pneumatically actuated
hand. Furthermore, energy is lost when the pressure of the gas
is reduced from the saturation pressure in the supply to the
pressure allowed for operation of the hand prosthesis. This
results in a loss of approximately 60% of the total energy in
a gas cartridge and results in a higher gas consumption and,
therefore, a lower usage time. Energy recovery methods aim
to reduce the amount of lost energy and, therefore, the gas
consumption, letting the prosthesis be used longer [12], [69],
[77].

Verga [69] designed a small free-piston expander-compressor,
that is able to recover energy from the system, when the
CO2 pressure is lowered from saturation to operation level.
The device can be used to lower the pressure from the CO2

at the saturation pressure to the pressure that is required
for operating the hand prosthesis. While this expansion is
performed by the free-piston of the device, work is recovered
from the expansion by at the same time compressing air from
the surrounding. This compressed air can then be used in the
prosthetic hand, reducing the amount of energy that is lost
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and decreasing the gas consumption, which in turn increases
the usage time. Figure 22 shows a cross section of the design
in two different positions.

Fig. 22. Schematic overview of the free-piston expander-compressor designed
by Verga [69]. Red is used to indicate the high pressure CO2 and blue to
indicate air. In the top figure the CO2 inlet on the left is opened, which
causes the piston to slide to the right and the CO2 to expand, as can be seen
in the bottom figure. At the same time that the CO2 is expanded, the air is
compressed by the same piston.

The design of Verga [69] is still a very early prototype and
therefore its specifications do not yet meet the requirements
set at the beginning of the design stage. The prototype has a
mass of 100 g, which is 76 g more than required. Furthermore,
there is no data available yet on the actual energy recovery, as
during the testing an o-ring failed, preventing further testing.
The concept of recovering energy from the pressure changes,
however, seems very promising and would be an interesting
concept for further research, which should show how well it
actually works.

D. Fabrication

1) Casting: Casting is not a new fabrication method. How-
ever, its usage in casting entire hand prostheses is. With
the emergence of soft pneumatics, casting is used to create
full hand prostheses or complete pneumatic finger actuators.
Furthermore, casting can be combined with 3D printed molds,
to create customized prostheses and allow rapid prototyping.

A big advantage of casting is that it is a relatively cheap
and easy process for large quantities, as a single cast can be
used to create many parts. On the downside, however, casting
does not allow for a very high level of detail in the cast parts
and, therefore, the parts that it is used for can not have a too
complex geometry. However, soft pneumatic actuators are
generally simple enough to be cast without a problem [13],
[16], [21], [28], [31].

As shown before in figure 6, Fras and Althoefer [25]
used a 3D printed mold, based on a 3D scan of a human
hand, to cast the entire exoskeleton structure for a soft
pneumatic hand prosthesis.

2) 3D Printing: 3D printing is a relatively new technology
that allows parts to be printed layer-by-layer from a vast array
of materials, such as plastics and metals. This technology
allows prostheses or parts thereof to be directly printed from
a CAD model. A computer program is used to ‘slice’ the 3D
model of the object to be printed into separate layers, which
can then be used by a 3D printer.

A big advantage of 3D printing is the high degree of
customizability and rapid prototyping it allows, as objects can
be printed straight from the CAD model. Furthermore, the
printing in thin layers allows a high complexity of parts and
enables one to print entire systems, such as a hand prosthesis,
in a single print. Furthermore, 3D printing is relatively cheap
for a low number of products, which makes it ideal for
customized parts and prostheses. A disadvantage is, however,
that 3D printing is rather expensive and slow when a large
amount of prints is needed, which makes it less suitable for
mass fabrication. Furthermore, 3D printing results in parts
with non homogeneous material due to the printing in layers,
which affects the physical properties of the part [16]–[19],
[22], [24], [27]–[31], [67], [75], [78]–[83].

Cuellar et al. [80] developed a hand prosthesis, that
can entirely be 3D printed in only two parts. Figure 23 shows
the CAD model of the full hand prosthesis and a 3D printed
prototype of one of the two parts of the prosthesis.

Fig. 23. CAD model and a 3D printed prototype of one of the two parts of
the prosthetic hand in [80]. The hand is actuated by a cable that pulls on the
driving link of the whippletree mechanism and leaf springs return the fingers
to their neutral, opened position.

The hand prosthesis is designed in such a way that its fingers
are actuated, eventhough it is printed as a single part. The four
fingers can be actuated using a single cable, meaning that the
hand is underactuated. The elasticity of the material acts as
the return spring to keep the hand open when no force is
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exerted on the cable. This hand prosthesis is intended to be
body powered by attaching the cable to a harness, however, the
same principle could be used for a 3D printed pneumatic hand
prosthesis, where instead of a harness a pneumatic cylinder
would be used.

The 3D printed prototype is able to exert a force up to
6 N at the tip of the fingers. Compared to commercially
available body powered hand prostheses the prototype is able
to exert a larger force at relatively low user input forces, but
a lower force at relatively high user inputs. Therefore, this
prosthesis would be attractive for cases where it will be used
for lighter tasks. Moreover, the energy needed to operate
the prototype is low compared to the commercially available
hands. The elasticity of the 3D printed material and cable
result in hysteresis in the opening and closing of the hand,
however, not too much to bother the user. The life time of
the 3D printed hand prototype is on average 2446 ± 499
operating cycles. This life time is very short, considering a
person opens/closes his hand several hundred times a day.
The 3D printed hand was, however, not designed for life
time, but to be able to be used by persons in areas where
normal prostheses are not available or too expensive. The
3D printed hand therefore offers a cheap and quick option
for users that otherwise would have no access to prostheses
at all. For future research, however, it would be interesting
to see whether the life time, and grip forces for higher user
inputs can be increased, in order to see if 3D printing is
also an attractive solution for producing prostheses in places
where access to prostheses is not an issue.

3) Advanced Materials: Besides the fabrication processes,
more attention is also being paid to the materials that are
used to create hand prostheses or parts thereof [16].

