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Abstract

This thesis relates to the development of the Ambidextrous Robot Hand engineered in

Brunel University.

Assigned to a robotic hand, the ambidextrous feature means that two different
behaviours are accessible from a single robot hand, because of its fingers architecture which
permits them to bend in both ways. On one hand, the robotic device can therefore behave as a
right hand whereas, on another hand, it can behave as a left hand. The main contribution of
this project is its ambidextrous feature, totally unique in robotics area. Moreover, the
Ambidextrous Robot Hand is actuated by pneumatic artificial muscles (PAMs), which are not
commonly used to drive robot hands. The type of the actuators consequently adds more

originality to the project.

The primary challenge is to reach an ambidextrous behaviour using PAMs designed to
actuate non-ambidextrous robot hands. Thus, a feasibility study is carried out for this
purpose. Investigating a number of mechanical possibilities, an ambidextrous design is
reached with features almost identical for its right and left sides. A testbench is thereafter
designed to investigate this possibility even further to design ambidextrous fingers using 3D
printing and an asymmetrical tendons routing engineered to reduce the number of actuators.
The Ambidextrous Robot Hand is connected to a remote control interface accessible from its
website, which provides video streaming as feedback, to be eventually used as an online

rehabilitation device.

The secondary main challenge is to implement control algorithms on a robot hand
with a range twice larger than others, with an asymmetrical tendons routing and actuated by
nonlinear actuators. A number of control algorithms are therefore investigated to interact with
the angular displacement of the fingers and the grasping abilities of the hand. Several
solutions are found out, notably the implementations of a phasing plane switch control and a
sliding-mode control, both specific to the architecture of the Ambidextrous Robot Hand. The
implementation of these two algorithms on a robotic hand actuated by PAMs is almost as

innovative as the ambidextrous design of the mechanical structure itself.
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Chapter 1: Introduction

Robotic systems are generally engineered to imitate the behaviours of limbs or
animals, which is why their architecture is close to the one responsible of movements for
animate beings. Indeed, robotic systems are generally made of four main parts which are the
mechanical architecture, the actuators, the electronic interface and the computer program. An
analogy can be done between mechanical architecture and body, actuators and muscles,
electronic interface and nervous system, computer program and brain. The computer program
generates sequences of instructions executable by the electronic interface which interacts
with the actuators. The actuators are linked to the mechanical interface that achieves the tasks
for which the robot is designed. Robots can therefore be qualified of automatic
electromechanical devices. As for living beings, each type of robots has its own

characteristics and specificities.

In case of robot hands driven by PAMs, a number of parameters related to
anthropomorphism have to be taken into account, such as the shape of the device, the tendon
routing and the mechanical behaviour. The connections between the different parts of such a
structure are illustrated in Figure 1.1. Tendons are connected between strategic points of the
mechanical architecture and air muscles, the length of which varying according to
compressed air flowing in or out. The air flow is controlled by valves connected both to a
pneumatic circuit and an electronic interface. According to the command inputs, the delivered
voltages turn the valves on or off for specific amounts of times, controlling the contraction
rates of muscles and therefore the finger gestures. Response time, accuracy and stability
depend on control algorithms implemented on microcontrollers, which receive data feedback
provided by sensors (although sensors are embedded on the hand in Figure 1.1, they can also
be connected to devices close to the mechanical architecture, such as the air muscles or the
tendons).
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Figure 1.1: Connection of the different devices to actuate a robot hand driven by air muscles

1.1. Purposes of an ambidextrous robot hand

The design of an ambidextrous hand implies a range about twice larger as the one of
human hands, as fingers can curve in both ways. On one hand, the robotic device can
consequently behave as a right hand whereas, on another hand, the robotic device can behave
as a left hand. Combining the two different behaviours, the Ambidextrous Hand can therefore
produce gestures impossible to achieve by humans. The first purpose of such a device is
consequently to increase the mechanical possibilities of anthropomorphic hands. This is the
reason why the Ambidextrous Hand can be conceived both as an artistic and a scientific

project.

1.1.1. Ambidextrous hand as an artistic project

The definition of art significantly evolved through the ages. Indeed, in Antiquity,
Plato was referring to art as an ability to create based on human intelligence [1], whereas
Avristotle estimated that art was a representation of the human instinct for harmony or balance
[2]. Despite the disagreement concerning the definition of arts, both Plato and Aristotle
agreed that art mainly aims at representing beauty. Art was still relying on this standard in the
eighteenth century, as I. Kant investigated the subjectivity of aesthetic judgements that were
related to it [3]. However, as explained in [4], art aimed at reaching new criteria at the end of
the nineteenth century, and L.N. Tolstoy defined art as a concept referring to original
creations relying on technical skills [5]. Therefore, modern and contemporary arts do not

2



Chapter 1: Introduction Emre Akyurek

focus on beauty anymore but rather on epistemological rupture [6]. Thus, some works
explore the boundaries of the human body and investigate alternate anatomical architecture,
such as in [7] where an artificial ear is surgically attached to the arm of Stelarc. The concept
of art-science therefore emerged, as merging the two cultures permits to create original works
impossible to design without the use of recent technologies [8], [9]. The notion matches with
the artistic ideology of L.N. Tolstoy [5], even though some works can prompt discussions
about biomedical ethics [8]. Besides, art-science’s pieces of work can be associated to the
human anatomy without involving any surgical operations, or even without any interactions
with a human body. This is for instance the case of N. Sellars’ project “Lucida”, a light
installation that projects shadows representing the interior of fictional bodies [10]. Lucida is
described as a poetic exploration of light in relation to the microscopic study of cells and
aims at changing the perception of the anatomical body [10].

Based on these definitions and these examples, the Ambidextrous Hand can
consequently be defined as an artistic project as it allows overreaching the limits defined by

mother nature and performing movements unrealisable by any other organisms or structures.

1.1.2. Ambidextrous hand as a scientific project

In addition to its artistic purpose, the Ambidextrous Robot Hand can also be used in
the same way as classic designs of robot hands, as being used in situations dangerous for
human beings. These situations may include, for examples, the defusing of bombs, the
manipulation of objects in aerospace or in radioactive environments. However, the
ambidextrous design may have an advantage to other models in another field, which is
biomedical area. Even though the need of an air compressor prevents the Ambidextrous Hand
to be used as a prosthetis, the design of a remote control interface (RCI) through internet
could allow an instantaneous access to the robotic device and possibly ease the phantom limb

pain (PLP) felt by amputees.

As explained in [11], PLP is a chronic experience of pain in the residual impression of
a limb persisting after amputation. The feeling results from cortical maps which organises the
sensory information perceived by brains [12]. When a cortical map is affected by stimuli, a
new cortical map is created. The process is defined as cortical remapping and occurs for brain

disorders such as cerebral palsy or embryonic abnormalities [13]. However, in case of
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amputations, it is argued that the cortical maps remain intact even though the inter-regional
connectivity is disrupted [14]. Experimental results show that a strong relationship exists
between the amount of cortical reorganisation and the magnitude of PLP experienced after
arm amputation [15]. PLP is consequently related to plastic changes in primary
somatosensory cortex [15]. This cortical plasticity can be modified by behavioural
interventions that provide feedback to the brain areas that were altered by pain memories
[16]. Thus, neurological rehabilitation is used to guide the neural reorganisation and facilitate
the recovery of cortical maps [17]. Among these neurological rehabilitations, it has already
been proved that different kinds of physiotherapy contribute to PLP relief, such as the use of
mirror boxes which proved to be efficient in many cases, as observed in [18], [19] or [20].
The prevailing explanation about the ease provided by mirror boxes is that observing
mirrored movements causes additional neural activity in motor areas located in the affected
hemisphere, leading to cortical reorganisation and improved function [21]. According to [22],
the mirror box phenomenon eases PLP because the estimated position of a limb is not only
based on sensory information, but also on the stream of motor commands issued to the limb
muscles. Thus, the normal experience of the limb can be based on the predicted state
provided by the mirror box, rather than an actual state. However, the mirror boxes have
restrictions as they operate within a narrow spatial dimension, requiring the patient to remain
in a restricted and fixed position [23] and only suit for unilateral amputees [24]. Thus,
environments based on virtual reality (VR) have been developed, such as in [11] or [25], to

overcome these limitations.

Based on these facts and these assumptions, the control of the Ambidextrous Robot
Hand through internet can provide a new type of physiotherapy and a new interface close to
VR. It would therefore ease the PLP as well, permitting the control of a real robot hand
displayed by video feedback showing a scene filmed in a real environment. By combining the
RCI with electromyography (EMG) or hand gesture recognition (HGR) by webcam, the
movements of the robotic hand displayed by video feedback may be interpreted as the one of
the missing limb by the brain, which would guide the neural reorganisation [17] and ease the
PLP. Similar cases of studies have been done in the past. Amputees or people suffering from
neurological disorder have indeed been provided assistance by connecting robot limbs to a
human-computer interface (HCI) [26], [27] and robotic hands have also been used as
rehabilitation devices for recovering patients [28], [29]. However, most of rehabilitation

devices are expensive or difficult to access in short delays and none of them propose a free
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therapy treatment instantly accessible online, from home or from workspace. To increase this
ease of accessibility, the ambidextrous hand can imitate the movements either of a right hand

or a left hand, permitting assistance to injuries of both sides with only one robotic device.

The summary of the project is shown in Figure 1.2, with images from [30], [31], [32],
[33], [34] and [35]. A user can interact with the Ambidextrous Robot Hand using either HGR
or EMG. The control commands are sent through internet to the robotic device, the

movements or which being visible on the user’s computer because of a video feedback.

P
-~ 0]

Hand gesture recognition

Remote-controlled

Or
5‘ - "l | 1 — Robot hand

Electromyography

Video feedback

KReal-’cime streaming video /

Figure 1.2: Summary of the telerehabilitation part of the project, with images from [30], [31],
[32], [33], [34] and [35]

1.2.  Aim and objectives of the thesis

The aim of the project is to develop a remote-controlled ambidextrous robot hand
actuated by PAMs. The work introduced in this thesis consequently has to reach several

objectives.

First, pneumatic and electronic devices necessary to actuate a robot hand are
introduced, as well as the way they are connected together and interact with the mechanical

structure. Next, the overall architecture of the system has to be designed.
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Then, prototypes of single fingers are designed until reaching an ambidextrous range,
to prove the feasibility of the project. The mechanical structure of the prototypes can be
duplicated afterwards to design the fingers of a whole hand. The possibility to reduce the
number of actuators is also investigated. The feasibility study includes the implementation of
feedback control algorithms as well, to prove that both angular position and force applied by

the fingertip can be driven successfully.

Furthermore, the overall design of ambidextrous hand has to be finalised. To establish
design from a single finger to a whole hand implies the choice of suitable material, which is
why mechanical structures are further investigated, this time designing a testbench that is

connected to a number of electronic devices to collect experimental data.

Besides, the remote control feature of the project also has to be exploited. The robotic
structure must therefore be connected to a RCI, itself connected to the website of the project.

The way to use this RCI and interact with it from the website is also explained in this thesis.

Finally, control algorithms appropriate to the unique architecture of the ambidextrous
hand must be considered, implemented and tested. Control algorithms implemented on such a
structure concern both the angular displacement of fingers and the grasping features of the
hand. In case of an ambidextrous design, the hand must be able to grab objects both on right

and left sides.

1.3. Project achievements and contribution to science

This thesis relates the successful development of a robot hand with an ambidextrous
design, which is a unique feature in the realm of robotics. The originality of the project goes
even further as the Ambidextrous Robot Hand is driven by PAMs, which are not commonly
used to actuate humanoid robots [36]. Moreover, an asymmetrical tendon routing is
engineered to reduce the number of PAMSs necessary to actuate such a structure, as discussed
in [37] and [38]. The Ambidextrous Robot Hand is consequently driven by a minimised ratio
between its number of degrees of freedom (DOFs) and its number of PAMs.

In addition to the mechanical contribution, the project also includes a RCI allowing an

online access to the robot hand [39]. The software embedded on the server system provides a
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video streaming as feedback. It therefore permits an instantaneous access to the robot hand

through internet.

Last but not least, this thesis relates to the development of control algorithms specific
to the Ambidextrous Robot Hand, taking its range, its asymmetrical tendon routing and the
nonlinearity of its PAMs into account. Furthermore, most of these algorithms have never
been implemented on robot hands driven by PAMs before. This is the case of the unique
phasing plane switch control designed for this purpose, or of the first sliding-mode control
implemented to grab objects with such a device [40]. In addition to control algorithms
engineered from angular and pressure feedbacks, other ones were engineered from force
feedback. Unique implementations are realised with bang-bang and backstepping controls,
but the best results obtained from force feedback control are achieved with proportional-
integrative-derivative loops, which are commonly used in robotics [41]. These three force
control algorithms are connected to a neural network used a safety mechanism, to prevent the

fingers tightening in case the objects are not in contact with the force sensors.

The ways these achievements are reached are discussed in this thesis.

1.4. Outline of the thesis

Chapter 1 introduces the topic, discussing the research motivations and objectives.

Chapter 2 starts providing a literature review about mechanical designs of a number
of dexterous robotic hands, giving a particular attention to robot hands controlled by PAMs.
Over a second phase, devices and software necessary to implement electronic and remote
control interfaces are considered as well. Finally, a number of papers concerning control
algorithms implemented on robotic structures driven by PAMs are analysed. The part of the
literature review concerning the mechanical structures of robot hands is summarised in [38],

whereas the part concerning the control algorithms are summarised in [40] and [41].

Chapter 3 first describes the functioning of pneumatic devices and the way they are
connected to each other, to the electronic interface and to tendons which actuate robotic
limbs. Secondly, it explores the structure of dexterous robot hands to make them
ambidextrous. This investigation is used to proceed to the feasibility study of the project.

Tests are done on a single finger until reaching an ambidextrous range and enough force on

7
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the fingertips to proceed to angular and force controls. The system is then integrated to a
remote control interface accessible via the website of the project. The achievements of
Chapter 3 are summarised in [39] whereas the part about force control is more deeply
discussed in [41].

Chapter 4 presents the implementation of a testbench to evaluate the behaviour of
more advanced designs. It first deals with the architecture of the testbench and the
implementation of the electronic hardware used to proceed to the data collection. This second
part includes the choice of sensors, their calibration and their implementation in the whole
system. Experimental data of ambidextrous fingers is then analysed and the mechanical
architecture is taken into consideration prior to investigating the control algorithms
introduced in Chapter 5. The research achievements resulting from the work introduced in

Chapter 4 are summarised in [37] and [38].

Chapter 5 selects some of the algorithms analysed in Chapter 2. The selected
algorithms are designed to be compatible with the specific features of the Ambidextrous
Robot Hand and to reach new kind of behaviours. Both angular displacements and grasping
features are investigated. These grasping features are considered using two Kinds of
feedbacks, which are the pressure from PAMSs and the force from the fingers architecture.

The content of Chapter 5 is summarised in [40] and [41].

Chapter 6 summarises the overall findings and suggests recommendations for future

works.
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Chapter 2: Literature review

This chapter introduces reviews analysis of the five main points necessary to engineer

a remote-controlled ambidextrous robot hand.

The first of these five points is the mechanical design of robot hands. The ways they
are actuated permit to classify them into four main different categories. Indeed, robot hands
can be actuated by human body, motors, artificial muscles (which include PAMs) and
pneumatic cylinders. The way the mechanical features vary according to the kind of actuation

is going to be discussed.

The second point concerns the electronic microcontrollers, necessary to control such
structures. The research is less specific in this area, as every project belonging to embedded
systems requires microcontrollers. However, some characteristics and features are relevant to
robot hands controlled by PAMs.

The third point is the remote control interface. As for microcontrollers, the literature
review is not as specific in this area, because a high number of engineering projects includes
such an interface. Nevertheless, different possible ways to actuate an embedded system

remotely are going to be explored as well.

The fourth point is the use of pneumatic technology in robotic area. In addition to
robot hands, it is observed that PAMs are mainly used to actuate robot arms and that they can
also be used as power assist wears. As robot hands actuated by PAMSs are not very numerous,
this research will be useful prior to investigating the last point of this Chapter, which

concerns the different types of algorithms applicable to PAMs.