Krishnan et al. [54] designed and tested a PAM made
with silk fibers instead of the conventionally used synthetic
fibers, such as nylon. The advantage of using silk over other
fibers is that it is naturally stronger than fibers such as nylon
or even steel. Furthermore, silk is a soft and natural fiber
which makes it ideal for usage in bio-compatible devices and
prostheses. Nothing is reported on the actual performance of
the silk PAMs, except that they contract like conventional
PAMs, therefore, it is uncertain whether it is an attractive
solution for future hand prosthesis designs.

Wang [81] focuses on the usage of self healing polymers in
combination with 3D printing. A big problem with 3D printed
hand prostheses, or pneumatic finger actuators, is that they
suffer from fatigue and will start tearing or cracking with use.
The advantage of self healing polymers over conventional
polymers, is that they repair themselves when damaged. This
means that a crack or tear will be fixed automatically and
recovers about 97% of its original strength after 24 hours.
Using self healing polymers to 3D print soft pneumatic hand
prostheses will, therefore, allow them to last much longer
before they need to be replaced.

E. Ergonomics
1) Miniaturization: The first generations of pneumatically

powered hand prostheses were very heavy and bulky, as it was
simply not possible to create smaller and lighter prostheses
with the technology at the time. Throughout the years
hand prostheses have become lighter and smaller, as their
components could be made smaller using new technologies,
and better materials could be used to decrease the weight
even further. The lower weight and smaller volume, make the
hand easier to operate and allow it to be fit within the shape
of a human hand. In the last two decades even more focus
has come on the miniaturization of the components of hand
prostheses. Miniaturization does not only change the size
and weight of the hand. but also the characteristics of the
components, as different physical properties have different
scaling factors. Therefore, miniaturization runs into physical
limitations, preventing further miniaturization. However,
components of hand prostheses are still becoming smaller
and smaller [29], [49], [51], [61], [72].

De Volder, Moers and Reynaerts [49] detail the development
of a miniature PAM. Figure 24 shows a schematic overview
of the design and pictures of the prototype.

Fig. 24. Schematic overview (a) and a prototype (b) of the miniature PAM
in [49], including an image showing the scale of the PAM (c) and an image
showing the braided mesh (d). The PAM has a diameter of 1.5 mm and is 82
mm long.

Despite its small size, the miniature PAM is able to create
a tension force of 6 N at a supply pressure of 1 MPa, which
is around an order of magnitude higher than conventional
pneumatic actuators of comparable or even larger sizes. Fur-
thermore the miniature PAM has an actuation speed of more
than 350 mm/s, which means it could be used in a prosthesis
design with a fast operating cycle. The stroke of the miniature
PAM is limited, however; It contracts up to 15% of its original
length, compared to 30% for conventional PAMs.

Miniaturization seems like an attractive solution for
components of future hand prostheses, as it decreases both
the size and weight of the hand. However, the miniaturization
should not lead to a decrease in performance. Therefore,
it would be beneficial to look further into the effects of
scaling down components, and how their performance can be
maintained simultaneously.

2) Customization: A large focus of recent research has been
the customization of prostheses. Customization of hand pros-
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theses allows them to be tailored specifically for the intended
user, making them more comfortable and more cosmetically
appealing. The emergence of 3D printing has allowed the
prostheses to be customized for each user and to be modelled
after real human hands. Furthermore, the modular design of
hand prostheses, allows users to build a hand prosthesis from
separate modules to exactly fit their individual needs.

An advantage of this customization is that hand prostheses
are becoming much more personalised, resulting in a higher
acceptance rate by the user and making them a better fit for
the task. A downside, however, of customization is that for
each user a different design has to be made, which makes
production more expensive, although new technologies, such
as 3D printing, are making such customized production
cheaper than ever before [11], [17]–[19], [22], [24], [27],
[29]–[31], [67], [75]–[85].

Almeida et al. [17] designed a hand prosthesis using
soft pneumatic actuators. The whole hand prosthesis is
modelled after a 3D scan of a real human, as can be seen in
figure 25.

Fig. 25. 3D printed soft prosthetic hand of Almeida et al. [17] based on the
3D scans of the adjacent human hand. The segmentation of the fingers allows
them to bend similarly to a human hand.

The hand is entirely 3D printed from semi-flexible plastic
and has internal air chambers. The fingers are segmented,
which means that they will bend once pressurized. Figure
26 shows the deformation of one segmented finger, under
increasing pressure levels.

An electro-pneumatic control system is used to control the
movements of the hand. The pneumatic part of the system
consists of a pneumatic piston pump that is used for pres-
surizing the hand, and four solenoid valves. The thumb is
controlled by itself and the four other fingers are controlled
together. Therefore, two of the solenoid valves act as an inlet
for pressurization of respectively the thumb and the fingers,
and the other two valves act as an outlet for depressurizing.
The electric part of the system consists of a control board
(Arduino) connected to an amplifying circuit, relay, battery
and three sensors.

Fig. 26. Simulation of the gradual pressurization of the segmented soft
pneumatic finger actuators of Almeida et al. [17], showing their bending
behavior.

Tests performed by Almeida et al. [17] show that the
bending angles achieved by controlling the soft pneumatic
fingers are much lower than were predicted using simulation
software. They attribute this to faults in 3D printing and
the material. Furthermore, they do not report on the forces,
operating cycle and energy usage of the prosthetic hand.
These are all very interesting and important specifications of
the performance of the hand prosthesis that could determine
whether this is an attractive direction to go for future designs.
More research is therefore needed to be able to determine if
this design will be feasible, but the concept of 3D printing a
cosmetically identical human hand seems very promising.

IV. DISCUSSION

In this section the results that were shown in section III will
be discussed. Subsection IV-A will highlight the promising
advances that were found. Next, subsection IV-B will look
back on the mayor drawbacks of pneumatic hand prostheses
from the past, in the light of the aforementioned advances.
Hereafter, subsection IV-C will give recommendations for
future research. Finally, subsection IV-D will discuss the com-
mercialisation of the pneumatically powered hand prostheses
described within this paper.

A. Promising directions

The research as shown in section III, shows that there
have been many advancements in the field of pneumatically
powered hand prostheses;

The prostheses have become more human-like, both in
their appearance as in their movements, due to technologies
such as 3D printing, soft pneumatic actuators and PAMs. The
prosthetic hands developed by Fras and Althoefer [25], and
Almeida et al. [17], for example, used 3D printing combined
with soft pneumatic actuators to become cosmetically very
similar to real human hands. These advancements show a lot
of promise as cosmetics are a very important aspect of a hand
prosthesis for a user thereof.

The prostheses are also becoming much more energy effi-
cient, meaning they can be used longer consecutively, and re-
quire smaller gas cartridges. The pneumatically powered dual-
mode hand prosthesis of Plettenburg [68], for example, divided
grasping into two separate stages, which allowed for the
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selection of optimized actuators for both tasks. This not only
resulted in a lowered energy consumption, which subsequently
lead to a more lightweight energy storage, but the overall
mass of the hand prosthesis was more than 26% lower than
a commercial myoelectric competitor. Furthermore, the dual-
mode hand is also more than twice as fast as its competitors.
The work of Doedens [71], furthermore, showed how careful
selection of gas pressures can reduce the amount of energy
needed to actuate a hand prosthesis. These advancements show
a lot of promise as energy efficiency, and consequently the
mass of the energy storage and the usage time, play important
factors when selecting a hand prosthesis.

Furthermore, the advances in the control of the prostheses
makes them easier to operate by the user, due to more natural
and accurate control methods. The myoelectric controller
designed by Feng et al. [21], for example, uses electrodes
to measure electrical signals in the muscles in the residual
limb that would be used to control a real hand. This means
that the user uses the same (feed forward) control for the
hand prosthesis as he would use for a real hand. Using a
pattern recognition model, the myoelectric model is able to
convert the muscle signals to prosthetic hand movement with
an accuracy of 93.2%. These advancements show a lot of
promise as intuitive and accurate control are very important to
a prosthesis user, as they want the prosthesis to do what they
want without having to do too much effort.

Finally, fabrication methods such as 3D printing and casting,
allow the prostheses to be produced much cheaper than before,
making them affordable for a much larger part of the popula-
tion. The prosthetic hand designed by Cuellar et al. [80], for
example, is entirely 3D printed in just two parts. Therefore, the
cost of this prosthesis is virtually the same as the 3D printing
material cost, which comes down to only a couple of euros.
This is a fraction of what a conventional commercial hand
prosthesis costs and makes it accessible to a much larger part
of the population, that now is able to afford a hand prosthesis,
albeit a very simple one.

B. Troubles of the past

As described in section I, pneumatic actuation for hand
prostheses never became popular in the past due to their
unmanageable control, the bulkiness of the gas storage and
the difficulty of refilling the gas storage. The aforementioned
research shows, however, that the recent developments in the
field of pneumatically powered hand prostheses have overcome
these problems; The research of Feng et al. [21] showed
how myoelectric control can be used to intuitively control a
hand prosthesis with an accuracy of 93.2%. Next, the design
of the pneumatically powered dual-mode hand prosthesis of
Plettenburg [68] showed that careful design of components and
focusing on energy efficiency, resulted in a gas storage with a
mass that is almost half that of a commercially available com-
petitor. Finally, sub-subsection III-C1 showed that nowadays
gas cartridges, that can be used in pneumatic hand prostheses,
are widely available and can be easily replaced when depleted.

Due to the advances in pneumatically powered hand pros-
theses, pneumatic actuation is becoming a very attractive

option for hand prostheses, as besides overcoming the mayor
drawbacks from the past, it also offers advantages over body
powered or electrically powered prostheses, such as:

• High operating speeds, as could be seen in the design of
Plettenburg [68].

• Large forces, as could be seen in the PAM of De Volder,
Moers and Reynaerts [49].

• Low weight, as could be seen in the design of Plettenburg
[68].

C. Future research

The results show that it is not only rewarding to improve
existing technologies, such as the miniaturisation of a PAM
by De Volder, Moers and Reynaerts [49], but that looking
into fundamentally different principles can result into advances
that lead to even better performance than already existing
technologies. An example of this is the pneumatically powered
dual-mode hand prosthesis of Plettenburg [68], that by dividing
grasping into two stages is able to achieve a much higher
energy efficiency than conventional hand prostheses. For future
research it may, therefore, be interesting to not only focus on
improving existing technologies, but also to try to come up
with completely new ideas.

Furthermore, ideas that were discarded in the past, due to
not being feasible at the time, might become attractive again,
due to advances in technology that allow the idea to become
feasible. This is, for example, visible in the development of
an advanced hand prosthesis using PAMs by Honda, Miyazaki
and Nishikawa [39], whilst PAMs were already developed in
the 1950s, but never became popular in hand prostheses. For
future research it may, therefore, be interesting to revisit old
technologies or ideas that were discarded at the time for not
(yet) being feasible.

Moreover, it is wise to not just think of the prosthesis
as a device, but also of its intended user, as the device
can be perfect from an engineering point of view, but if
the user does not like it the prosthesis will not be used.
As stated in section I many people reject their prosthesis as
they find it inconvenient to use, eventhough it might be very
well engineered. Advances in hand prostheses, such as the
improved myoelectric controller of Feng et al. [21], make the
prosthesis easier to operate and thus more appealing to users.
During future research it is, therefore, important to not only
focus on the engineering aspects of the prosthesis, but to also
keep in mind the intended user thereof.