The last point is an analysis of control algorithms applicable on pneumatic
technology, so algorithms can be selected and implemented to control both the angular
displacement and the grasping force of the Ambidextrous Hand.

2.1. Robotic hands’ mechanical features

Robot hands can be divided into four main categories according to the way they are
actuated: body-powered, controlled by motors, driven by pneumatic cylinders or by artificial

muscles. Artificial muscles include a number of different materials. The most commonly used
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to actuate robot hands are made of rubber, from which PAMs are made from [36], but the
structure of human muscles can also be imitated by other materials, such as shape memory
alloys or electroactive polymers. As robot hands driven by PAMs are few in number, an
overview of all these categories permits to familiarise more with both mechanical structures

and development of robot hands through history.

Body-powered hands can mainly be divided into prosthetic or bionic hands. In the
first case, they do not include any electronic devices and cannot be classified as robot hands.
In the second case, they include mechanisms totally different from the ones of hands actuated
by artificial muscles. Consequently, the analysis of body-powered hands will be quite
succinct as it does not really match the subject of this thesis. The mechanisms of hands driven
by motors or pneumatic cylinders, however, are much closer to the ones of hands driven by

artificial muscles.

2.1.1. Body-powered hands

In case robot hands are body-powered, their main aim is to replace missing limbs and
they are thus referred as prosthetic hands, such the feasibility study described in [42], where
the motor actuating the fingers can be replaced by a physical human interaction. For other
models, it is possible to transplant the mechanical structure on forearms and to link tendons to
the patient’s shoulder [43]. Both of these designs aim at reducing a maximum the weight and
the mechanical routings of robotic architectures, with the possibility to actuate them without
any electronic interfaces. Consequently, fingers’ movements are not independent and they all
close when the motor or the shoulder interact with the tendons routing. These models have
the advantages of allowing convenient grasping features and interactions with objects, as well
as being relatively cheap, as the bigger cost comes from surgery operation. The Natural
Dexterous Hand [43], for example, costs about £600 including the whole operation in 2011.
More advanced prosthetic hands aim at increasing the number of degrees of freedom (DOFs)
to extend the possible interactions between the user and the fingers. This kind of technology
requires the implementation of electromyography (EMG) that measures the electronic
activities of human muscles to convert them into signals that actuate prosthetic hands, which
are then referred as bionic hands. Bionic hands include a number of models, such as the

modular prosthetic limb funded by the Defense Advanced Research Projects Agency [44], the

10
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bebionic3 designed by RSLSteeper [45] and the i-limb ultra revolution developed by Touch
Bionics [46]. However, given the technology used to achieve this goal, the costs are much
more substantial. According to Singularity University, the prices of such devices in 2010
were about £6.5 k for the Bebionic hand and £10.2 k for the i-Limb Hand [47]. The high cost
of such devices is explained because of the implementation of electronic interfaces and
actuators which, in this case, are motors. It can consequently be said that bionic hands belong

to hybrid systems, controlled by human bodies but actuated by motors.

2.1.2. Motorised robot hands

Robotic structures driven by motors constitute the second and the widest category
belonging to robot hands. A considerable amount of literature has indeed been published in
this area, ones of the earliest and most famous being the Robonaut hand in 1999 [48] and the
Gifu hand in 2001 [49]. Contrary to prosthetic or bionic hands, motorised hands are mainly
dedicated to research, or can aim at replacing human beings in dangerous situations, such as
the defusing of bombs or interactions with objects in aerospace or radioactive environments.
The Robonaut hand [48], for example, was specifically designed by the Dextrous Robotics
Laboratory at NASA’s Johnson Space Center to work in similar environments as astronauts.
However, a number of robot hands engineered around the year 2000 present some physical
limitations compared to the ones developed nowadays. For instances, a robotic structure
developed in Ritsumeikan University [50], in 2000, was wired to move inside a cube,
whereas a multi-fingered robotic hand developed in Kyushu University [51] had three fingers
and a circular structure to facilitate the interaction with objects. Besides, reducing the number
of fingers is a solution often opted by designers to limit the number of actuators, as it can be
seen for the four fingered teleoperation system published in 2005 [52], the testing of a three-
fingered hand in 2006 [53], the robot application published in 2007 [54] conceived to be
applied to prosthetics or the development of the four-fingered Meka H2 Compliant Hand in
2009 [55].

In addition to the number of fingers, a feature characteristic to robot hands is their
number of DOFs. Indeed, an important number of DOFs increase the quantity of movements
achievable by robot hands, and consequently allows behaviour closer to human hands, which
have a total of 27 DOFs [56] (or 21 DOFs without taking the wrist into account). A number

of motorised robot hands are summarised in Table 2.1, in which the numbers of fingers,
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DOFs and actuators are indicated for each of them. It can be seen that some designers find a
compromise between the number of DOFs and the number of motors to have an appropriate
control of the hand with fewer resources, such as the Southampton remedy hand that has six
DOFs for six motors [57]. Other robot hands opt for a higher number of DOFs that cannot be
controlled independently, such as the hand conceived by N. Fukaya et al. that has 20 DOFs
for one motor [58], the model developed by L. Zollo et al. which has ten DOFs for three
motors [54] or the one designed by G. Stellin et al. [59] with 20 DOFs for nine motors. It is
also noticed that some designers develop robot hands dedicated to very specific tasks. For
instances, the three-fingered Ishikawa Watanabe Laboratory’s high-speed robot hand [60] is
specialised in the manipulation of objects at very high-speed and can reproduce a human
gesture in 1 ps, whereas a two-fingered hand developed by D. Gunji et al. [61] is controlled
by a single motor and only aims at grasping objects. In addition to their limited number of
fingers, none of these two hands have an anthropomorphic shape; the fingers of [60] are
arranged in triangle whereas the two fingers of [61] are totally opposite. Even though not
having an anthropomorphic shape is not an inconvenience in robotics, this feature may
become problematic if the aim of the project is to ease PLP, as the patient would not be able

to assimilate his missing limb to the robotic device [11].

Despite these previous examples, most of robot hands have a ratio close to 1 + 0.2 by
comparing the number of DOFs with the number of motors. This is indeed the case for the
hands described in [48], [49], [50], [52], [57], [61], [62], [63], [64] and [65]. However, it is
also noticed that, in some cases, robot hands include more actuators than necessary to reach
new kind of behaviours, such as compliancy for the ACT hand [66] or robustness for the
DLR hand [67]. Finally, it can be noted that most of the robot hands developed over the last
five years opt for a five fingers design, as it is observed for [68], [70], [69], [67], [72], [62],
[65] and [66].
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Table 2.1: Mechanical features of a number of motorised robot hands

. # # # |Ratio # DOFs
Robotic Hands fingers | DOFs | motors | /# motors # and type of sensors
Robonatigggnd [48]. 5 14 14 1.00 43 position sensors
N. Fuka;z/gggal. [58], 5 20° 1 Irrelevant? None
S Kawamzuorgoet al. 1801, | 4 6 7 0.86 ~5P laser sensors
The Southampton b g
remedy hand [57], 2001 5 6 6 1.00 5" tactile sensors
. 6 axes force and 1
The G'fuzhoagzd sl | g 16 | 19 0.84 distributed tactile
Sensors
13 Hall effect and more
H. Hu et al. [52], 2005 4 13 13 1.00 than 100 dimensional
torque sensors
! Yama[ré%]anz%(')l'é Maeno | g 20 | ~20° ~1.00° N/A angle sensors
S. Takamuku et al. [71], N/A torque, angle and
2007 > 18 13 1.38 haptic sensors
L. Zollo et al. [54], 2007 3 10 3 Irrelevant® | force and 8 Hall effect
Sensors
1 laser displacement and
D. Gunji et al. [61], 2008 2 1 1 1.00 2 pressure tactile
Sensors
C. Chivu et al. [64],
2008 5 5 5 1.00 N/A
12 Hall effect, 2 optical
The iCub hand [59], a a proximity, 5 cable
2008 > 20 9 Irrelevant tension and 3 torque
sensory systems
High-speed hand [60], 3 3 N/A N/A N/A tactile and pressure
2009 conductive sensors
H2 Complzlgrcl)ghand [55], 4 12 5 Irrelevant? N/A
C.H. Kuo and C. Chen Tactile and pressure
[68], 2010 > 16 12 1.33 Sensors
Elu2 Hand [70], 2010 5 9 N/A N/A N/A pads tactile sensing
. 5 force, 6 position, 6
EH1 Mllazré)olgand [69]. 5 16 12 1.33 current and 12 limit
switch sensors
DLR hand [67], 2011 5 19 | 4 045 | /Atorqueand position
Sensors
OCUHand Il [72],2011| 5 | 19° | 13 | Irrelevantt | 10Torceand4tactile
Sensors
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# # # Ratio # DOFs

Robotic Hands fingers | DOFs | motors | /# motors

# and type of sensors

N/A Position, tactile,

Shadow Dexterous hand
force, temperature,

E1IM3R, EIM3L [62], 5 20 20 1.00 4 vol
2013 current and voltage
sensors, total > 37
DEXMAF;(‘;’lgland [65]. 5 20 20 1.00 N/A tactile sensors
ACT Hand [66], 2013 5 23 36 0.64 36 photosensors

% A number of DOFs cannot be controlled independently
b Estimations are done from pictures or videos of the robot hands

Regarding the sensors, Table 2.1 shows that the most popular are tactile, angular,
torque and Hall effect sensors. As explained in [73], Hall effect sensors are transducers for
which the output voltage varies according to magnetic fields. Magnets can be fixed either on
fingers joints as for the iCub Hand [59] or on motors as for the teleoperation system
developed by H. Hu et al. [52]. Thus, as their magnetic fields vary when the magnets rotate,
they can be used either to measure the angles of the fingers or the pulling ratio of the motors.
A large number of sensors can be necessary when designers include accurate interactive
features to their robot hands, such as the over 100 sensors included in the model of H. Hu et
al. [52]. Otherwise, a large variety of different sensors can be explained by the addition of
security systems to robot hands, as for the Shadow Hand [74] that includes temperature and
current sensors. Some other dexterous hands reduce the number of different kind of sensors
implementing only angular feedbacks. This is the case of the hand engineered by I. Yamano
and T. Maeno [63], for which the force is calculated from the angular deformation of elastic
elements, or the ACT hand [66] that uses an arm manipulator developed by Barret
Technologies [75] for which the specific motors allow the control of both position and force.
Research institute can also develop their own sensors, such as Dainichi Co. Ltd. that designed
a distributed tactile sensor for the Gifu hand Ill [49] which, besides, is one of the main
modifications compared to the previous models of the hand [76]. Ishikawa Watanabe
Laboratory also uses a very specific kind of sensory system for their high-speed hand [60] as
tactile sensors are connected to conductive films and pressure conductive rubber, which

provides an overall data feedback for each the displacement of each finger.

Contrary to bionic hands, as motorised robot hands mainly belong to research area,
their prices are most often not specified. However, when it is indicated, it is noticed it is

much higher than the ones accessible to public. Indeed, it is indicated on their respective
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stores that the Gifu Hand Il costs about £30 k in 2002 [49] and the Shadow Hand costs about
£71 k in 2013 [62].

2.1.3. Robot hands driven by artificial muscles

This Section provides an overview of robot hands driven by three different kinds of
artificial muscles, the advantages and inconveniences of which interacting in some ways or

others with the mechanical specificities of the robotic devices.

Robot hands actuated by artificial muscles are less current than motorised models
[36], as motorised models have the advantage to combine power and accuracy [77]. However,
artificial muscles permit reducing the joints stiffness and adding softness to the system [77],
which is why they were firstly designed to reduce the danger level in case robotic systems

work in public environment [36].

Different types of artificial muscles exist. They can for instance be hydraulic,
pneumatic, piezoelectric, made of shape memory alloys or of electroactive polymers [78].
Each type of artificial muscles has specific criteria, such as contraction rate, reaction speed or
fracture toughness [79]. Because of their properties, a number of types of artificial muscles
are not suitable to actuate robot hands properly. The three main types of artificial muscles
used for this purpose are PAMSs, shape memory alloys (SMASs) and electroactive polymers
(EAPs) [36]. In addition to their respective low weights, their main features that are
investigated are generally their diameter, on which depends the size of the robotic system,
their contraction rate, on which depends the range of mechanical movements, their actuation
stress, on which depends the force they provide, and their reaction speed, on which depends
the speed of the system [79]. These criteria are summarised in Table 2.2, for PAMs, SMAs
and EAPs, based on [36], [78] and [79]. The actuation stress and reaction speed depend on
the artificial muscles’ diameters or thickness; the ones indicated in Table 2.2 are the values
obtained with standard sizes of materials implemented on robotic systems. Possible diameters
and thicknesses of artificial muscles available on market are indicated as well, based on [80],
[81], [82] and [83].
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Table 2.2: Comparison of mechanical properties between PAMs, SMAs and EAPs

Artificial muscles Contraction | Actuation | Reaction Dia_meter or
rate (%) stress (MPa)|  speed thickness
PAMs [36], [78], [80], [81] 25 to 37 16 Js 10 mm to 40 mm
SMAs [36], [78], [79], [82] 8 700 sec to min | 25 um to 500 um
EAPs [36], [79], [82], [83] 10 to 32 0.1-3 s 1 umto2mm

Table 2.2 shows that PAMs have the highest contraction rate and reaction speed, as
well as a strong actuation stress, but that their diameter is the largest one. SMAs have the
highest ratio between actuation stress and diameter, but are limited by their reaction speed
and their contraction rate. EAPs have a contraction rate and a reaction speed close to the ones

of PAMs, but also have the smallest actuation rate among these three artificial muscles.

A number of robot hands actuated by PAMs, SMAs and EAPs are then considered in
details.

2.1.3.1.  Robot hands actuated by PAMs

PAMs contract and extend according to the pressure of air they are filled with. Their
contraction rate usually varies from 25% to 37% ([81] and [80]) which is close to the 40% of
human muscles [36]. Because of PAMs’ operating mode, robot hands actuated by such
actuators require a high level of air pressure to interact with robotic limbs [84], which implies
the use of an air compressor. Moreover, as explained in [85], the size of PAMs makes the
design of a human-sized robot hand difficult. These two disadvantages complicate the use of
robot hands actuated by PAMs as prosthetic applications. Furthermore, the non-linearity
existing between the air pressure of the contracted PAM and the force it provides [86], [87]
makes the robot hands more difficult to control properly. It also creates a delay between the
control signals and the effective joints movements as the pressure inside PAMs increases
over time [88]. On another hand, it is also noticed that PAMs allow adding flexibility to the
overall behaviour of the systems [89], [90]. In addition to their compliance, they have a low
mass, an excellent ratio between strength and weight and can as well be used for safe human-
machine interactions [91]. Because of these advantages, some designers prefer using PAMs
to actuate robot hands.

One of the very first model of robot hands using PAMs’ technology is a skeletal
framework developed in the University of Tokyo in 1999 [92], with fifteen DOFs for sixteen
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PAMs. As the hands [54], [58] and [59] previously mentioned in Section 2.1.2, some of the
DOFs of the artificial hand of the University of Tokyo cannot be controlled independently as
the distal interphalngeal (DIP) and proximal interphalangeal (PIP) joints of the fingers move
synchronously with the metacarpophalangeal (MCP) joint. Despite this first step achieved
before 2000, robot hands using PAMs are barely developed before 2008. One of the
exceptions is a previous model of the Shadow Dexterous Hand, designed by Shadow Robot
Company in 2005 [93] and which became the model described in [94] in 2013. Other
exceptions are the Humanoid Hand developed in Curtin University of Technology in 2006
[95] or the model engineered in Doshisha University in 2006 [96], but such robot hands are
more often designed after 2009. Indeed, the models introduced in [90], [97], [98], [99], [100],
[94] and [101] were all designed between 2010 and 2013. The features of these robot hands
are summarised in Table 2.3. A noteworthy difference with motorised robot hands is the
number of actuators which is much higher, even though the number of DOFs does not
increase for all that. The reason why such a number of PAMs is necessary is because the most
common way to connect them to joints is similar to the way human muscles are connected to
bones. Connection diagrams are illustrated, for examples, in the works [102], [103], [104] or
[105], one of them being copied as Figure 2.1. It is observed that PAMs work in an

antagonistic way, which is why the actuation of a single DOF often requires two PAMs.

nnNnN
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Figure 2.1: Working principles of a joint [102]

This joint actuation explains why the models described in [94], [95], [101], [100] have
twice more PAMs than DOFs. However, some methods can be engineered to reduce this

ratio. Automatic return mechanisms can indeed be implemented, such as springs for the hand
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of Swinburne University of Technology [99], the hand designed by P.Y. Chua et al. [106] or
the hand engineered by J.Y. Nagase et al. [98]. Elastic gums are used in an identical way for
the model of S. Nishino et al. [96] or for an early design of [99] observable in [107]. On
another hand, the model of Osaka University [90] reduces this ratio by implementing the
PAMs directly inside the finger’s architectures. Also, even though robot hands actuated by
PAMs with less than five fingers are not common, the three-fingered model engineered by T.
Nuchkrua et al. [101] can be assimilated to the two-fingered motorised design of D. Gunji et
al. [61], as they are both designed for specific grasping applications.

Table 2.3: Mechanical features of a number of pneumatically actuated robot hands

# # # Ratio # DOFs

Robotic Hands fingers | DOFs | PAMs |  /# PAMS # and type of sensors
Y.K. Leeand I. a a N/A micro-pressure
Shimoyama [92], 1999 > 15 16 Irrelevant Sensors
P. Scarfe and E. Lindsay
[95], 2006 5 10 20 0.50 N/A
P.Y. Chua et al. [106], 5 21 0P 1,05 N/A tactile and pressure
2006 ' Sensors
S. Nishino et al. [96], aab | _qpbe A aqbe ~10° position, 1° force
2007 S 13 16 081 and 16° pressure sensors
Y. Hondzagigal. [90], 5 17 25 0.68 N/A angle sensors
The Festo Hand [97], _qeb | _ocb b
2010 5 15 25 0.60 N/A
Y. Naga;soelit al. [98], 4 4 4° 1.00° 4 force sensors
C.Y. Lau and A. Chai . .
[99], 2012 5 16 14 1.14 14 linear potentiometers
A. Uribe et al. [100],
2012 5 14 28 0.50 N/A
The Shadow Dexterous N/A Position, tactile
Hand E1P1R, E1P1L 5 20 40 0.50 and pressure sensors,
[94], 2013 total > 56
T. Nuchkrua et al. [101],
2013 3 3 6 0.50 N/A

& A number of DOFs cannot be controlled independently
b Estimations are made from pictures, videos or descriptions of the robot hands
¢ Actuators are referred as pneumatic ballons instead of PAMs; both function in identical ways

Regarding the sensors, Table 2.3 shows that the dominant ones are pressure sensors,
as seen for [92], [106], [96] and [94]. Concerning the fingers’ displacements, they can either
be provided by angle sensors such as [90] or by position sensors such as in [96], [94] or [99].
Although it is not specified, it is possible that the hand developed by T. Nuchkrua et al. [101]
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uses no sensors, the same way as the hand [58] previously introduced in Section 2.1.2, given

that both of the models are designed for very specific tasks.

In average, it is however noticed that hands actuated by PAMs use fewer sensors than
motorised models because of PAMs’ flexibility, as explained in [92]. Indeed, PAMs’
flexibility makes systems safer, which is why S. Nishino et al. were interested in developing

pneumatic actuators in [96].

2.1.3.2. Robot hands actuated by shape memory alloys

Shape-memory alloys (SMAS) are alloys for which the shape varies according to the
temperature and that have the propriety to memorise their original shape. They can be
deformed at low-temperature and recover their original shape when they are heated [108], the
heating being generally obtained from an electric current.

Artificial muscles made of SMAs have the strongest ratio between force and diameter
[78]. Indeed, SMAs with a diameter of 150 um has an actuation stress of 700 MPa whereas
standard PAMs only have an actuation stress of 16 MPa, which is more than 40 times lower
than SMAs [78]. However, the use of SMAs is made difficult because of their contraction
mode, the heating of the alloys implying the investigation of adapted cooling systems [109].
It is also seen in [79] that, contrary to other actuation materials for which the reaction speed is
measured in ps, the one of SMAs goes from sec to min. This lack of reaction speed prevents
the SMAs to have diameters as big as the ones of PAMs, as it would make the heating and
cooling times even longer. Indeed, it can for instance be observed that the introduced wire
bundle actuated by SMAs introduced in [110] can lift 445 N but requires the parallel
contraction of 48 SMA wires. These wires have a diameter of 150 pum and can individually
lift a weight of 9 N. It is specified the system needs a delay of 2 sec to cycle again and that
this delay would increase to 8 sec with diameters of 300 um. SMA actuators also have a
contraction rate of 8% [79], which is about four times lower than the one of PAMs [36], and
must therefore be accurately implemented in the mechanisms to achieve large motions [111].
Despite the need of a cooling system, their slow reaction speed, their low frequency and their
small contraction rate, SMAs also have a small size, volume, weight, are low cost and have a

high force to weight ratio [110], which is why they are integrated in a number of robot hands.
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The finger of four DOFs introduced in [112] in 2000 is one of the first robotic
structures actuated by SMAs. Three SMAs are attached to the distal joint; one actuates the
flexion whereas the two other ones deal with the recovery force needed to reposition the
finger to its original configuration. Abduction and adduction are provided by passive
movements of the ball rod end. The system is improved in 2004 [113], as Hall effect sensors
are integrated in each revolute joint to control the rotational movements. A similar finger is
developed in 2009 in [114], with four DOFs driven by as many SMAs. A force sensor is
embedded on its fingertip, a bend sensor on its PIP joint and two potentiometers control the
abduction/adduction. Concerning the actuation of several fingers, the SMA robot hand [115]
and the robot gripper introduced in [116] are ones of the first robot hands driven by SMAs.
Both of the papers were published in 2002 and both hands have three fingers. The robot
gripper [116] has a single DOF actuated by a single SMA and its fingers are made of flexible
rods, so the device can adapt itself to the shape of light objects without requiring any sensors
feedback. Concerning the SMA robot hand [115], it is specified that the device can fully open
itself in 3 sec with a specific cooling system. The model is redesigned as the ITU robot hand
in 2004 [117] to check the compatibility of the system to clear mines. The ITU robot hand
still includes three fingers and its full gripping position is obtained in 3.76 sec. Neither the
number of DOFs nor the number of SMAs are specified in [115] or [117], but it can be
deduced from the unique pressure sensor of the system [115] that it has probably only one
DOF for one SMA, as for [116].

More anthropomorphic models of robot hands actuated by SMAs are developed after
2004, such as in [118], where a five fingered anthropomorphic robot hand driven by ten SMA
wires for which the hysteretic behaviour is prevented by the use of a segmented binary
control. The behavior of the model is improved in 2007 [119], as the device is driven by 32
SMAs for a total of sixteen DOFs and a weight lower than 800 grams. Besides, the low
volume and weight of SMAs permit the actuators to be investigated for the designs of
prosthetic hands, such as the ones introduced in [120] and [121]. The model discussed in
[120] has seven DOFs for as many SMAs, the antagonistic motion of which being
accomplished by the contraction of springs during the cooling phase. The prosthetic model of
[121] also uses the implementation of springs to reduce the number of SMAs. It has ten
DOFs for as many SMAs, and the experiment illustrated in [122] shows that it has a grasping
time of 6 sec. The slow reaction speed of SMAs is compensated in other researches, such as

in [123], where the miniature robot hand that is introduced is about one third of human hands,
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which consequently reduces the required contraction rate and increases the SMASs’ reactivity.
Indeed, its SMAs only have a diameter of 50 pum, which is thrice smaller than the SMAs of
[110]. Thus, it makes the fingers’ movement have a time constant of about 0.2 sec, which is
much faster than the times previously indicated in [117] and [122], respectively of 3.76 and 6
sec. The miniature hand introduced in [123] also have among the best abilities of the robot
hands driven by SMAs, as it has a total of twenty DOFs for forty SMA wires. It also contains
fourteen strain gauges, one in each joint, which are used as angular sensors. The
inconveniences of SMAs actuator can also be compensated by the design of hybrid robotic
models, driven both by SMAs and DC motors. This is for instance the case of the finger
discussed in [124], for which DC motors are integrated in proximal and medial phalanges to
control the rotation around PIP and DIP joints. Another example is the four-fingered hand
introduced in [125], for which both the SMAs and the two DC motors are embedded in the

palm.

The mechanical characteristics of these robotic devices driven by SMAs are
summarised in Table 2.4, hybrid models being not included. As for motorised hands analysed
in Section 2.1.2, the number of DOFs is often equal to the number of SMAs, as for [116],
[117], [120], [114] and [121]. Only [123] and [119] have a ratio of 0.50. It is also noticed that
[123] and [119] are the only robot hands of Table 2.4 for which the number of DOFs exceeds
twelve, whereas most of the hands driven by motors and PAMSs, respectively summarised in
Table 2.1 and Table 2.3, had more than twelve DOFs.
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Table 2.4: Mechanical features of selected robot hands or fingers driven by SMAs

. # # # Ratio # DOFs # and type of
REISEI (<ol fingers | DOFs | SMAs | /# SMAs Sensors
K. Yang and C.L. Gu [116],
2002 3 1 1 1.00 None
ITU Hand [117], 2004 3 18 18 1.00°% 1 pressure sensor
K.J. De Laurentis and C. 1 4 3 133 3% Hall effect
Mavroidis [113], 2004 ' Sensors
Miniature five-fingered robot 5 20 40 0.50 14 strain gauges

hand [123], 2006

32 displacement

SBC Hand [119], 2007 5 16 32 0.50 b
Sensors
K. Andrianesis and
A. Tses [120], 2008 > ! ! 1.00 NIA
V. Bundhoo et al. [114], 2009 | 1 4 4 1.00 1 force, 1 bend and
2 angular sensors
S. Matsubara et al. [121], 2012 5 10 10 1.00 N/A

4 Estimations are done from Eictures of the robot hand or of the actuation mechanism
If setup mechanism is the same as previous work [118]

Regarding the sensors, Table 2.4 indicates that the most recurrent ones permit
controlling the joints’ angles or the tendons’ displacement, such as for [113], [123], [119] and
[114]. The obtained feedbacks are consequently closer to the ones of hands actuated by
PAMs than actuated by motors, as these ones often include tactile sensors (see Table 2.1). As
for PAMs that can be connected to pressure sensors ([106] and [94]), the force obtained in the
fingertips of robot hands driven by SMAs is currently defined because of feedback due to the
material’s properties and deformation, such as in [123], [118] or [119], which can prevent the

implementation of force sensors to interact with objects.

2.1.3.3.  Robot hands actuated by electroactive polymers

Electroactive polymers (EAPs) have the ability to change their shape or size in
response to electrical stimuli [83]. Some EAPs reach a contraction rate of 32% [79], which is
four times higher than the one of SMAs. As for PAMs, the reaction speed of EAPs is also
measured to be about 30 000 times faster than the one of SMAs whereas the force they
produce is about 450 times lower [126]. Despite of EAPs’ advantages, their lack of actuation
stress is the reason why the main use of EAPs for the imitation of human behaviours is the
actuation of facial expressions [127] that require light weight and volume, such as in [128],
[129] or [130].
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Nevertheless, EAPs can also be used to actuate heavier architectures. In [131], for
instance, EAPs are wrinkled to increase according to a particular geometry to increase their
force and their contraction rate. According to the theoretical model which is developed, it
would permit the EAP technology to control an octopus-like arm without exceeding a force
of 0.35 N. Another robot arm introduced in [132] can defeat a human at a wrestling match.
Although the number of EAPs is not indicated, it is probable many of them are required to
actuate the robotic structure as a second arm wrestling robot, discussed in [133], is driven by
more than 250 rolled dielectric elastomers, which are a specific type of EAPs. Even though a
hand is included to both of these arms, none of them is designed to execute tasks different
from arm wrestling. Their number of DOFs is therefore not mentioned and it is possible the

fingers are motionless.

Robot hands actuated by EAPs are indeed very rare. Only three have been identified
in this literature review. The numbers of DOFs being indicated for none of them, the
estimations are done according to pictures and videos. The first hand has four fingers and is
linked to a robotic arm described in [126]. Both the arm and the hand act as a gripper. Lifting
tests are done with a weight of 10.3 grams. According to the gripper function of the robotic
structure, the hand probably has a single DOF. It is also noticed that, contrary to the other
robot hands introduced in Section 2.1, the fingers are not constituted of different phalanges
but by a single one, made of a flexible material. The same structure is used for the five
fingers’ of the robot hand illustrated in [134], which has probably five DOFs. The third and
last hand [135], however, has four fingers made of two phalanges each whereas the thumb
seems to have a single moveable phalange. The number of DOFs is consequently estimated to
nine. The EAPs have then been replaced by motors to carry on the development of the hand
[135].

2.1.4. Robot hands driven by pneumatic cylinders

Pneumatic cylinders have features similar to PAMs’. They indeed have a high power
for a small size [137] and are both compact and light [138]. They also have unstable output
characteristics [138], which complicate the control of the robotic devices. According to [78],
pneumatic cylinders have the same reaction speed than PAMs (measurable in ps) but only
have an actuation stress of 0.9 MPa, whereas PAMs can have one of 16 MPa. However,
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contrary to PAMs that were barely implemented on robot hands before the year 2000, air
cylinders were implemented much earlier, such as on the Utah/M.1.T. Dextrous Hand that
was designed in 1986 [139].

In average, the ratio between the number of DOFs and the number of PAMs for robot
hands actuated by pneumatic cylinders is also close to the one of robot hands actuated by
PAMs. As shown in Table 2.5, the Utah/M.1.T. Hand [139] uses 32 air cylinders to actuate
about sixteen DOFs, the anatomical robot hand discussed in [140] uses 31 air cylinders to
actuate about 20 DOFs, the anthropomorphic skin-covered hand described in [141] uses 22
air cylinders to actuate sixteen DOFs and the anthropomorphic robotic hand introduced in
[142] uses 40 air cylinders to actuate 20 DOFs. The ExoHand developed by Festo [143]
implements double-acting cylinders, permitting antagonistic movements to be driven by a
single actuator and consequently allowing the DOFs to be controlled by a reduced number of

air cylinders.

Table 2.5: Mechanical features of some robot hands actuated by air cylinders

: # # # air Ratio # DOFs
REIEEIH (<l fingers | DOFs | cylinders | /# actuators B S E T EEEnE
Utah/M.I.T. Hand _1pa a 32 tendon tension and ~8°
[139], 1986 4 16 32 0.50 angle sensors
D.D. Wilkinson et _ona a
al. [140], 2003 5 20 31 0.64 N/A
26 polyvinylidene fluoride
S. T[ilﬂ]nuzk;ogt al. 5 16 22 0.73 films, 21 strain gauges and
' N/A pressure sensors
8 position, 16 pressure,
EXOH;SSZ[MB]’ 5 ~10? g 1.25% N/A force and angle
Sensors
Z. Xu etal. [142], 20 tactile, N/A valve and
2013 S 20 40 0.50 length sensors

% Estimations are made from pictures or videos of the robot hands
® Actuators are specified to be “double-acting”

Table 2.5 shows that hands actuated by pneumatic cylinders implement, in average,
more sensors than hands actuated by PAMs. As for other robot hands models, sensors can be
implemented to provide angular feedback such as for [139] or [143]. Sensors can also be
connected to the tendon tension, the tendon length or to air the pressure to estimate the force
provided by the actuators, such as in [139], [141], [143] or [142]. These four models also

discuss the implementation of force feedback mechanisms at the level of the palm or at the
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level of fingers. Tactile sensors are indeed implemented in [143] or [142], whereas the
implementation of tactile sensors is also discussed for the future steps of the project [139] to
increase the stiffness of joints when they are in contact with objects. The force of the hand
[141] is controlled by 26 polyvinylidene fluoride films, which detect the velocities of strain.
Joint sensors are also planned to be implemented on future versions of [142] to explore

different manipulation tasks.

2.2. Microcontroller boards

Microcontrollers are highly used in the development of embedded systems. Thus,
research concerning microcontrollers was necessary to implement the electronic interface of
the Ambidextrous Hand.