Finally, the results show that advances in the field of
pneumatically powered hand prostheses go hand in hand with
the advances in the whole field of engineering. An example of
this are the prosthetic hands developed by Fras and Althoefer
[25], and Almeida et al. [17] that use 3D printing, which is a
relatively new technology, to make the prostheses cosmetically
similar to real human hands. For future research it is, therefore,
wise to keep an eye on the developments in the whole field of
engineering in order to see if there are new technologies that
may be applied in the design of a hand prosthesis.
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D. Commercialisation

All examples of prosthetic hands or parts thereof given
in this paper are not (yet) commercially available. For most
of the prostheses this is because they are still in an early
stage of development, and the designs that were fabricated
were prototypes. Before becoming commercially viable these
designs will first need to be thoroughly tested and iteratively
adjusted in order to get a performance that is attractive to
prosthesis users. Once the prosthesis performs well, comfort
and cosmetics play an important role too. These should already
be taken into account in an early design stage, however, once
the technical design of the hand is optimized, there is room
to improve the appearance of the hand, by for example fitting
it with a cosmetic glove, and to improve the comfort of the
hand, by ensuring a good fit to the residual limb and distribute
the weight and forces on it. After all this is done the prosthesis
should still undergo a clinical trial to see what the actual
users think of the hand prosthesis and whether or not it can
be successfully commercialized. For most of the prostheses
within this paper there is still a long way to go, however, the
early prototypes show promising aspects and further research
and development could lead to new commercial pneumatic
hand prostheses.

On the the other hand there were also examples within
this paper that do not (yet) seem like designs that could
lead to a commercial product. For example the foot controller
of Vorob’ev, Mikheev and Morgunenko [60] does not seem
like the most practical form of prosthesis control, especially
when compared to other technologies such as myoelectric
control. Furthermore, the authors do not give any test results or
specifications of the controller which raises the suspicion that
either it did not work as intended or that a lot more research is
needed in order to make it work. Together these points give the
impression that this is not a commercially attractive direction
to continue in, and that the effort is better spend on other
advancements.

V. CONCLUSION

Pneumatically powered hand prostheses have come a long
way since 2000. Advances in the areas of actuation, control,
energy, ergonomics and fabrication significantly increased both
the performance and the appearance of the hand prostheses that
have been developed. Although the pneumatic hand prostheses
presented in this paper are not yet ready for commercialisation,
the current designs show numerous promising aspects, and
further development could result in commercial pneumatic
hand prostheses that perform better than their competitors. As
the major drawbacks of using pneumatic actuation from the
past, i.e. unmanageable control, bulkiness of gas storage and
difficulty of refilling the gas storage, have now been overcome,
pneumatics has now become a very attractive actuation method
when designing a new hand prosthesis. Furthermore, more and
more advantages are becoming apparent which could increase
the popularity and performance of pneumatically powered
hand prostheses even further during the coming years.
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clear all
close all
clc

% Phalange length
AB = 45; %[mm]
BC = 20; %[mm]
CD = 20; %[mm]

% Pneumatic pressure
p = 1.2; %[MPa]

% Density CO2 at 1.2 MPa and 20 deg. Celcius
rho = 0.023200449229673584; %[mg/mm^3]

% Store concept values
ncycls = [];
Fds = [];

% Concept 1
% Pneumatic cylinder
d = 7; %[mm] diameter
L = 7; %[mm] length
n = 7; % number of cylinders in hand

% Derived from cylinder
Fcyl = 0.25*p*pi*d^2; %[N] force in cylinder
mco2 = 0.25*rho*pi*d^2*L; %[mg] gas used for filling whole cylinder
mco2t = n*mco2; %[mg] total co2 used per grasp
ncycl = 12*1000/mco2t; % total number of grasps on one cartridge
ncycls = [ncycls ncycl];

% Solve forces
Fd = Fcyl*3/4;
Fds = [Fds Fd];

%Concept 2
% Pneumatic cylinder
d = 7; %[mm] diameter
L = 7; %[mm] length
n = 4; % number of cylinders in hand

% Derived from cylinder
Fcyl = 0.25*p*pi*d^2; %[N] force in cylinder
mco2 = 0.25*rho*pi*d^2*L; %[mg] gas used for filling whole cylinder
mco2t = n*mco2; %[mg] total co2 used per grasp
ncycl = 12*1000/mco2t; % total number of grasps on one cartridge
ncycls = [ncycls ncycl];

% Solve forces
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Fd = Fcyl/4;
Fds = [Fds Fd];

% Concept 3
% Concept rejected due to gear and band friction
ncycl = 0; % total number of grasps on one cartridge
ncycls = [ncycls ncycl];
Fd = 0;
Fds = [Fds Fd];

% Concept 4
% Pneumatic cylinder
d = 7; %[mm] diameter
L = 7; %[mm] length
n = 4; % number of cylinders in hand

% Derived from cylinder
Fcyl = 0.25*p*pi*d^2; %[N] force in cylinder
mco2 = 0.25*rho*pi*d^2*L; %[mg] gas used for filling whole cylinder
mco2t = n*mco2; %[mg] total co2 used per grasp
ncycl = 12*1000/mco2t; % total number of grasps on one cartridge
ncycls = [ncycls ncycl];

% Solve forces
Fd = Fcyl/8.5;
Fds = [Fds Fd];

% Concept 5
% Pneumatic cylinder
d = 7; %[mm] diameter
L = 6; %[mm] length
n = 7; % number of cylinders in hand

% Derived from cylinder
Fcyl = 0.25*p*pi*d^2; %[N] force in cylinder
mco2 = 0.25*rho*pi*d^2*L; %[mg] gas used for filling whole cylinder
mco2t = n*mco2; %[mg] total co2 used per grasp
ncycl = 12*1000/mco2t; % total number of grasps on one cartridge
ncycls = [ncycls ncycl];

% Solve forces
Fd = Fcyl*(1/4 + 1/(2*sqrt(5)));
Fds = [Fds Fd];

% Concept 6/7
% Pneumatic cylinder
d = 7; %[mm] diameter
L = 7; %[mm] length
n = 7; % number of cylinders in hand
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% Derived from cylinder
Fcyl = 0.25*p*pi*d^2; %[N] force in cylinder
mco2 = 0.25*rho*pi*d^2*L; %[mg] gas used for filling whole cylinder
mco2t = n*mco2; %[mg] total co2 used per grasp
ncycl = 12*1000/mco2t; % total number of grasps on one cartridge
ncycls = [ncycls ncycl];
ncycls = [ncycls ncycl];