A microcontroller unit (MCU) is an integrated circuit constituted of one Central
Processing Unit (CPU), memory and programmable inputs/outputs (I/O) [145]. It was
previously noticed in Section 2.1 that one of robot hands’ main features was their number of
DOFs. These DOFs are controlled by the actuators, which are connected to the 1/0 of MCUs.
MCUs therefore have also a very important part in the actuation of robot hands, one of their

main features being their number of 1/0.

As MCUs are not manufactured by the designers of robot hands, these MCUs are
barely mentioned in research papers because they are designed by firms independent to robot
hands’ projects. A number of exceptions can however be found in the papers quoted in
Section 2.1. Concerning the motorised robot hands, it is said in [146] that R. Van Ham et al.
use Motorola 68HC916Y3 MCU for their research, as it includes ADC and incremental
encoder readout, with enough processing power and internal memory. It is indicated that the
forefinger developed by C. Chivu et al. is connected to a PIC16F628, the electronic layout of
which includes two IR LEDs and two phototransistors [64]. Nevertheless, the paper does not
indicate if the MCU have enough 1/O to control the four other fingers in addition to the
forefinger. According to the layout of electronic circuit designed around the PIC16F628, it is
estimated that at least two of them would be necessary to actuate the 5 DOFs of the robot
hand. Even though the DLR hand does not precise which MCU is used, some information
about its electronic platform is mentioned in [67]. It is indeed mentioned that two Virtex

FPGA provide connection to the masters system, the communication, the router and the
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signal routing at a maximum operating frequency of 550 MHz, whereas the communication is
set up with Xilinx Spartan 3e XC3S500EP132. A hybrid example is the Shadow Hand, which
uses PIC18Fxx80 micro-controllers for the main part of their system and a PIC32 for the
palm, both for their motorised and pneumatic versions [62]. It proves that the kind of
actuators does not interfere with MCUs, except for the number of 1/0O (as a robot hand usually

requires more PAMSs than motors to actuate the same number of DOFs).

Concerning the pneumatic systems, indications are provided for some robotic hands
and arms. The hand discussed in [106] is driven by a 100Hz PWM signal generated by an
Atmegal28 microcontroller. The arm introduced by P. Pomiers in [104] uses a control system
implementation MPC555 MCU with a 40 MHz frequency for a Linux/RTAI interface,
whereas the arm discussed by I. Boblan et al. in [103] is driven by two PIC 18F458
controllers, that have a clock speed of 10 MHz [147], communicating with Controller Area
Network bus and executing control loops.

Through these examples, it has been seen that different kind of MCUs can be
embedded to control robotic hands. Consequently, a number of MCUs is listed in Table 2.6,
with an emphasis on the number of 1/0O, directly related to the number of potential DOFs of
the Ambidextrous Hand. Digital I/0O are meant to be connected as outputs of the MCU. As it
will be explained in Section 3.2, it is possible to actuate PAMs without analog 1/0. However,
most of sensors use a digital feedback, necessary to implement control algorithms of robot
hands. Analog 1/0 would then be connected as inputs of the MCU. It is consequently possible
to use MCUs without any analog 1/0 but, as shown in [95] or [148], it would require the
design of ADCs between the robotic interface and the MCU.
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Table 2.6: Technical features of a number of MCUSs

# digital #analog | Clock speed
MCUs Processor /O /O (MH2)

Arduino Uno [149] ATmega328 14 6 16

Arduino Mega 2560 [150] ATmega2560 54 16 16

Arduino Ethernet [151] ATmega328 14 6 16

Axon [152] ATme?gi‘r‘lo 64kb 55 16 16
Ubicom

Ether 1024 R [153] SXS280/PQ 24 0 8

Ether 1072 TCP [154] N/A 72 0 8
MPC555

Module ec555 [155] (Motorola) 22 10 40

ATmegal284P

Orangutan SVP-1284 [156] 32 Kb flash 17 12 20

PIC18F458 Controller [147] PIC18F458 32 0 10

PIC32-PINGOUINO [157] PIC32 16 6 80

Pololu Micro Serial Servo
Controller (assembled) [158] PICI6M2BA 8 0 2
USBI1024 DIP R [159] N/A 24 0 50

Table 2.6 shows that almost half of the MCUs which are listed do not include digital
I/0: [147], [153], [154], [158] and [159], even though this last one, the Ether 1072 TCP, has
the highest number of digital I/O. Therefore, the most suitable of these MCUs for the
Ambidextrous Hand project would be one of the Arduino boards, especially the model Mega
2560 which has 54 digital 1/0 and sixteen analog 1/0 [150].

2.3. Remote control interfaces of robotic applications

The design of a remote control interface (RCI) is necessary to make the Ambidextrous
Robot Hand accessible for telerehabilitation process. Different ways to implement an RCI are
consequently investigated. Some robotic applications previously mentioned in Section 2.1 are
compatible with such applications. The OCU Hand Il [72], for instance, can be controlled
from the signals sent since a glove including six bending sensors. The Shadow hand can be
connected to a 22 sensors CyberGlove for remote applications [62]. The arm designed by T.

Kato et al. [148] includes a teleoperation feature through internet using UDP and a webcam.

In addition to the literature review investigated in Section 2.1, some robotic

applications for which the main aim is precisely the implementation of an RCI include more
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technical details in research papers. The Wi-Fi-based control of the robot arm designed by
G.S. Gupta et al. [160], implements RF transceivers. A webcam is mounted on the robot arm
and transmits the images to the control station using TCP/IP. Thus, the user can access to the
server entering the IP address of the system. The rescue robot designed by S.S. Yeh et al.
[161] includes a wireless sensor network using the ZigBee network which has a transmitting
rate of 115200 kbps. An IR ranging sensor is also embedded on the robot so it can detect
obstacles, as well as a camera to provide vision feedback. The remote-controlled car
introduced by H. Rissanen et al. in [162] is driven through Bluetooth, with a client-server
implemented with LabVIEW. The robot car includes a personal data assistant that directly
deals with data feedback from sensors, without exchanging these signals with remote PCs or
MCUs. In [163], Z. Zhang controls a robot vehicle by sending text messages from Skype.
Two Xbee modules provide connection between the remote MCU and the remote PC. The
remote PC needs a local Wi-Fi network and a Wi-Fi wireless webcam is mounted on the
robot to provide vision. The robot vehicle can move within the maximum range of the Wi-Fi
network. Another remote robot vehicle is designed in [164]. Its teleoperation system includes
an on-board IR camera, for which the output is transmitted to a server by a RF transmitter. A
multi-touch device allows the operator to send several commands. This multi-touch device is

connected to the server via a wireless channel.

For the early stages of development of the Ambidextrous Robot Hand, starting with a
RCI similar to the one introduced in [160] seems to be the most suitable option. Indeed, the
system can be controlled using only TCP/IP, meaning the development of the RCI would not
include any additional costs. Using Ethernet access instead of Wi-Fi, additional devices such
as RF transceivers would not need to be embedded on the Ambidextrous Hand. In future
stages of the project, the implementation of data gloves may be considered, as it would

constitute an interacting interface easy to use for the operators.

2.4. Pneumatic muscles in robotic area

In addition to actuate artificial hands, PAMs can be used for a number of other robotic
applications. As the literature review did not reveal a high number of hands actuated by
PAMs, gathering information about other devices using such a technology is useful for future

steps of the project, as it increases the database of control algorithms applicable to PAMs.
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Because of the strong ratio between their length and the force they provide [165],
PAMs are often used to control robot arms. Contrary to pneumatically actuated robot hands, a
number of pneumatically actuated robot arms were designed before 2005. Among them, there
are for examples the model designed by P. Pomiers in 2003 for workers’ safety [104], the one
engineered by K. Kawashima et al. in 2004 for restoration work from disasters [166], or the
one designed by S. Laksanacharoen in 2004 to be used as an arm prosthesis [167]. Similar
robot arms carry on being developed later, such as the 9-DOFs model designed by X. Jiang in
2010 for rehabilitation purposes [28] or the AMO arm developed in 2011 that can be referred
as being a bionic arm [26]. It is noticed that most of these robot arms are driven by PID

controllers, but a more detailed analyse of control algorithms will be discussed in Section 2.5.

Still because of the high force PAMs provide, another one of their use is the actuation
of legged robots. An example is the robot developed by Vrije Universiteit Brussel. In a paper
published in 2000, it is specified the single legged robot can carry a load up to 10 kg on a
one-dimensional set-up [168]. This robotic structure became a bipedal walking robot called
Lucy some years later, as indicated by a paper published in 2004 [169]. As for the robot arms,
the control algorithms used to actuate Lucy are going to be discussed in Section 2.5. Other
examples of robot legs can be seen for the quadruped robot dog designed by Biorobotics
Laboratory for which the two legs can lift 13.5 kg in 2006 [170] or, more recently, the
quadruped robot PIGORASS designed by ISI Lab introduced at the International Conference
on Intelligent Robots and Systems (IROS) in 2011 [171].

In addition to robotic limbs, PAMS can also be used as power assist wears. Such
devices consist in detecting users’ movements before being duplicated by the pneumatic
device, providing more force to the user. Some examples of such applications can be found
before 2006, with for instance the arm designed by H. Hu et al. in 2005 [52]. Indeed, the
project consists in a wearable exoskeleton for upper limb that can be used for rehabilitation.
Nevertheless, similar examples become much more common after 2007 and can even be
adapted to the shape of a hand. Thus, the model developed by K. Xing et al. [172] in 2009
used two PAMs to control two DOFs and ease the extension of two fingers. Another example
is a power assist glove developed by T. Noritsugu et al. in [173] and [174] between 2008 and
2009 to assist elderly and disabled people. The Exo-hand designed in 2012 [143] can also be
worn as a glove to help with the rehabilitation of stroke patients, in addition to being a robotic

structure.
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2.5. Control algorithms related to pneumatic muscles

This Section gathers and analyses a number of papers concerning control algorithms
implemented on pneumatic structures. These algorithms are divided into four main
categories, which are feedback, feedforward, nonlinear and Al-based controls. Based on these

four categories, different systems can be combined to create hybrid algorithms.

The evolution of these algorithms through the years is also investigated.

2.5.1. Feedback and feedforward based algorithms

Feedback loops are control algorithms taking the output of systems into account to
adjust the process variable until it reaches the target put as input. The two feedback controls

analysed in this section are PID and bang-bang controls.

Feedforward control requires the implementation of a second control loop, connected
to an environment external to the system, such as a data collection or nonlinear algorithms.
This outer loop regulates the setpoint of the inner loop, this one being usually based on

feedback control. The feedforward loops analysed in this section are cascade controls.

25.1.1. PID control

PID control is a feedback algorithm that combines proportional, integrative and

derivative controls to bring a system to its setpoint.

PID control is widely used in robotics, either for motorised structures, such as for the
ACT hand [175] or the Shadow hand [74], as well as for structures driven by PAMs.

The mechanical joint introduced in [176] and the rehabilitation robotic arm described
in [28], for instance, use PID controllers to regulate both the position of the system and the
pressure of its muscles. Similar control loops can be applied to robot hands, as it can be seen
for [96] and [85], where the system is connected to pressure, angle and force sensors. Both of
these papers describe the same type of master-slave system which can be driven either with a
single PID controller or with two PID loops used as a cascade control. The same kind of

cascade control is used to drive the modular robot arm introduced in [104]. Other hands

30



Chapter 2: Literature review Emre Akyurek

driven by PAMs use PID loops as control algorithms, as the Shadow Hand [94], for which the
control interface is the same for the motorised version [74]. PID loops are also implemented
in the hand engineered by Y. Honda et al. [90], taking the ratios of the antagonistic PAMs
into account in [177] and [178].

A number of robot arms driven by PAMs combine PID loops with Al-based
algorithms, such as neural networks (NNs), as the ones used in [179] or [180]. The PAM joint
introduced in [181] uses a similar control system, as its PID controller is self-tuned by a
particle swarm optimisation (PSO) algorithm. In addition to NNs and PSOs, PID loops can
also be combined to fuzzy logic, as for the robot arm described in [182] or the wearable
rehabilitation hand discussed in [183]. Another approach is performed in [184], where the

positioning of PAMs is driven by PID loops combined to nonlinear coefficients.

PID control is also implemented to actuate the bipedal walking robot called “Lucy”,
previously introduced in Section 2.4. The control strategy of the walking robot is discussed in
[146], [185], [186] and [187]. In addition to PID control, these four papers are also the only
ones describing the implementation of a bang-bang control on robotic systems driven by

PAMs, which is why their analysis is done in section 2.5.1.2.

2.5.1.2. Bang-bang control

Bang-bang control is a feedback control consisting in switching brusquely between

two states, which is why it is also referred as on-off controller.

Bang-bang control is not commonly used in robotics because, as explained in [188] or
as mentioned in [189], its shooting function is not smooth enough and requires to be
regularised. This is the reason why bang-bang control is often combined with other control
methods, such as fuzzy logic which adds more flexibility in the rotation of a single-axis
pneumatic actuator in [190]. On another hand, Pl or PID loops can be implemented to
calculate the switching time of the bang-bang inputs. This kind of cascade control is used to

activate a DC motor in [191].

Concerning pneumatic technologies, bang-bang control is used to actuate the bipedal
walking robot called “Lucy”, as discussed in [146], [185] and [186]. These three articles use a
cascade control similar to the one introduced in [191], Pl or PID loops calculating the

switching time of the bang-bang inputs. However, another control architecture introduced in
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[187] shows that the valves of the bipedal walking robot can be efficiently activated without
connecting the bang-bang controller to any PI loops. Nevertheless, PID feedback loops are
used to calculate the joint trajectory torques, whereas bang-bang control is triggered by a
delta-p control which estimates the required pressure of each joint.

2.5.1.3. Cascade control

Cascade control is a feedforward control made of two distinct control loops, the
setpoint of one being controlled by the second one. The inner controller deals with feedback
received from the system whereas the outer controller anticipates the evolution of the system

through the evolution of the inner controller.

As explained in [105], cascade control can be used to deal with uncertainties and
ensure high precision positioning. The rotation of the joint introduced in this paper is driven
by the two PAMSs controlled by an outer position predictive controller is connected to an
inner torque controller. In [104], P. Pomiers implements the inner loop of the system
connecting it to pressure control whereas the outer loop calculates angular position based on
pressure control. Both of these loops are based on PID control. A robot with two DOFs and
driven by four PAMs discussed in [192] reaches its setpoints because of a torque controller
linked to the centre point of the system. In [193], an inner loop is implemented as a force
controller whereas the outer loop deals with a position control implemented as a linear
tracking controller, which means the system is similar to the one introduced in [104] by P.
Pomiers in 2003. A slightly different approach is engineered in [194], where a PAM is
controlled by implementing a PID controller in its inner loop to deal with the pressure
nonlinearity, whereas the outer loop implements a hysteresis compensation to compensate the

dynamic nonlinearity of the PAM itself.

The nonlinear cascade control described in [195] by H. Aschemann and E.P. Hofer in
2006 combines an inner flatness-based pressure control loop with an outer, also flatness-
based, control loop. This outer loop decouples carriage position and provides reference
pressures to the inner loop. The same parallel robot discussed in [196] uses the same kind of
inner loop, whereas the outer loop is a sliding-mode control dealing with decoupling control
of an end-effector position. In [197], the inner loop of the parallel robot still focuses on

pressure whereas adaptive backstepping control loops deals with the carriage position.
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Finally, the literature review revealed two cascade controls implemented on robotic
hands driven by PAMs. The first one is introduced in [96], where PID control is compared
with cascade control for force control. The cascade control is made of two PID controllers,
the first one receiving pressure feedback and the second one being connected to an electro
pneumatic regulator. The angular control, however, is driven by a single PID controller. The
second of these cascade controls is discussed in [198], where the inner loop also receives
feedback from pressure sensors. As the joint torque is directly affected by pressure, the outer

loop calculates the position from the inner loop.

2.5.2. Nonlinear control algorithms

Nonlinear control algorithms are designed to stabilise nonlinear systems around a
specific state or a specific target. The dynamics of the nonlinear systems are taken into

account to reach a behaviour defined as target.

The two nonlinear control algorithms analysed in this section are sliding-mode control

and backstepping control.

2.5.2.1.  Sliding-mode control

Sliding-mode control (SMC) makes system slide along a line made of predefined

values to reach a specific behaviour.

In [199], SMC is compared to backstepping control to stabilise the behaviour of a
PAM tracking the errors caused by its nonlinearity. It is shown that both algorithms reach
similar achievements. M. Van Damme et al. combines PID control with SMC to stabilise a
planar manipulator of two DOFs in [200], where the PID deals with the local dynamics (such
as small positional errors) whereas the SMC deals with global dynamics (which are classified
as large positional errors). Both systems are controlled by PAMs, but SMC has been chosen

instead of bang-bang to control the planar manipulator.

A number of papers about SMC related to PAM technology has also be written by H.
Aschemann and D. Schindele. For instance, a linear axis driven by a pair of PAMs has its
carriage driven by flatness and SMC in [201]. Flatness-based control is used as an inner loop
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on pressure feedback whereas SMC is used as an outer control loop to decouple angles
according to internal pressure of both PAMs. Flatness-based control, SMC and backstepping
control are separately implemented on the same parallel robot in [202]. The results obtained
for each of them are then investigated and compared to each other. It is revealed that the most
accurate achievements are reached with SMC, which is the reason why SMC is the main
algorithm considered in their next paper, [196], published in 2010. The internal pressure of
PAMs is controlled by a fast underlying control loop whereas the outer loop of the cascade
control consists in a SMC.

As for the research introduced by H. Aschemann et al., SMC is mainly used to control
single robot joints, such as arms. For instance, the sliding variables of the robot arm discussed
in [203] are defined to allow a SMC dealing with discontinuous terms. A second robot arm
introduced in [102] is controlled based on an SMC for which the uncertainties are dealt by a
neural network before the final outputs are regulated by PID controllers. A third robot arm
engineered in [204] uses a similar system, but also implementing fuzzy logic in addition to
neural networks and without implementing PID loops. A high-order SMC is defined in [205]
to drive a joint model. A similar approach is investigated in [206], as a delta operator system
is defined to fix conditions to the SMC of a robotic joint model.

2.5.2.2.  Backstepping control

Backstepping control (BSC) consists in stabilising nonlinear systems with a recursive

structure based on derivative control.

As mentioned in Section 2.5.2.1, BSC was compared to SMC in [199] written by P.
Carbonell et al. Even though the results are similar, it is shown show that the BSC is slightly
more appropriate to control the PAM actuator, as the SMC is limited by a chattered signal.
This is the reason why BSC is the chosen algorithm to be coupled with fuzzy logic in another
paper written by P. Carbonell et al. [207], which discusses about a further step of the project.
The performances of BSC are again compared with the ones of the SMC to actuate the
parallel robot discussed in [202] by H. Aschemann et al. This time, it is revealed that more
accurate achievements are reached with SMC. However, the last paper published about this
parallel robot project comes back to BSC and shows that the experimented models

compensate the hysteresis of PAMS in a very accurate way as feedforward controls in [197].

34



Chapter 2: Literature review Emre Akyurek

2.5.3. Artificial intelligence-based algorithms

Al-based algorithms aim at imitating intelligence by making the system reason by

themselves, according to the data feedback.

Four main Al-based algorithms are distinguished in the area of control of pneumatic
systems. These ones are neural networks, particle swarm optimisation, genetic algorithms and

fuzzy logic.

2.5.3.1. Neural networks

Neural networks (NNs) are used to implement pattern recognition and can make a

system react differently according to the way it evolves.

The ratio between the pressure and the force of PAMSs is depicted in [208] before
being connected to a NN that defines input vectors according to the evolution of the PAM. A
similar system is designed in [209], the PAM not being connected to any robotic architecture.
A third similar system is engineered in [210], as the hysteresis nonlinearity is taken into
account by NN, except that the controlled structure is a parallel manipulator driven by two
PAMs instead of a single PAM.

Combining NNs with fuzzy logic, a learning process is designed for the two-links
PAM manipulator discussed in [179] by K.K. Ahn et al., allowing the manipulator to have an
adaptive and dynamic self-organising structure in 2006. K.K. Ahn and H.P.H. Anh connect a
NN to PID loops in 2007, creating an intelligent phasing plane switch control (PPSC) to
overcome the nonlinearities of PAMs’ pressure feedback [211] (more details concerning the
results obtained with the PPSC are provided in [212]). Additional NNs are combined with

particle swarm optimisation to increase the accuracy of the system in [213].

2.5.3.2.  Particle swarm optimisation

Particle swarm optimisation (PSO) maintains a swarm of particles moving around a
search space, the particles being influenced by the improvements discovered by the other
particles [214]. PSO therefore aims at optimising a system by selecting an appropriate

behaviour among a number of candidate solutions.
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Two models of PSO were found for PAM technology, both of them published in
2010. The parameters of the PAMs nonlinearity which control the robot arm discussed in
[213] are identified and overcome because of a PSO. In [181], the second robot arm is
controlled by PID loops combined with PSO. The aim of the PSO is to make the PID

controller self-tunes itself. Both angles and pressure are considered in these two papers.

2.5.3.3.  Genetic algorithms

Genetic algorithms (GAs) imitate the process of natural selection by investigating the
behaviour of populations in a search space of candidate solutions [215]. Populations are
successively replaced by others, the behaviour of each being analysed by GAs to generate
solutions to solve the problems.

The only papers found concerning the development of GAs over PAM technology are
written by K.K. Ahn and H.P.H. Anh. In [216], published in 2006, the errors of the joint
angle of the robot manipulator of University of Ulsan are tracked by a GA which analyses the
current parameters of the system according to a predefined model. Two papers are published
in 2007. In [217], a system similar to the one introduced in [216] is described, as GAs allow
the joint angle position to tune itself using a minimum variance control. In [218], the system
discussed in [217] is optimised modifying the equations of the predefined model on which are
based the GAs. In 2008, GAs are combined with fuzzy logic to deal with the nonlinearities of
the system in [219]. This system is further improved in 2011, as GAs interact both with a
fuzzy model and a PID controller in [182].

2.5.3.4.  Fuzzy logic

Fuzzy logic is an approach that deals with reasoning and approximations instead of

fixed states and values.

Fuzzy logic was already mentioned in most of the subsections of Section 2.5. Indeed,
as fuzzy logic approximates data, it is most often combined with another type of algorithms
to reach a specific behaviour, which is why most of the papers discussed in this section were
already mentioned in previous ones. In [207], the PAMs’ dynamic nonlinearity is
compensated combining fuzzy sets with BSCs. The authors from Univeristy of Ulsan
combine fuzzy logic with NNs in [179], published in 2006, so the torque of the system can
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adapt itself to angular positions in real time. In 2008, the same research team and Y.J. Il
publish [219]. As said in section 2.5.3.3, the engineered system deals with the PAMSs’
nonlinearity combining a fuzzy model with GAs whereas the system is improved in [182] in
2011, adding a PID controller to the fuzzy model on which the GAs interact on. In 2012, a
paper written by A. Rezoug et al. [204] introduces a robot arm controlled by a SMC driven

both by fuzzy logic and NNs.

Some other papers deal with the implementation of fuzzy logic without any other
control algorithm. It is for example the case of the PAM introduced in [220] in 2006, for
which the fuzzy logic is designed to be self-organised. Also, the fuzzy logic implemented on
the four fingered robot hand discussed in [98] permits the mechanical structure to grasp soft
objects (even though the structure is not actuated by PAMSs, but by pneumatic balloons). The
algorithm is compared with PI loops and it is shown that fuzzy logic is more effective, as
higher overshoots are obtained with Pl loops. This behaviour obtained with PI loops is
normal because, as explained in section 3.4.1, one of the main aims of the derivative term,
missing here, is precisely to reduce the overshoot. A second robot hand driven by fuzzy logic
is discussed in [183], where the fuzzy mode is combined to PID control to actuate a wearable
rehabilitation device, providing assistive forces for grasping and finger extension.

Contrary to other Al-based algorithms, it is noticed that two papers discussing the
implementation of fuzzy logic actually refer to robot hands ([98] and [183]) instead of any

other pneumatic devices.

2.5.4. Evolution of control algorithms through the years

In order to analyse the frequency of control algorithms considered in Section 2.5, the
control methods will be investigated in chronological order.

As previously indicated in Section 2.1.3, robotic systems actuated by PAMs barely
existed in the past century, which is why the first papers related to the control of such
structures were published in 2001, [199] and [207]. It is however noticed that most of the
papers are related to the control of robot arms, such as [219], [104], [217] and [102] or robot
manipulators such as [221] and [222]. Concerning the control of robot hands driven by

PAMs, the first papers that describe appropriate robust control strategies are published after
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2006, such as [96] in 2007. It actually matches with the literature review of Section 2.1.3 as,
except the work of Y. K. Lee and I. Shimoyama in 1999 [92], the first publications
concerning robot hands actuated by PAMs released in 2006, with the work of P. Scarfe and
E. Lindsay [95] or the one of P.Y. Chua et al. [106].

To investigate further among control strategies, the algorithms are gathered into the
major groups described in Section 2.5.1, Section 2.5.2 and Section 2.5.3, as well as hybrid
systems, which combine a number of the control systems previously mentioned. These
control algorithms are summarised in Figure 2.2, which takes the classifications into account.
Even though flatness-based control has never been implemented on its own in the previous
literature review, it is included in the diagrams for its recursive uses in [195], [201] and
[202].

25 Hybrid feedback + nonlinear + Al

Hybrid nonlinear + Al

20 Hybrid nonlinear + nonlinear
Hybrid Al + Al
15 Hybrid feedback + feedback
m Hybrid feedback + nonlinear
10 N B Hybrid feedback + Al

B Al-based (GA, fuzzy, NN and PSO)

® Nonlinear control based (SMC,
5 BSC and flatness)
B Feedfoorward based (Cascade)

B B Feedback based (PID and bang-
0 - bang)
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Figure 2.2: Evolution of control algorithms discussed in Section 2.5

Figure 2.2 shows that nonlinear control algorithms were almost non-existent in the
early years, with only [199] and [207] written in 2001. Between 2003 and 2007, the main
algorithms used to control structure driven by PAMs are mainly feedback and feedforward
based controls, with a high use of PID control, as it can be seen in [146], [104], [185], [186],
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[187], [211] or [96] and cascade control that is used in [96], [192] and [195]. However, it is
noticed that cascade control is very often a combination of two different PID controllers, the
output of the second PID controller being connected to the set point of the first one. As
observed in Section 2.5.1.1, PID control is not that common when it is not cascaded or
combined with Al-based systems. Bang-bang control also becomes more common, as four
papers related to this control architecture were published during these same years [146],
[185], [186], [187].

Between 2004 and 2008, Al-based systems are more often implemented in the control
of pneumatic structures. GAs are introduced in the five papers [218], [219], [216], [217] and
[182]. In addition to GAs, fuzzy logic is introduced twice in the same years, in the papers
[220] and [179]. As many papers are published about NNs, with the articles [208] and [179].
It is noted that [179] is quoted both for fuzzy logic and NN here, as the two control methods
are coupled to create a hybrid system, which later became the GA engineered in [217] by the

University of Ulsan.

From 2008, the implementation of nonlinear control algorithms becomes more
important as well. Indeed, SMC is discussed in the eight following papers: [201], [202],
[205], [102], [196], [204], [203] and [206], even though three of them are written by H.
Aschemann and D. Schindele, from University of Rostock. Besides, these two researchers
also published works about BSC between 2008 and 2014. The first one, [202], compares the
tracking errors of the driven parallel robot obtained with SMC, BSC and flatness-based
control. The second one, [197], uses BSC as a control loop included in a cascade control to

investigate three different models concerning the hysteresis of PAMs.

In addition to SMC and BSC, PID and cascade controls are still widely used after
2008, as it is proved by the papers [176], [177], [183], [180], [181], [182], [178] and [184]
concerning the PID control. Concerning cascade control, the system is discussed in a number
of articles published after 2009: [198], [105], [193], [196] and [197].

Al-based algorithms are still investigated past 2009. For instance, two research
studies including PSO, which are [181] and [213], were both published in 2010. PSO is
combined to the learning process of NNs in [213], written by H.P.H. Anh and N.H. Phuc,
previously mentioned for having developed Al-based algorithms related to PAMSs’
technology between 2004 and 2008. Then, H.P.H. Anh investigates on a process based on
GAs [182] in 2011. NNs are also used to deal with PAMSs’ nonlinearity in [209], published in
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2012. Fuzzy logic systems are still recurrent after 2008 as well, as they are investigated in
[183] in 2009, in [182] and [98] both published in 2011, as well as in the article [204]
published in 2012.

The first hybrid algorithm of this literature review is [207], that combines an Al
process with a nonlinear control method, which are respectively fuzzy logic and BSC.
Without taking cascade control into account, it is seen that combining different types of
algorithms is not very common before 2007, as next occurrence appears in 2006, when K.K.
Ahn and H.P.H. Anh [179] combine two Al processes, which are fuzzy logic and NN. In the
same year, the two authors also investigate GAs [216]. Even though this paper does not
introduce a hybrid controller, it is seen that a GA can be based on nonlinear control methods
to drive pneumatic structures. Then, K.K. Ahn combines a feedback PID control with NN in
[211] in 2007.

Some other hybrid methods are obtained by combining two Al-based algorithms.
Indeed, fuzzy models are combined with GAs in [219] and [182], respectively published in
2008 and 2011. It is noted that Al-based algorithms are also combined with feedback control
after 2008, as in [183], published in 2009, where PID control is combined with fuzzy logic.
Nevertheless, it is noticed that nonlinear control are not often combined with others. Some

exceptions still exist, such as [204] in which SMC is combined with fuzzy logic.

This literature review has revealed that, in average, the most frequently used
algorithms to control pneumatic structures are feedback and feedforward algorithms, mainly
with PID and cascade control. SMC, NN and fuzzy logic are respectively the third, fourth and
fifth algorithms with the most occurrences in the area. However, the most important point
concerns the few numbers of algorithms implemented on robot hands, mainly for nonlinear
controls. Even though SMC and BSC have been implemented on a number of pneumatic
systems, this literature review reveals that none of these systems were robot hands. As
illustrated in Figure 2.3, these nonlinear controls can consequently be explored to add more
originality to the Ambidextrous Robot Hand project. In addition to SMC and BSC, PID, PPS,
bang-bang and cascade controls will be investigated as well. Although PID and cascade
controls have already been implemented on robot hands driven by PAMs, the

implementations of PPS and bang-bang controls will also be unique.
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Figure 2.3: Control algorithms explored in the scope of the thesis against control algorithms
related to the pneumatic systems discussed in Section 2.5

2.6. Chapter summary

This Chapter has given an overview about the main mechanical features of robot
hands, the technologies used to actuate them and the types of sensors commonly used. It was
revealed that robot hands are much more often actuated by motors than by PAMs, even
though the implementation of PAMSs has increased over the last five years. The advantages of
PAMs are an excellent ratio between strength and weight and a short reaction speed.
However, it was also observed that robotic structures driven by PAMs often have about twice
more actuators than DOFs, contrary to other actuators, such as motors or SMAs, which can
control one DOF each. Most importantly, no robot hands with an ambidextrous design

occurred in the literature review, which proves the originality of the project.

Prior to be implemented on any robotic systems, PAMs must be connected to MCUSs,
which is why MCUs and their different features were also investigated. As controlling a high
number of DOFs requires a high number of digital and analog 1/0, the MCUs were chosen on
these main features. The Arduino Mega 2560 [150], seems to be a suitable option, as it has 54
digital 1/O and sixteen analog 1/0. RCIs were also explored, to allow a remote access to the

Ambidextrous Hand. An RCI based on TCP/IP appears to be the most appropriate option, as
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it would not include any costs in material and would make the Ambidextrous Hand accessible

from a website. Thus, the access to the robotic structure would be fast and convenient.