% Solve forces
Fd = Fcyl*(1/4 + 1/8.5);
Fds = [Fds Fd];
Fds = [Fds Fd];

% Concept 8
% Pneumatic cylinder
d = 7; %[mm] diameter
L = 7; %[mm] length
n = 11; % number of cylinders in hand

% Derived from cylinder
Fcyl = 0.25*p*pi*d^2; %[N] force in cylinder
mco2 = 0.25*rho*pi*d^2*L; %[mg] gas used for filling whole cylinder
mco2t = n*mco2; %[mg] total co2 used per grasp
ncycl = 12*1000/mco2t; % total number of grasps on one cartridge
ncycls = [ncycls ncycl];

% Solve forces
Fd = Fcyl*(1/2 + 1/4 + 1/8.5);
Fds = [Fds Fd];

% Plot normalized and combined results
Fdsn = Fds/norm(Fds);
ncyclsn = ncycls/norm(ncycls);
figure
bar([Fdsn.',ncyclsn.'])
title("Normalized concept performance")
xlabel("Concept number")
ylabel("Normalized performance")
legend("Tip force","Grasping cycles")

figure
bar(Fdsn+ncyclsn)
title("Combined concept performance")
xlabel("Concept number")
ylabel("Combined performance")
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clear all
close all
clc

global AB BC CD h1 h2 p k

AB = 60; % [mm]
BC = 40; % [mm]
CD = 30; % [mm]

h1 = 15; % [mm]
h2 = 10; % [mm]

p = 1.2; % [MPa]

k = 0.2; % [N/mm] pen spring

% Density CO2 at 1.2 MPa and 20 deg. Celcius
rho = 0.023200449229673584; %[mg/mm^3]

% Start lengths
EF0 = AB - h1;
EG0 = sqrt(AB^2 + (h1-h2)^2);
GH0 = BC - h2;
GI0 = BC;

% Elongation cylinder 1
b = 0;
EFs = [];
EGs = [];
as = [];

for a = 0:0.01:pi/2
    coord = coordinates(a,b);
    dxef = coord(6,1)-coord(5,1);
    dyef = coord(6,2)-coord(5,2);
    EF = sqrt(dxef^2 + dyef^2)-EF0;
    EFs = [EFs, EF];

    dxeg = coord(7,1)-coord(5,1);
    dyeg = coord(7,2)-coord(5,2);
    EG = sqrt(dxeg^2 + dyeg^2)-EG0;
    EGs = [EGs, EG];

    as = [as, a];
end
% figure
% plot(as, EFs)
% title("Elongation cylinder 1")
% xlabel("alpha [rad]")
% ylabel("length [mm]")
%
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% figure
% plot(as, EGs)
% title("Elongation spring 1")
% xlabel("alpha [rad]")
% ylabel("length [mm]")

% Elongation cylinder 2
a = 0;
GHs = [];
GIs = [];
bs = [];

for b = 0:0.01:pi/2
    coord = coordinates(a,b);
    dxgh = coord(8,1)-coord(7,1);
    dygh = coord(8,2)-coord(7,2);
    GH = sqrt(dxgh^2 + dygh^2)-GH0;
    GHs = [GHs, GH];

    dxgi = coord(9,1)-coord(7,1);
    dygi = coord(9,2)-coord(7,2);
    GI = sqrt(dxgi^2 + dygi^2)-GI0;
    GIs = [GIs, GI];

    bs = [bs, b];
end
% figure
% plot(bs, GHs)
% title("Elongation cylinder 2")
% xlabel("beta [rad]")
% ylabel("length [mm]")
%
% figure
% plot(bs, GIs)
% title("Elongation spring 2")
% xlabel("beta [rad]")
% ylabel("length [mm]")

max_cyl1 = max(EFs);
max_cyl2 = max(GHs);
max_sp1 = max(EGs);
max_sp2 = max(GIs);

a = 0;
b = 0;
d1 = 10;
d2 = 7;

vars = ["Fc1";"Fc2";"Fc3";"Fc4";"Fc5";"Fc6";"Fc7";"Fc8";...
    "Fs1";"Fs2";"Fs3";"Fs4";"Fs5";"Fs6";"Fs7";"Fs8";...
    "FAx";"FAy";"FBx";"FBy";"FCx";"FCy";"FDy";"MA";"FM"];%;"FM"];

units = ["N";"N";"N";"N";"N";"N";"N";"N";"N";"N";"N";...
    "N";"N";"N";"N";"N";"N";"N";"N";"N";"N";"N";"N";...
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    "Nmm";"N"];

Fdss = [];
Fmss = [];
as = [];
for a = 0:pi/32:pi/2
    Fds = [];
    Fms = [];
    as = [as;a];
    bs = [];
    for b = 0:pi/32:pi/2
        Y = force_eqn_solver(a, b, d1, d2);
        Fds = [Fds,Y(23)];
        Fms = [Fms,Y(25)];
        bs = [bs,b];
    end
    Fdss = [Fdss;Fds];
    Fmss = [Fmss;Fms];
end

figure
surf(bs,as,Fdss)
title("Tip force [N]")
xlabel("beta [rad]")
ylabel("alpha [rad]")
zlabel("F_{D,y} [N]")

figure
surf(bs,as,Fmss)
title("Middle phalange force [N]")
xlabel("beta [rad]")
ylabel("alpha [rad]")
zlabel("F_{M,y} [N]")

max_spf1 = k*max_sp1;
max_spf2 = k*max_sp2;

p1 = max_spf1/(0.25*pi*d1^2);
p2 = max_spf2/(0.25*pi*d2^2);

rho1 = 0.0005244330531298777; % [mg/mm^3]
rho2 = 0.0010341224677548285; % [mg/mm^3]

gas_usage_maxf = (0.25*pi*d1^2*max_cyl1+0.25*pi*d2^2*max_cyl2)*rho; %
 [mg]
gas_usage_minf =
 (0.25*pi*d1^2*max_cyl1)*rho1+(0.25*pi*d2^2*max_cyl2)*rho2; % [mg]
ncycles_maxf = 12*1000/(4*gas_usage_maxf) % Cycles maximum stroke,
 maximum force
ncycles_minf = 12*1000/(4*gas_usage_minf) % Cycles maximum stroke,
 maximum force
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clear all
close all
clc

global AB BC CD h1 h2 p k

AB = 45; % [mm]
BC = 40; % [mm]
CD = 30; % [mm]

h1 = 10; % [mm]
h2 = 8; % [mm]

p = 1.2; % [MPa]

k = 0.2; % [N/mm] pen spring

% Density CO2 at 1.2 MPa and 20 deg. Celcius
rho = 0.023200449229673584; %[mg/mm^3]