Given that robot hands driven by PAMs are not very numerous, this chapter also
provided an overview about PAMs’ other robotic applications, and so their control algorithms
can be explored. The investigations showed that control algorithms related to robotic
structures driven by PAMs can be classified into four main categories which are feedback and
feedforward, nonlinear, Al-based and hybrid algorithms (hybrid algorithms combining
algorithms from the three first categories). Even though nonlinear algorithms have been
widely implemented on robotic structures driven by PAMs, the literature review revealed that
none of these structures are robot hands. The originality of the project can consequently

increase by implementing an SMC or a BSC on the Ambidextrous Robot Hand.
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Chapter 3: Feasibility study of a remote ambidextrous

device

This chapter discusses the feasibility study of the Ambidextrous Robot Hand project.
The aim of this study is to identify the restrictions and boundaries when attempting to design

and to implement the ambidextrous behaviour of a finger.

Prior to achieving this aim, the pneumatically actuated robot architecture will be
introduced. Therefore, the devices necessary to implement a robotic structure driven by
PAMs are discussed in detail. The discussion includes both the electronic and the pneumatic
interfaces It includes both the electronic and pneumatic interfaces and explains how the

interfaces and explains how the interfaces are connected to each other.

Further, a number of finger prototypes designed to test the ambidextrous behaviour
are introduced. The limitations of each prototype are discussed, and the origins of the
problems are identified before designing the next models. Mechanical features are compared
to each other and the classification reveals that some models can be used for more advanced

testing using control theory with sensors’ feedback.

As the literature review of Section 2.5.4 revealed that PID controllers are the most
commonly implemented algorithms to drive pneumatic structures (and particularly robot
fingers), PID loops are connected to sensors embedded on the prototypes to control both the

angular position and the force applied by the fingertip.

Finally, the control functions are connected to an RCI, which make them accessible

from the website of the project.

3.1. Introduction to pneumatic devices

The feasibility study is done using a number of pneumatic devices, for which the
functioning must be understood prior to working on the first steps of the project. Therefore,
this chapter introduces the devices used to design a robotic structure driven by PAMs and the
way they are connected to each other. These devices are an air compressor, pneumatic tubing

and fittings, manual valves and PAMs.
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3.1.1. Air compressor

The air compressor is a device that uses power from electric motors to pressurise air.
The air compressor is necessary to supply pneumatic systems, as it provides compressed air
to the actuators. The model at disposal is a EURO-TEC 20A [223] and can supply a
maximum pressure of 6 bars. The EURO-TEC 20A has a tank content of 1.5 L and a
maximum air flow of 20 L/min. The number of PAMs it can supply in compressed air
depends on PAMs’ mechanical features. In case PAMs’ lengths and diameters do not exceed
respectively 200 mm and 20 mm, for a maximum pressure that do not exceed 3.5 bars, the
EURO-TEC 20A can then actuate a robotic structure driven by about 40 PAMs, such as the
Shadow Hand [94]. However, the tank and the air flow of the EURO-TEC 20A would not fit
as well with the actuation of a robot arm. Arms are indeed actuated by PAMs that can have a
volume about fifteen times higher than the PAMs that drive robot hands hands [97]. The
capacities of the actuator would then need to be higher to avoid any delays between
movements. The EURO-TEC 20A is shown in Figure 3.1. Its weight of 14 kg does not allow
it to be embedded on a light robotic limb; this is one of the reasons why the design of a RCI

will be investigated.

Figure 3.1: Air compressor EURO-TEC 20A
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Figure 3.1 also shows that the air compressor’s output is connected to pneumatic
tubing, used to drive the pressurised air from one point to another and to a manual valve. A

zoom on this manual valve is shown in Figure 3.2.

Figure 3.2: Manual valve

As indicated by its name, the manual valve can be opened or closed manually, to let
the air cross it or, on the contrary, to block it. It is noted that the mechanism allows an air
evacuation from its output side when the valve is closed, whereas the air pressure is always
maintained from its input side. In addition to block the air, this mechanism consequently
allows interacting with the output and can be used in case of emergency or as safety

equipment.

3.1.2. Pneumatic artificial muscles

PAMs are pneumatic structures that contract and extend according to the pressure of
air they receive. Their functioning is illustrated in Figure 3.3, where a PAM is connected to
the air compressor and the manual valve is alternatively turned ON and OFF. The air
compressor’s output is adjusted to have an output of 2 bars. The recommended maximum
pressure to actuate a PAM manufactured by Shadow Robot is 3.5 bars [80]. The higher the
pressure, the stronger the contraction and the provided force.
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(a) (b)
Figure 3.3: PAM’s behaviour
The manual valve is OFF in (a) and is ON in (b)

The experiment illustrated in Figure 3.3 is done connecting the PAM directly to the
air compressor’s output. As the PAMs’ length reduces when it is supplied with pressurised
air, the device is theoretically able to interact with an object if both of them are tied with a
string. This functioning is schematised in Figure 3.4, where the arrival of compressed air
causes a reduction of the muscle’s length, which pulls on a tendon tied to an object.
Replacing this random object by some key points of mechanical architectures, PAMs can be

used the same way as human muscles.

Object
Tendon
Deflated PAM
& >
Compressed Object
Air <@ Tendon
> Inflated PAM
< 53

Al L4

Figure 3.4: Functioning of PAMs

PAMs are currently manufactured by two businesses, which are Shadow Robot
Company and Festo Corporation [224]. The pulling force of each of them depends on the
length and the diameter of PAMs. However, some characteristics such as the maximum
operating pressures and contraction rates do not depend of the size of the PAMs. These
characteristics are summarised in Table 3.1. The ranges are indicated in %, according to the

46



Chapter 3: Feasibility study of a remote ambidextrous device Emre Akylrek

PAMs’ nominal lengths. Active range refers to the maximum permissible contraction at the
maximum operating pressure and passive range refers to the maximum permissible extension

for a pressure of 0 bars.

Table 3.1: Maximum operating pressures and ranges of PAMs

PAMs’ Maximum operating Active Passive Total
Manufacturer pressure (bars) range range range
Shadow Robot 0
Company [80] 3.5 N/A N/A 37%
Festo 6 or 8° 25% 3%1t05%" | 28% to 30%
Corporation [81]

# Depending on the models

In addition to the features summarised in Table 3.1, it is indicated that PAMSs
manufactured by Festo can lift up to 1500 N for a diameter of 20 mm [81], whereas none of
the measures and values of [80] indicate that the PAMs manufactured by Shadow Robot can
lift more than 700 N for a diameter of 30 mm. It can therefore be estimated that, despite their
shorter range, PAMs designed by Festo have a much higher lifting force than PAMs designed
by Shadow Robot. From this point of the thesis, PAMs manufactured by Shadow Robot will
be referred as SPAMs whereas PAMs manufactured by Festo Corporation will be referred as
FPAMs.

Among the four SPAMs delivered with metallic connectors, two of them have a
length of about 125 mm whereas the two other ones are about 150 mm, without taking the
connectors into account. The difference of their length when they are totally stretched or
totally contracted at 3.5 bars is about 30 mm for the short PAMs and 40 mm for the longer
ones. However, as they must be used in an antagonistic way, the contraction of a first PAM
causes the stretching of a second one, which is why the PAMs cannot be completely stretched
when at their initial position. Therefore, to anticipate the stretching of the antagonistic PAM,

only half of the range is taken into account to actuate an ambidextrous finger.

3.1.3. Pneumatic push in fittings

In order to control several muscles with the same air compressor, the air flow must be
divided in several outputs, so the same air supply can be transferred to several PAMs. For this

are used Y or tee tube-to-tube adapters, which are pneumatic push in fittings. As shown in
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Figure 3.5, such names are attributed because of their shapes. Each of them has three 1/0, in
which it is possible to insert pneumatic tubing that allows the compressed air to take several

paths.

Figure 3.5: Pneumatic fittings.

(a) is a Y adapter and (b) a tee adapter

Tubes can be removed from the fittings by pushing the buttons in same time as
pulling on the tube.

3.2. Electronic devices and controller

The air flowing from one pneumatic material to another is regulated using electronic

devices.

As the airflow from the compressor is divided into several paths, a system is required
to provide or to block the airflow at the level of the different outputs. This system is based on
valves that are electronically actuated, the voltage of which being provided by a MCU. This
Section explains the functioning of these electronic devices and how they are connected to

the pneumatic interface.

3.2.1. Solenoid valves

Solenoid valves are devices that can be electronically actuated. As shown in Figure
3.6, the Isonic model designed by Mead Fluid Dynamics [225] can be supplied with 24 V DC
and can endure until 8.3 bars. Pneumatic tubing with a 4mm OD can be inserted in their two
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I/O called “IN” and “OUT”. When the solenoid device receives 24 V DC, an internal
mechanism opens the valve, which means the pressurised air inserted in “IN” is transferred to

“OUT”. The valve closes itself when it is not provided by appropriate voltage anymore.

Figure 3.6: Solenoid valve manufactured by Mead Fluid Dynamics

Consequently, it means these valves are used as 1/0 for each PAM. As shown in
Figure 3.7, a first valve must be used as an input, to let the air goes in and contract the PAM,
whereas a second valve is used as output, to let the air goes out and extend the PAM. It also
means that the pneumatic system is going to include twice more solenoid valves than PAMs.
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| .
Valve 1l - input
Air | r

Compressor

Air Muscle ]

cuﬁ’ Valve 2 - output

(b)
Figure 3.7: Connection between two valves and one air muscle.
(a) a scheme an (b) actual devices.

The automation of the voltage’s switching is done connecting the wires to an

MCU, which computes and regulates the voltages sent to each of its outputs.

3.2.2. The Shadow Pneumatic Control Unit

The Shadow Pneumatic Control Unit (SPCU) [226] is a controller board designed by
Shadow Robot Company Ltd. The SPCU includes all electronic systems necessary to
experiment a small pneumatic system. Its block diagram is showed in Figure 3.8. As it can be
observed, the SPCU is designed around a CPU (which is a PIC18F2580 —I/SP [227]). The
power input is fed by a 24V DC, which is the voltage used to turn on the valves. These valves
are connected to a driver that switches ON or OFF the delivered voltage according to the

commands received from the CPU. The CPU is powered from the same power input, which
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also provides 5V DC on the sensor inputs. The values received from sensors are read by the
ADC before being processed by the CPU.

The SPCU also includes a reset button, a LED and a serial port to be connected to a
host computer. The code contained in the CPU can be modified and uploaded using Piklab
[228] and Small Device C Compiler (SDCC) [229]. Piklab is an IDE for PIC microcontrollers

and SDCC is a C compiler suite that targets the Intel MCS51 based microprocessors.

Valves (VO) ‘

AT 1N e— l ® — Actuator 1
1K Walve . (Vl)
A0 ADC Drive
O o (v2)
AL | . ® —p  Actuator 2
) o —— 8w
mMcu
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Input Channels B ® Actuator 3
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A5 [
(Vé)
A6
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A7 ® v
T Power LED  Reset Serial Port
Power

Figure 3.8: Block diagram of the SPCU designed by Shadow Robot Company [226]

Although the pneumatic income is included in the block diagram of the SPCU for
more clarity, the air circuit is in fact designed apart from the MCU. As it will be illustrated in
Figure 3.7, the airflow received from the air compressor is equally divided into four different

inputs, which avoids any pressure drop in case of several valves being opened in same time.

Even though the SPCU includes all necessary devices, it is limited by its number of
I/0. Indeed, it is seen on Figure 3.8 that the valve drive has only eight outputs. It means eight
valves can be connected to the SPCU, which consequently can actuate a maximum number of
four PAMs, whereas it has been seen in 2.1.3 that pneumatically actuated robot hands usually
include more than 20 PAMs. The same restriction can be seen on the sensors’ side. Despite

its limitations, the SPCU still allows to experiment ambidextrous designs on single fingers.
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The connections between the valves, the air compressor and the PAMs are shown in
Figure 3.7 (a), whereas the connections between the SPCU and eight solenoid valves are

shown in Figure 3.7 (b).

Compressor

ﬂ| Valve la-input

I Valve 4b-output

\jl—r Muscle 1
: Valve 1b-output ’_,_L
L :
— Valve 2a-input L
Muscle 2 J
I Valve 2b-output ’_’_L
R K
— Valve 3a-input L
’] Muscle 3 J
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(b)
Figure 3.9: Connection between the SPCU, the valves and pneumatic devices.
(a) a scheme showing the connections between the eight valves and the pneumatic devices
and (b) the actual setup of the valves and the SPCU.
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If muscles 1 and 2 are connected to the same part of a finger, it means they work in
antagonistic way. In other words, the muscle 1 contracts when the muscle 2 extends. It means
that the valve 1a is opened to let the air in whereas the valve 1b is closed so the muscle 1
contract. It also means that the valve 2a is closed whereas the valve 2b is opened so the
muscle 2 extend. A simple command consequently causes reactions for the whole system,

which is why the commands sent to the SPCU must be synchronised.

3.3. Prototypes of ambidextrous fingers

Prototypes of ambidextrous fingers are designed, connected to PAMs and tested to
prove the feasibility of an ambidextrous robot hand.

Thus, an analysis about the implications of an ambidextrous behaviour is firstly

discussed.

Next, a number of prototypes of ambidextrous fingers are designed using kits of
Meccanos. The prototypes are linked to PAMs and tested to reach the range of an
ambidextrous finger. Their limitations are discussed and solutions are found to go from one
prototype to another. The figures that illustrate the tendon routings of Designs D, G and H are
achieved using the Matlab software introduced in [38].

Finally, the best obtained design is compared to robotic fingers of other robot hands.

3.3.1. Analysis of ambidextrous implications

In order to imitate a finger’s behaviour, a maximum of its DOFs must be reproduced.
Human fingers can make two kinds of antagonist movements: flexion and extension, or
abduction and adduction. Flexion and extension control the angular displacement of the three
phalanges of a finger, which means as many DOFs. Abduction and adduction imply lateral
rotations of a whole finger and constitute another DOF, which makes a total of four distinct
DOFs per finger [230]. As abduction and adduction are not essential for a number of
applications, a number of dexterous hands have been developed without taking them into
account, such as [70], [55] and [57]. Indeed, it allows both easing the control of the structure
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and reducing the number of needed actuators. As only four PAMs can be controlled by the

SPCU, this feasibility study does not take abduction and adduction into account either.

Moreover, as the movement of both distal and medial phalanges is coupled together in
case of the human hand, these DOFs are often controlled by a single actuator [65]. In these
cases, the flexion/extension of the proximal phalange is driven by a second actuator while the
finger’s abduction/adduction is controlled by a third one. The same mechanism is going to be

investigated for an ambidextrous design.

According to [231], the fingers’ ranges of motion are 90° for the proximal phalange,
100° for the medial phalange and 80° for the distal phalange. It means that an ambidextrous
design would aim at reaching 180°, 200° and 160° respectively for the proximal, medial and

distal phalanges.

The previous literature review also revealed that robot fingers are usually built as a
succession of three phalanges, with sockets preventing them to reach non-natural angles [63],
[232]. These sockets must be ignored for ambidextrous fingers, for which the range aims at
being twice as the one of other fingers. The succession of the three phalanges is however
compatible with an ambidextrous design, which is why the models can be inspired from

others.

Concerning the tendons’ routing, some clear illustrations were published by the
University of Bologna. In [233], for example, it is explained that a single pulling of tendon
bends a joint in opposition to the stiffness and the concentrated elastic joints along the
finger’s structure. The finger’s pattern is shown in Figure 3.10. The linear motion is

controlled by double-acting actuators for which position and force control can be provided.
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Figure 3.10: 3 DOFs actuation pattern, coloured version of [233]
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Another example of a three joints’ finger is illustrated in [232]. A pattern is provided
in Figure 3.11. It is seen that the design has evolved. Indeed, even though three tendons are
still necessary to drive the structure, it is noted that only two of them are connected to
actuators. It is then said that the design includes two active and one passive tendons. This

kind of mechanism is also going to be investigated for the design of ambidextrous fingers.

Coupled Joints

T2 —
T1 j:—ﬂi \
| I—

Tendons

Figure 3.11: Structural scheme of a finger's endoskeleton, coloured version of [232]

Besides, as the ambidextrous fingers are controlled by PAMs, the main challenge of
the research is to reach their two extreme positions. Indeed, the two main kinematic features
to be taken into account are the stretching force of the antagonist PAM, which provides a
huge force cancellation when the first PAM contracts, and the limitation of the PAM
extension. Consequently, mechanical designs have to be optimised according to the PAMs’
elasticity, taking into account their active and passive ranges. As the PAMs at disposal are

designed to actuate either a right hand or a left hand, their range is limited.

Another issue to be considered is the number of PAMSs necessary to control one
finger. As said in section 2.1.3, the antagonist movements are often simulated with PAMs
used by pairs, such as [90], [102] and [211], meaning that the system would require twice
more PAMs as DOFs, even though a minimum number of n+1 actuators is necessary to
control a number of n DOFs [50]. The first design consequently focuses on a single DOF
controlled by two PAMs, whereas most of the others investigate the control of two DOFs by
four PAMs.

3.3.2. Design A, first prototype

For the reasons mentioned in section 3.3.1, the first prototype, design A, is made of

three joints. As shown in Figure 3.12, the tendons are driven to strategic kinematical points

55



Chapter 3: Feasibility study of a remote ambidextrous device Emre Akyurek

using pulleys. It is also noticed that pulleys connected to the PIP and DIP are connected
together using a passive tendon. The pulley of the DIP joint is fixed to the distal phalange
with a screw, so the phalange and the pulley rotate together. The metal pieces acting as
phalanges are separated by washers to ease the rotation. The design of prototypes very close

to design A are also discussed in the report of I. Berruezo Juandeaburre [234].

. Pulleys

Tendons

@ Screws

. Nuts

- Phalanges

(a) (b)
Figure 3.12: Design A, first prototype of robotic finger.
(a) shows how the pulleys are implemented and (b) is the actual implementation with Meccanos

For the first experiments, the proximal phalange is maintained motionless with a
couple of screws holding it to the holding structure. Consequently, only two PAMs are used
to actuate this prototype. The PAMs are put on a second holding structure shown in Figure
3.13.
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Figure 3.13: Holding structure designed for PAMs

Although the structure is properly actuated, the range of movements does not exceed
15° for the medial phalange and 25° for the distal phalange. The reason why the movements
are so limited is because the pulleys’ diameters, which are too big compared to the reduction
ratio of PAMS’ length. It is also noticed in Figure 3.12 (a) that the pulleys and the phalanges
are tightened together, which provides a lot of friction. Therefore, Design B aims at

increasing the pulling range of the PAMs and fixing the problem concerning friction.

As the first aim of the project is to amplify the range and as the maximum range is
very limited, control functions are not implemented yet. The phalanges move by switching
the valves ON/OFF, respecting the antagonistic behaviours of PAMs, until half of the PAMs

contract to their maximum.

3.3.3. Design B, routing with different sizes of pulleys

As the PAMSs’ range is limited, the design B is built using different sizes of pulleys
and a different tendon routing, shown in Figure 3.14. Indeed, the pulley fixed on the PIP joint
has a diameter about twice smaller as the one fixed on the DIP joint. It is therefore expected
to double the range provided by PAMs.
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Figure 3.14: Design B, routing with different sizes of pulleys

The friction hindering the movements of Design A is also reduced by changing the
architecture around the pulleys, as shown in Figure 3.15, which provides a smoother rotation
of the system. This design is mainly used at the PIP joint, whereas pulleys are still screwed to
the phalanges at MCP and DIP joints.

. Pulleys
Tendons
N Screws
:> . Nuts
- Phalanges
|

Figure 3.15: Modification of the implementation of pulleys from Design A to Design B

Contrary to Design A, Design B also aims at actuating the three phalanges,
which means the four PAMs are connected to the SPCU. As medial and distal phalanges are
coupled, the two longer PAMs are used to actuate these ones, whereas the proximal phalange
that moves on its own is connected to the shortest PAMs.
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However, the results obtained with Design B are barely better than the ones obtained
with Design A. Indeed, the ranges of joints are respectively 40°, 0° and 10° for the proximal,
medial and distal joints. The different sizes of pulley make the medial phalange motionless.
Moreover the distal joint barely moves either, when it is actuated after the flexion of the
proximal joint. This is explained because the tendons actuating the right side of the finger are
routed to the right side, whereas the tendons actuating the left side are routed to the left side.
Even though this routing choice seems logic, the tendons actuating the medial phalange
become slack when the proximal phalange rotates first. Consequently, when the PAMs
contract, most of their range is used to compensate the tendons’ lose. The Design C aims at

correcting these defects.

3.3.4. Design C, routing with coupled pulleys

The Design C uses the same concept tested in Design B about the coupling of pulleys,
but this time the pulleys are directly connected together with screws, as shown in Figure 3.16.
The aim is still to double the range of PAMs. For the pulleys fixed on the MCP joint, a bigger
ratio is used to check if the efficiency of the method. Even though the size of the pulley
cannot be used for the manufacturing of a more advanced design, it would be possible to use
the same ratio. The current testing is indeed limited because the minimum diameter of the
available pulleys, which is more than 120 mm. This dimension can be reduced by the

manufacturing of smaller pieces.

. Pulleys

Tendons
& Screw

Figure 3.16: Two pulleys coupled together with screws
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As shown in Figure 3.17, other differences with the Design B are the two pulleys
fixed at the bottom of the structure that change the routing of tendons. This time, it is seen
that the tendons actuating the medial and distal phalanges cross before reaching the MCP
joint. In that way, tendons actuating the left side are routed from a starting point on the right

side, and vice versa.

Figure 3.17: Design C, routing with coupled pulleys

The angular ranges obtained with Design C are respectively 80°, 100° and 150° for
the proximal, medial and distal phalanges.

Contrary to expectations, the maximal range is far to be reached for the proximal
phalange. This can be explained because of a lever effect. The proximal phalange is indeed
screwed to a big pulley, which is itself connected to a first, smaller pulley. Consequently, for
the rotation of the first pulley around a distance d, with a force F,, the second pulley rotates
around a distance d, applying a force F; on the following tendon, theoretically increasing the
range by the ratio d,/d,. However, this system also causes a loss of force because of the

increase of the range. The force F, provided to the MCP joint is indicated in equation (3.1).
Fy = Fyxdo/dy (3.1)

Being multiplied by d,/d,, the force strongly decreases, which prevents the phalange

to reach its maximal range. The sizes of pulleys will be explored deeper for Design D.
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3.3.5. Design D, smaller sizes of pulleys

Design D aimed at improving the results reached with Design C by choosing more
adapted sizes of pulleys, not belonging to Meccanos’ kits. Despite the new diameters of
pulleys that vary from 7.71 mm to 15.34 mm, the design and routing of Design D is
technically the same as the one of Design C, except for the single pulley fixed at the DIP
joint. The structure holding the PAMs is also modified. PAMs are implemented directly in

the structure holding the finger to minimise any frictions.

Both the tendons routing and an image of Design D are shown in Figure 3.18.

(@) (b)

Figure 3.18: Design D, smaller sizes of pulleys
(a) the tendons routing and (b) the implementation of the prototype

The angular ranges obtained with Design D are respectively 165°, 165° and 83° for
the proximal, medial and distal phalanges. For the first time, the ranges get close to the ones
fixed by the initial requirements. Consequently, the next step consists in investigating a way
to reduce the number of PAMSs, which would limit the number of resources for the design of a

whole Ambidextrous Robot Hand.
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3.3.6. Design E, use of spring and racks

Design E investigates the possibility of replacing antagonistic PAMs by a spring. As
the number of PAMs is reduced, Design E also aims to increase the range of PAMs to
compensate the loss of the range of the antagonistic PAMs. The method used is different
from Designs B and C, as Design E implements a spring, gears and racks. The
implementation of springs to actuate hands driven by PAMs was proved to be efficient in the
models introduced in [99], [106] and [98], as previously indicated in Section 2.1.3. However,
as the use of a rack is very uncertain, only one PAM is connected to the system. The pulleys
of the PIP and DIP joints are connected in the same way as Design D, whereas the MCP and
PIP joints are connected together as shown in Figure 3.19. The aim is to actuate the three
phalanges using a single PAM, and see if the spring can put back the phalanges in a position
close their initial one. The structure holding the finger’s prototype and the PAMs is modified

again, to provide a smoother horizontal layout on which the rack can slide.

@ rulleys

@B Phalanges

“ Gears and racks
Tendons

& Screws

{m Spring

by
(@) (b)

Figure 3.19: Design E, use of spring and racks

(a) a diagram showing how the gears and the racks are connected
and (b) the implementation of the prototype

The angular ranges obtained with Design E are respectively 0°, 0° and 235° for the
proximal, medial and distal phalanges. The proximal and medial phalanges move on a range
of about 20° but are unable to come back to their initial position. The reason why the
actuation does not work properly is the same as the one mentioned for Design C in section

3.3.4. The lever effect does not allow a proper actuation of phalanges when a ratio between
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two diameters is too big. Another attempt to reduce the number of PAMs is going to be

investigated with Design F.

3.3.7. Design F, use of a rubber band

Design F investigates another possibility to replace antagonistic PAMSs, using this
time a rubber band. Despite its nonlinearity, rubber bands have already been used to actuate
antagonistic movements of robot hands, as seen in [96]. Another example can be observed in
[107], where the previous model of the hand of Swinburne University of Technology was
actuated with rubber bands (although these ones were replaced by springs in a more recent
design [99]).

Only one PAM is used to test Design F. Both the PAM and the spring are connected
to the proximal phalange. The objective of the experiment is to see if the range reached by the
Design C can be reached again using this new mechanism. The experiment is shown in
Figure 3.20.

Figure 3.20: Design F, effect of the rubber band.
The PAM contracts in (a) and extends in (b)

The angular ranges obtained with Design F are respectively 80°, 0° and 0° for the
proximal, medial and distal phalanges. Even though the range of the proximal phalange
reached with Design F is close to the one reached with Design C, it is noticed the proximal

phalange provides no force when it is to the side actuated by the rubber band. It makes the

63



Chapter 3: Feasibility study of a remote ambidextrous device Emre Akyurek

interaction with objects impossible for one side of the Ambidextrous Hand, which is why the

idea of Design F is not investigated further.

3.3.8. Design G, wrapping of tendons around pulleys

Design G investigates a new possibility to reach an ambidextrous behaviour with four
PAMs. Contrary to Designs B to D, the tendons are this time wrapped around the pulley of
the DIP joint. Even though the mechanism increases the friction of the system, it also
prevents any loss of tendons when the finger is actuated. The type of pulleys used is the same
as the one implemented in Design D. The structure holding the finger’s prototype and the
PAMs is also the same as the one holding Design D, as Design G does not include any more

devices requiring a horizontal plane for early implementations.

The routing of Design G is shown in Figure 3.21.

Figure 3.21: Routing of Design G

The angular ranges obtained with Design G are respectively 166°, 141° and 107° for
the proximal, medial and distal phalanges. Video’s snapshots of Design G under actuation are

provided in Figure 3.22.
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S
. ‘9

Figure 3.22: Video's snapshots of Design G.
The finger is on left/right side on (a), on an intermediate position on (b) and
on right/left side on (c)

For the second time, the ranges get close to the ones fixed by the initial requirements.
The next step consists in analysing the models from Designs A to G, to see if one of them

could be used to start a feasibility study about control theory.

3.3.9. Comparisons of mechanical features from Design A to Design G

The results obtained from Design A to Design G are investigated to see if one design
is appropriate to start a feasibility study about control theory. The ranges obtained for each
joint of each design are gathered in Table 3.2. In addition to their angle, their range is also
compared to the initial requirements in percentages. The higher the percentage, the closer the
prototype to the human anatomical behaviour, defined as the target. Prototypes reaching the

highest percentages can consequently be used for further investigation.
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Table 3.2: Comparison of the ranges of the different designs
4 Ranges obtained for | Ranges obtained for each joint, in % | Applicable
Designs PAMS each joint, in ° compared to initial requirements for further
MCP| PIP [ DIP | MCP | PIP | DIP | Average | 'nNvestigation
Target | N/A | 180 | 200 | 160 | 100% | 100% | 100% 100%
A 2 0 15 25 0% 7.5% | 15.6% 7.7%
B 4 40 0 10 | 222% | 0% 6% 9.5%
C 4 80 | 100 | 150 | 44.4% | 50% | 93.8% 62.7%
D 4 165 | 165 83 |91.7% | 82.5% | 51.9% 75.3% v
E 1 0 0 235 | 0% 0% | 146.9% | 49.0%
F 1 80 0 0 |444% | 0% 0% 14.8%
G 4 166 | 141 | 107 | 92.2% | 70.5% | 66.9% 76.5% v

Table 3.2 shows that the best behaviours are obtained for Designs D and G, which

both reach more than 75% of the target. Their MCP joint, in particular, almost reaches the
maximum angles of the initial requirements. Therefore, an additional investigation is done,

concerning the maximum force applicable by each phalange of Design D and Design G.

These forces are collected using a Newton metre. The hook is linked to specific
phalanges and a force is applied on the phalanges until their maximum angles decrease of
about 10°. The performances of Design D and Design G are summarised in Table 3.3, which
indicates the maximum angles reached by each joint, as well as the maximum forces

applicable by their respective phalanges. The results are showed both for the left and right

sides.

Table 3.3: Comparison of mechanical features between Design D and Design G

. : Maximum angles reached (°) | Maximum forces applied (N)
Designs Joints Left Right Left Right
MCP 85 80 52 47
D PIP 80 85 9 10
DIP 40 43 3 3
MCP 84 82 51 49
G PIP 70 71 12 13
DIP 52 55 0 0

Table 3.3 shows that the maximum force applicable by the proximal phalange is much
higher as the ones of the medial and distal phalange. This is normal, as PAMs are directly
connected to the MCP joint, whereas the PIP and DIP joints are coupled. Moreover, the

PAMs connected to the PIP joints are routed through a higher number of pulleys. Indeed,
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they are routed around the MCP joint before being tied to the PIP joint, which adds friction to
the system. However, the maximum forces applicable by medial and distal phalanges are very
weak. It is noticed that distal phalanges cannot apply more than 3 N, which is not enough to
interact with objects. Consequently, an additional design is going to be investigated. In
addition to the angular range, the maximum force applicable by medial and distal phalanges

is also going to be optimised.

3.3.10.Design H, use of torsion springs

Design H investigates the possibility to avoid unnecessary routings by replacing a
number of pulleys by torsion springs. If tendons provide enough force to medial and distal
phalanges, the finger would then be able to interact with objects. The design of such a model

is discussed in the report of S. Chattoraj [235].

The tendon routing is shown in Figure 3.23. As for Design G, it is seen that the
tendons actuating the medial and distal phalanges are not connected to the PIP joint but to the
DIP joint. The tendons are also routed almost straight from the bottom of the structure to the

DIP joint. The only curve is the one formed around the MCP joint.

The implementation of torsion springs under the PIP and DIP joints allows a
synchronised bending of medial and distal phalanges. Design H also includes intermediate
pulleys which avoid the tendons to get loose. Contrary to the method investigated for Design
G, the tendon force is less reduced. Indeed, the only force that opposes the PAMs’
contraction is the one provided by the spring, weaker than the one provided by the systems of

pulleys of Design D and Design G.
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Figure 3.23: Tendon routing of Design H
(a) the left hand mode and (b) the right hand mode

However, the angular ranges reached by the original model introduced in [235] are
limited compared to the ones obtained with Design D and Design G. The reasons of these
restrictions are the same as the ones mentioned for Design C. Indeed, the sizes of the pulleys
do not match with the ambidextrous behaviour and the PAMs at disposal. Consequently,
optimal dimensions are investigated by repeating the same movements with different sizes of
pulleys. The results of this experiment are summarised in Table 3.4.

Table 3.4: Maximum angles and forces obtained with different pulleys configurations of Design

H
Joints Pulleys’ diameter Max. angles reached (°) | Max. applied force (N)
(mm) Left Right Left Right
MCP 23.81 58 54 91 86
MCP 15.34 85 80 53 49
MCP 7.71 90 90 38 31
PIP/DIP 23.81/15.34 54/10 60/19 59/4 62/11
PIP/DIP 15.34/15.34 73129 77136 30/18 35/22
PIP/DIP 7.71/2.95 75/51 80 /55 21/10 23/13
PIP/DIP 2.95/2.95 88 /68 90/72 12/3 15/4

Table 3.4 shows that the best pulley configuration to optimise the angle/force ratio is
15.34 mm for the MCP joint and 7.71 mm / 2.95 mm for the PIP/DIP joints. The maximum
reachable angles can be increased using smaller pulleys, but it would then cause a significant
loss of the applicable force. The maximum range of Design H is shown on video’s snapshots

gathered in Figure 3.24.
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(b)
Figure 3.24: Maximum range of Design H
(a) the left/right position, (b) the vertical position and (c) the right/left position

The angular ranges reached by Design H are then compared with ranges of other
robotic fingers, to check if its behaviour on a single side is close to other models.