% Start lengths
EF0 = AB - h1;
EG0 = sqrt(AB^2 + (h1-h2)^2);
GH0 = BC - h2;
GI0 = BC;

% Elongation cylinder 1
b = 0;
EFs = [];
EGs = [];
as = [];

for a = 0:0.01:pi/2
    coord = coordinates(a,b);
    dxef = coord(6,1)-coord(5,1);
    dyef = coord(6,2)-coord(5,2);
    EF = sqrt(dxef^2 + dyef^2)-EF0;
    EFs = [EFs, EF];

    dxeg = coord(7,1)-coord(5,1);
    dyeg = coord(7,2)-coord(5,2);
    EG = sqrt(dxeg^2 + dyeg^2)-EG0;
    EGs = [EGs, EG];
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    as = [as, a];
end

% Elongation cylinder 2
a = 0;
GHs = [];
GIs = [];
bs = [];

for b = 0:0.01:pi/2
    coord = coordinates(a,b);
    dxgh = coord(8,1)-coord(7,1);
    dygh = coord(8,2)-coord(7,2);
    GH = sqrt(dxgh^2 + dygh^2)-GH0;
    GHs = [GHs, GH];

    dxgi = coord(9,1)-coord(7,1);
    dygi = coord(9,2)-coord(7,2);
    GI = sqrt(dxgi^2 + dygi^2)-GI0;
    GIs = [GIs, GI];

    bs = [bs, b];
end

max_cyl1 = max(EFs);
max_cyl2 = max(GHs);
max_sp1 = max(EGs);
max_sp2 = max(GIs);

a = 0;
b = 0;
d1 = 10;
d2 = 7;

vars = ["Fc1";"Fc2";"Fc3";"Fc4";"Fc5";"Fc6";"Fc7";"Fc8";...
    "Fs1";"Fs2";"Fs3";"Fs4";"Fs5";"Fs6";"Fs7";"Fs8";...
    "FAx";"FAy";"FBx";"FBy";"FCx";"FCy";"FDy";"MA";"FM"];%;"FM"];

units = ["N";"N";"N";"N";"N";"N";"N";"N";"N";"N";"N";...
    "N";"N";"N";"N";"N";"N";"N";"N";"N";"N";"N";"N";...
    "Nmm";"N"];

clc

d3 = 25; % [mm] palm cylinder max diameter

max_spf1 = k*max_sp1;
max_spf2 = k*max_sp2;
max_cyl1 = max(EFs);
max_cyl2 = max(GHs);

p1 = max_spf1/(0.25*pi*d1^2);
p2 = max_spf2/(0.25*pi*d2^2);
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p_min = max(p1,p2);

V1 = 0.25*pi*d1^2*max_cyl1;
V2 = 0.25*pi*d2^2*max_cyl2;
V_tot = 4*(V1+V2);

A_hs = 0.25*pi*d3^2;
L_hs = V_tot/A_hs;

d_hs_co2 = 25; % [mm]
A_hs_co2 = 0.25*pi*d_hs_co2^2;
V_hs_co2 = A_hs_co2*L_hs;

p_hs_co2 = p_min*A_hs/A_hs_co2; % [MPa]

rho_p_min = 0.0010341224677548285; % density co2 at 0.0571 MPa and 20
 celcius.

m1 = rho_p_min*V_hs_co2; % [mg]

L_f = 0.3; % [mm] force stroke cylinders
L_hf = 1;
V_tot_f = 4*0.25*pi*(d1^2+d2^2)*L_f;
A_hf = V_tot_f/L_hf;
d_hf = sqrt(A_hf/(0.25*pi));

p_max = p*A_hs_co2/A_hf;

m2 = rho*L_hf*A_hs_co2;

% Calculate minimum wall thickness
sigma_y = 350; % [MPa] yield strength AISI 1020 Steel
t1 = p_max*(d1/2)/sigma_y;
t2 = p_max*(d2/2)/sigma_y;

p = p_max;

Fdss = [];
Fmss = [];
as = [];
for a = 0:pi/32:pi/2
    Fds = [];
    Fms = [];
    as = [as;a];
    bs = [];
    for b = 0:pi/32:pi/2
        Y = force_eqn_solver(a, b, d1, d2);
        Fds = [Fds,Y(23)];
        Fms = [Fms,Y(25)];
        bs = [bs,b];
    end
    Fdss = [Fdss;Fds];
    Fmss = [Fmss;Fms];
end
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figure
surf(bs,as,Fdss)
title("Tip force [N]")
xlabel("beta [rad]")
ylabel("alpha [rad]")
zlabel("F_{D,y} [N]")

figure
surf(bs,as,Fmss)
title("Middle phalange force [N]")
xlabel("beta [rad]")
ylabel("alpha [rad]")
zlabel("F_{M,y} [N]")

Reaction forces
Fs = [];

a = 0;
b = a;
Y = force_eqn_solver(a, b, d1, d2);
Fs = [Fs;Y];

Calculate lock
clc

dl = 10; % [mm]
Ll = 8.2; % [mm]
Vl = 0.25*pi*dl^2*Ll;
ml = rho_p_min*Vl; % [mg]

Calculate regulator
clc

d_reg = 8; % [mm]
L_reg = 12; % [mm]
A_reg = 0.25*pi*d_reg^2;
V_reg = A_reg*L_reg;
mr = rho*V_reg;
mtot = m1+m2+ml+mr; % [mg]
cycles = 16*1000/mtot

% Springs
N_pre = p_min*A_reg;
k1 = 0.1; % [N\mm]
ks = 2*k1; % [N\mm]
L_pre = N_pre/ks % [mm]
L_step = 6; % [mm]
p_step1 = (N_pre+ks*L_step)/A_reg
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p_step2 = (N_pre+2*ks*L_step)/A_reg
L_min = L_pre+2*L_step
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function coord = coordinates(a,b)
global AB BC CD h1 h2

A = [0, 0];
B = [AB, 0];
C = B + [BC*cos(a), -BC*sin(a)];
D = C + [CD*cos(a+b), -CD*sin(a+b)];
E = [0, h1];
g = B + [h1*sin(a), h1*cos(a)];
F = g + [-h1*cos(a), h1*sin(a)];
G = B + [h2*sin(a), h2*cos(a)];
I = C + [h2*sin(a+b), h2*cos(a+b)];
H = I + [-h2*cos(a+b), h2*sin(a+b)];

coord = [A;B;C;D;E;F;G;H;I];
end
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function F = sp_force_eqn(x, a, b)
global AB BC h1 h2 k

% Get coordinates
coord = coordinates(a,b);

dyeg = coord(7,2) - coord(5,2);
dxeg = coord(7,1) - coord(5,1);

dygi = coord(9,2) - coord(7,2);
dxgi = coord(9,1) - coord(7,1);

dxgia = dxgi*cos(a) - dygi*sin(a);
dygia = -dxgi*sin(a) - dygi*cos(a);

% Spring forces
Fs1 = abs(x(1)); Fs2 = -abs(x(2)); Fs3 = abs(x(3)); Fs4 = x(4);
Fs5 = abs(x(5)); Fs6 = -abs(x(6)); Fs7 = abs(x(7)); Fs8 = abs(x(8));

F(1) = Fs1^2 + Fs2^2 - (Fs3^2 + Fs4^2);
F(2) = Fs5^2 + Fs6^2 - (Fs7^2 + Fs8^2);
F(3) = (Fs3*cos(a) + Fs4*sin(a))*dyeg - ((Fs4*cos(a) -
 Fs3*sin(a))*dxeg);
F(4) = -(Fs7*cos(b) + Fs8*sin(b))*dygia - ((Fs8*cos(b) -
 Fs7*sin(b))*dxgia);

% Force directions
F(5) = Fs2*dxeg - (dyeg*Fs1);
F(6) = -Fs6*dxgia - (dygia*Fs5);

% Spring force equations
EG0 = sqrt(AB^2 + (h1-h2)^2);
GI0 = BC;
EG = sqrt(dxeg^2 + dyeg^2);
GI = sqrt(dxgi^2 + dygi^2);
dEG = EG - EG0;
dGI = GI - GI0;
F(7) = sqrt(Fs1^2 + Fs2^2) - k*dEG;
F(8) = sqrt(Fs5^2 + Fs6^2) - k*dGI;
end
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function F = cyl_force_eqn(x, a, b, d1, d2)
global p

% Get coordinates
coord = coordinates(a,b);

dyef = coord(6,2) - coord(5,2);
dxef = coord(6,1) - coord(5,1);

dygh = coord(8,2) - coord(7,2);
dxgh = coord(8,1) - coord(7,1);

dxgha = dxgh*cos(a) - dygh*sin(a);
dygha = dxgh*sin(a) + dygh*cos(a);

dygi = coord(9,2) - coord(7,2);
dxgi = coord(9,1) - coord(7,1);

% declare variables
% Cylinder forces
Fc1 = -abs(x(1)); Fc2 = -abs(x(2)); Fc3 = -abs(x(3)); Fc4 = -
abs(x(4));
Fc5 = -abs(x(5)); Fc6 = -abs(x(6)); Fc7 = -abs(x(7)); Fc8 = -
abs(x(8));

% Cylinder force equations
F(1) = 4*sqrt(Fc1^2 + Fc2^2) - (p*pi*d1^2);
F(2) = 4*sqrt(Fc5^2 + Fc6^2) - (p*pi*d2^2);

% Force relations
F(3) = Fc1^2 + Fc2^2 - (Fc3^2 + Fc4^2);
F(4) = Fc5^2 + Fc6^2 - (Fc7^2 + Fc8^2);
F(5) = (Fc3*cos(a) + Fc4*sin(a))*dyef - ((Fc4*cos(a) -
 Fc3*sin(a))*dxef);
F(6) = (Fc7*cos(b) + Fc8*sin(b))*dygha - ((Fc8*cos(b) -
 Fc7*sin(b))*dxgha);

% Force directions
F(7) = Fc2*dxef - (dyef*Fc1);
F(8) = Fc6*dxgha - (dygha*Fc5);
end
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function F = force_eqn(x, a, b, Fcyl, Fsp)
global AB BC CD h1 h2

% declare variables
% Joint forces
FAx = x(1); FAy = x(2); FBx = x(3); FBy = x(4); FCx = x(5);
FCy = x(6); FDy = abs(x(7)); MA = x(8);FM = abs(x(9));% FM =
 abs(x(9));
% Cylinder forces
Fc1 = Fcyl(1); Fc2 = Fcyl(2); Fc3 = Fcyl(3); Fc4 = Fcyl(4);
Fc5 = Fcyl(5); Fc6 = Fcyl(6); Fc7 = Fcyl(7); Fc8 = Fcyl(8);
% Spring forces
Fs1 = Fsp(1); Fs2 = Fsp(2); Fs3 = Fsp(3); Fs4 = Fsp(4);
Fs5 = Fsp(5); Fs6 = Fsp(6); Fs7 = Fsp(7); Fs8 = Fsp(8);

% Force and moment equilibrium equations
F(1) = FAx + Fc1 + Fs1 + FBx;
F(2) = FAy + Fc2 + Fs2 + FBy;
F(3) = MA + AB*FBy - (h1*(Fc1 + Fs1));

F(4) = Fc5 + Fs5 + FBy*sin(a) + FCx - (Fc3 + Fs3 + FBx*cos(a));
F(5) = Fc6 + Fs6 + FCy + FM - (Fc4 + Fs4 + FBx*sin(a) + FBy*cos(a)); %
  + FM
F(6) = h2*(Fc5 + Fs5) - (h2*Fs3 + h1*(Fc3 + Fc4) + BC*FCy +
 0.5*BC*FM); % + 0.5*BC*FM

F(7) = FCy*sin(b) - (Fc7 + Fs7 + FCx*cos(b));
F(8) = FDy - (Fc8 + Fs8 + FCy*cos(b) + FCx*sin(b));
F(9) = CD*FDy + h2*(Fc7 + Fs7 + Fc8);
end

Published with MATLAB® R2018b

1

100 B. Matlab code

B.7. FBD force equations



function Y = force_eqn_solver(a, b, d1, d2)
fun1 = @(x) cyl_force_eqn(x, a, b, d1, d2);
fun2 = @(x) sp_force_eqn(x, a, b);
x01 = [30,30,30,30,30,30,30,30];
x02 = [2,2,2,2,2,2,2,2];
options=optimset('TolX', 1E-10, 'MaxIter', 100000, 'MaxFunEvals',
 100000);
Fcyl = fsolve(fun1,x01,options); % Solve cylinder
Fsp =  fsolve(fun2,x02,options); % Solve spring

% Correct signs cylinder
Y(1) = -abs(Fcyl(1)); Y(2) = -abs(Fcyl(2)); Y(3) = -abs(Fcyl(3));
Y(4) = -abs(Fcyl(4)); Y(5) = -abs(Fcyl(5)); Y(6) = -abs(Fcyl(6));
Y(7) = -abs(Fcyl(7)); Y(8) = -abs(Fcyl(8));
% Correct signs spring
Y(9) = abs(Fsp(1)); Y(10) = -abs(Fsp(2)); Y(11) = abs(Fsp(3));
Y(12) = Fsp(4); Y(13) = abs(Fsp(5)); Y(14) = -abs(Fsp(6));
Y(15) = abs(Fsp(7)); Y(16) = abs(Fsp(8));

fun3 = @(x) force_eqn(x, a, b, Y(1:8), Y(9:16));
x03 = [1,1,1,1,1,1,1,1,1,1];
Fr = fsolve(fun3,x03,options); % Solve reaction/external forces

% Correct signs reaction/external
Y(17) = Fr(1); Y(18) = Fr(2); Y(19) = Fr(3); Y(20) = Fr(4);
Y(21) = Fr(5); Y(22) = Fr(6); Y(23) = abs(Fr(7)); Y(24) = Fr(8);
Y(25) = abs(Fr(9));
end
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B.8. Force equations solver



d1 = 2;
d2 = 4;

d3 = 4.7;
d4 = 8;

syms b

t = (d4-d3)/2;

R0 = d2/2+d1/2;

V0 = 2*(pi^2)*R0*(d1/2)^2;

R1 = d3/2+t/2;

V1 = pi*((d4/2))^2*b - pi*(d3/2)^2*b + 2*pi^2*R1*(t/2)^2;

b1 = double(solve(V1==V0))
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B.9. O-ring calculator



clear all
close all
clc

press1 = [0;1;2;3;4;5.2;6.3;7.3;8;10;12];
press2 = [2;2.5;2.5;3.3;4;5.2;6.3;7;7.5;10;12];

figure
plot(press1,press2,'r*-')
hold on
plot(press1,press1,'b-')
axis([0 12 0 17],'square')
title('Supply pressure vs. outlet pressure')
xlabel('Pneumatic supply pressure [bar]')
ylabel('Hydraulic outlet pressure [bar]')
legend('Measurements', 'Theoretical')

Published with MATLAB® R2018b
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B.10. High force measurement



clear all
close all
clc

press1 = [0;0.5;1;1.5;2;2.5;3;3.5];
press2 = [1.5;3;3.5;4;4.8;14.8;16;17.3;];

a = polyfit(press1(2:5),press2(2:5),1);
b = polyfit(press1(6:8),press2(6:8),1);

press3 = a(1)*press1+a(2);
press4 = b(1)*press1+b(2);

figure
plot(press1,press2,'r*-')
hold on
plot(press1,press3,'b--')
hold on
plot(press1,press4,'g--')
axis([0 4 0 18],'square')
title('Supply pressure vs. outlet pressure')
xlabel('Pneumatic supply pressure [bar]')
ylabel('Hydraulic outlet pressure [bar]')
legend('Measured', 'Regression low', 'Regression
 high', 'Location', 'northwest')

maxp = b(1)*12 + b(2);

Published with MATLAB® R2018b
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B.11. Full system measurement
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Cylinder_HF_clamp_co2 Scale 4:1

Cylinder_HF_clamp_h2o Scale 4:1



Cylinder_HS_clamp_co2 Scale 4:1

Cylinder_HS_clamp_h2o Scale 4:1
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Cylinder_HF_cap_co2

Cylinder_HF_cap_h2o (1/2)



Cylinder_HF_cap_h2o (2/2)

Cylinder_HF_slide



Cylinder_HS_cap_co2

Cylinder_HS_cap_h2o_inside (1/2)



Cylinder_HS_cap_h2o_inside (2/2)

Cylinder_HS_mid



Cylinder_HS_slide

Lock_connector



Lock_cylinder_cap_co2

Lock_cylinder_cap_inside



Lock_cylinder_mid

Lock_cylinder_slide



Lock_pipe_connector

Reg_connector



Reg_cylinder_cap_co2

Reg_cylinder_cap_inside



Reg_cylinder_mid

Reg_cylinder_slide (1/2)



Reg_cylinder_slide (2/2)

Reg_pipe_connector_TWICE



Cylinder_HF_clamp_(co2 & h2o)

Cylinder_HS_clamp_(co2 & h2o)
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