3.3.11.Comparison of angular ranges between Design H and other robotic

fingers

The ranges reached with Design H are compared with ranges of other robotic fingers
to analyse its behaviours with others. The maximum angles reached with robot fingers are
precisely mentioned in some articles. When the range of several fingers is mentioned, the
forefinger is chosen as a reference for this comparison. Moreover, as the pictures of these
devices show right hands, it is estimated that the provided range are the ones of right hands.
The range of each joint of Design H is put in Table 3.5, both for left and right mode, with the
range of some other robotic models. These other models are the robotic finger engineered by
K.J. De Laurentis et al. [112], driven by SMAs, the wearable rehabilitation device developed
by K. Xing et al. [172], actuated by PAMs, the Shadow Hand [74], which reaches the same
angles when it is actuated by PAMs or by motors, the ACT hand [66], which is motorised,
and the anthropomorphic robotic hand engineered by Z. Xu et al. [142], driven by air
cylinders.
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Table 3.5: Comparison of angular ranges between Design H and other robotic fingers

Hand or finger .MCP . .PIP . _DIP

joint (°) joint (°) joint (°)
K.J. De Laurentis et al.[112], 2000 88 73 77
K. Xing et al.[172], 2009 88 90 63
Shadow Hand [74], 2013 90 90 90
ACT hand [66], 2013 90 110 90
Z. Xu etal. [142], 2013 110 90 90
Design H, left hand mode [39], 2013 85 75 51
Design H, right hand mode [39], 2013 80 80 55

Table 3.5 shows that even though the experiments are done with standard PAMs, the
ambidextrous design has ranges relatively close to the ones of other models, both for left and

right hand modes. Combined together, the two modes overreach the range of other models.

The range of Design H can be increased even further using more suitable PAMs.
However, this range and the force it can apply are large enough to proceed with first tests of

control theory.

3.4. Feedback control applied to the ambidextrous fingers’ prototypes

Another part of the feasibility study consists in controlling the prototype of the

ambidextrous finger, to check if its actuation is possible.

As explained in section 2.4, a number of systems that implement PAMs are driven
using PID controllers. It is for example the case of [236], for which a two-links PAM
manipulator is driven with a PID loop supervised by a feedforward NN controller. It is also
the case of a rehabilitation arm, which uses PID loops to control both the force and the
position of the system [28]. The robot arm described in [104] and the robot hand discussed in
[177] use a control based on a PID feedback as well. Finally, the Shadow Hand also uses PID
controllers to operate either from sensor data or from values supplied by users [94].
Consequently, as PID controllers are widely used in the area of PAMs, conventional PID

loops are used to control the early designs of the Ambidextrous Robot Hand.

The angular displacement will be investigated first. Then, the force applied by the

fingertip and the interaction with objects will be discussed as well.
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3.4.1. PID control theory

The pattern describing the basic functioning of a PID loop is provided in Figure 3.25.

Target Error System input

l _/\f,l Controller | Finger

Sensor feedback

Current condition

Figure 3.25: Control of a robotic finger using PID loops

Over a first phase, the target (or setpoint) is compared to the current condition of the
system. The output u(t) of a PID controller is defined as the sum of the proportional term,
the integral term and the derivative term [237]. Equation (3.2) is an algebraic expression
commonly used to calculate the output of a PID controller and is known as representing the
parallel form of the transfer function [238].

t

u(t) = Kpe(t) + Kl-f e(t)dt + Kd%e(t) (3.2)

0

It is observed in (3.2) that the three terms depend of the error signal e(t), which is the
difference between the target point and the process variable [239]. The different gain
constants K,,, K; and K, respectively adjust the proportional, integrative and derivative terms
set the ratio of the output response. Before understanding the interactions between the three
terms and the signal output, it is necessary to get familiar with the control terminologies

indicated in Figure 3.26.
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Figure 3.26: Representation of process variable and set point for a system controlled by PID
loops, the terms being courtesy of PID terminology, such as in [240]

The overshoot is the maximum peak value reached by the error. The steady-state error
is the final difference between the process variable and the set point. The rise time is the time
taken by the signal to change from its initial value to the set point. The settling time is the
time taken by the signal to change from its initial value. Oscillations are illustrated by the
number of times the process variable crosses the set point. The steady-state error, or error

band, is the margin of error of the process once it reaches a stable state.

The proportional term K,e(t) provides an overall control action depending only on
the error signal. The higher is K,, the fastest is the response, which increases both the speed
and the sensitiveness of the system [238]. However, a too high gain constant may make the
system unstable and oscillate out of control [238]. In the case of an angular target for the
ambidextrous finger, it would make the phalange move very fast around the targeted set

point.

The integrative component K; fot e(t)dt sums the error over time, which corresponds

to the accumulate offset. It means that it is proportional to both the magnitude and the
duration of the error [241]. Consequently, as long as the set point is not reached, the
integrative term increases to reduce the steady-state error. Usually, increasing K; makes the

process variable reaches the set point faster, but also increases the overshoot. Combined
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together, the proportional and integrative terms regulate the response time of the

ambidextrous phalange to reach set points limiting the number of oscillations.

It is observed that a number of systems do not use derivative component, such as the
ones described in [242], [243] or [244]. Nevertheless, the addition of this derivative
component may allow adding more stability [245].

The derivative term Kd%e(t) depends on the slope of the error over time, which

means it is proportional to the rate of change of the system’s reaction. The more the process
variable increases, the more the output decreases. Consequently, the derivative term
theoretically permits to decrease the overshoot, to add more stability and to reduce the
number of oscillations. These three outcomes are going to be verified on the ambidextrous

finger. As for the other gain constants, a too high K; may make the system unstable, because
the higher K, the slower the system and the higher becomes fote(r)dr of the integrative

term.

Now that the three terms of the PID control are explained, a more advanced scheme is
provided in Figure 3.27. As it can be seen, the three terms are going to work in coordination.
The final output is converted into PWMs by the SPCU. According to the widths of these
PWMs, the PAMSs contract and extend to make the finger reach its setpoint.

Controller
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Figure 3.27: PID controller associated with the Ambidextrous Hand
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First tests are going to be done for the angular position. Over a second phase, force

control is going to be added to angular displacement.

3.4.2. Control of angular position

The control of the angular position is necessary for the actuation of an ambidextrous
finger. It allows reaching specific angles and knowing if the finger is on its right side or on its
left side.

A potentiometer RV120F-20-15F-B1K [246] is implemented to control the angular
position of the ambidextrous fingers’ prototypes. The mechanical implementation of the
potentiometer inside the prototype’s architecture is explained in [235]. A scheme of a
potentiometer RV120F-20-15F-B1K is provided in Figure 3.28. When these potentiometers
are connected to a 5 V DC power supply, the voltage feedback linearly varies according to
the angle of the rotating contact by its two components. Therefore, potentiometers RV120F-
20-15F-B1K can be used as angular sensors, which matches with the literature reviews done
in sections 2.1.2 and 2.1.3.1, and 2.1.3.2. The difference between their maximum and
minimum angles is about 270°, which is more than enough for ambidextrous fingers, for

which the maximum range does not exceed 200°.

Voltage supply
and feedback
Rotating contact

Figure 3.28: Scheme of potentiometer RV120F-20-15F-B1K [246]

When potentiometers RV120F-20-15F-B1K are connected to the SPCU, the ADC and
the CPU indicates values varying from 00100,4 to 15EFF, 4. Thus, if the sensor is positioned
properly inside the finger, the vertical position corresponds with 08000,4. According to the

desired position, the value read by the SPCU is set as a target.

As explained in chapter 3.2.2, the commands sent to a couple of 1/0 valves must be

sent in an opposite way to the valves controlling the antagonistic PAMs. The
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flexion/extension of the phalange depends on four inputs, which are the states (opening or
closing) of the four valves actuating the two PAMSs. Consequently, to reach a vertical
position, the gain constants must switch whenever the phalange overreaches 08000,,. The

valves working as inputs on the left side become outputs on the right side, and vice versa.

The calibration of the gain constants is done using manual PID tuning method. The
manual tuning of a PID loop is one of the most famous ones and is described, for instance, in
[237]. The method consists in calibrating the gain constants one after other. The experiment
is done with the MCP joint of Design G. The aim is to reach a vertical position with the
proximal phalange. The very first step of this experiment is illustrated in Figure 3.29. The
proximal phalange oscillates six times and it takes itself about 1 sec to stabilise.

(b) (d)
Figure 3.29: Video’s snapshots of the first step of the tuning of a PID loop with Design G
In analogy with Figure 3.26, (a) the initial position, (b) the overshoot,

(c) an oscillation and (d) the steady-state error.

The next steps of the experiment are summarised and commented in Table 3.6. The
gain constants are still tuned for a vertical position. The percentage of the overshoot is
calculated according to the angle defined as the set point. Firstly, K; and K, are put to zero,
whereas K, is increased until rising time is fast enough. Secondly, K,, is reduced whereas K;
is increased until the overshoot almost disappears. The tuning was efficient for K, = 2
and K; = 2, yet, the system still oscillates around the setpoint. The system becomes less
stable for K, =2 and K; = 3, which is why K, is tuned keeping K, =2 and K; = 2.

Whenever K, is increased, it is noticed the oscillations stop from K; = 4. The system keeps
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being stable when K, increases until K; = 10, but the rising time becomes slower and

slower. It is noticed the system oscillates again for K; > 10.

Table 3.6: Tuning of the PID gain constants K,,, K; and K4 for angular displacements to reach a
vertical position

Rising time % of A Settling time

K, K; Ky (SSC) overshoot # oscillations (se%)
1 0 0 0.70 15% 2 1.05
2 0 0 0.30 15% 4 0.65
3 0 0 0.15 30% 8 0.60
4 0 0 0.10 35% © 0

3 1 0 0.10 20% 6 0.35
2 1 0 0.15 10% 5 0.25
2 2 0 0.10 5% 5 0.20
2 3 0 0.05 15% 6 0.25
2 2 1 0.10 10% 2 0.15
2 2 2 0.10 10% 2 0.15
2 2 4 0.10 5% 1 0.15
2 2 6 0.10 0% 0 0.10
2 2 8 0.15 0% 0 0.15
2 2 10 0.25 0% 0 0.25
2 2 12 0.30 10% 2 0.40
2 2 14 0.20 30% 3 0.40

The best gain constants K, K; and K, obtained in this experiment are respectively 2,

2 and 6. However, according to the desired rising time, K, can be increased until 10 to make

the movement slower.

A better tuning accuracy can be reached by dividing the SPCU’s input by a large
number. The maximum value 15EFF,, is almost equal to 90000,,. To keep an angular

position close to 0.5°, a corresponding ratio must be found.

As the proximal phalange aims at rotating around 200° instead of the 270° provided

by the RV120F-20-15F-B1K potentiometer, the value 90000 is first multiplied by % Then,

as an accuracy of 0.5° is aimed for the range of 200°, the first ratio is divided by % = 400.

The full operation is shown in equation (3.3).

90000 209, 1 167 3.3
* * ~ .
270 400 (33)
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A number close to 167 is found, which means that the SPCU’s sensor’s inputs can be

divided by 150 and still have an accuracy higher than 0.5°.

As the angular position is controlled by two different PAMSs, a safer option consists in
fixing two different targets for the PAMs. For a desired angle of 90°, the first PAM may
contract only for an angle inferior to 88°, whereas the second one would contract for an angle
superior to 92°. This setting reduces the system accuracy but also limits the risk of

oscillations.

Experiments show that vertical position is the most difficult one to reach. Indeed,
contrary to other robotic fingers, the ambidextrous model does not have sockets to disable it
to overreach that very position. Consequently, once the gain constants are settled for the
vertical constants, these same coefficients can be used for any other positions. As shown in
Figure 3.30 with Design H, the potentiometer can also be connected to a second one that
transfers it a position in real-time. The same mechanism can be applicable later on, with two
fingers and force sensors. In that way, the same force can be applied from both fingers,
allowing the robot hand to grab objects. For rehabilitation process, the angles reached by

users can also be forwarded to the robot hand, so the same positions can be transferred.

Figure 3.30: Transferring a position value from one angular sensor to another with Design H.

(a) is the opposite behaviour of (b)

Next step consists in controlling the force applied by the fingertip.
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3.4.3. Force control

The addition of force control on the ambidextrous finger’s prototype allows detecting
and interacting with objects. Thus, an adapted model of force sensor is chosen. The finger is
then put in contact with an object. Finally, the kind of object is identified analysing both the

angular and the force variations.

3.4.3.1. Choice of force sensors

To control the force applied by fingertips, force sensors were looked for on the
online-shop active-robots.com. A number of force sensors were found and classified. Their
features are compared in Table 3.7. The force sensor must be able to detect at least 53 N,
which is the maximum force provided by Design H, as shown in Table 3.4, whereas a
minimum force of 1 N would allow to detect very light objects. It is also preferable to have a
maximum error lower than 15% to permit accurate experiments. Finally, the contact area
must not overreach a diameter of 8 mm, as it would not fit with the dimensions of the Design
H.

Table 3.7: Features of force sensors

Sensors’ names / codes er}gpcde?ax Error max Contact area
1131 0 Phidgets Thin Force sensor / N/A min, 10% 12.7 mm
1131 [247] 20 N max 0 diameter
Force Sensitive Resistor — Square / Between 5% )
SEN-09376 [248] LN-T00N 1 ond 250 38.1mm
Force Sensing Resistor / FSR-01 [248] 1N-100 N 10% 5 mm diameter
Force Sensitive Resistor 0.5 / ) 0 )
SEN-09375 [248] 1N-100N 10% 126.7 mm
3103_0 Interlink Circular Force Sensing i 5 mm diameter
Resistor / 3103 [248] 1N-100N N/A

Both sensors SEN-09376 and SEN-09375 [248] are too big for the ambidextrous
finger, whereas the sensor 1131 0 [247] cannot forces higher than 20 N. Sensors FSR-01 and
3103 are very similar [248], but the model FSR-01 is almost 25% cheaper, which is why it is

chosen to experiment the force control.
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3.4.3.2. Interaction with objects

To apply a measurable force contact to objects, force sensing resistors FSR-01 are
scotch taped to the fingertips and wired to the SPCU. Pressing a piece of metal against the
force sensor, it is noticed that the feedback’s value varies between 18000, and 19400,
according to the force applied by the human hand. Consequently, it is estimated that fixing
targets between 19B00,, and 19€00,, would permit to provide enough force to hold this
same piece of metal, in interaction with a human finger. The gain constants of the PID
controller are tuned the same way as the one described in chapter 3.4.2. However, contrary to
the vertical position, there are no losses of balance caused by accurate antagonistic ratios,
which makes the tuning of gain constants much faster. With Design H, the finger’s prototype
can grab the piece of metal at the first attempt. The grasping stability is increased at the
second attempt and becomes very stable at the third attempt. The best experimental results
are obtained with K;, = 50, K; = 20 and K; = 10. Video’s snapshots are provided in Figure
3.3L.

Figure 3.31: Video's snapshots of Design H maintaining pressure on two different metallic
pieces, with the same setpoint and the same gain constants

The experiment shown in Figure 3.31 combines both the angular control of the
proximal phalange and the force pressure applied by the distal phalange. It means that two
PID controllers are running in parallel. The flowchart of the process is provided in Figure
3.32. As it can be seen, the first PID controller deals with the angular displacement of the
proximal phalange even when the distal phalanges are moving. This process allows parallel

motions and control of the three phalanges of the finger.
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Figure 3.32: Flowchart of force applied on a piece of metal

Force control is investigated further with objects’ detection.

3.4.3.3.  Detection of objects

The recognition of objects allows robotic structures to become more autonomous, as
they do not require any other commands sent by a human to trigger an appropriate process.
The holding of objects, which includes its detection, is already introduced in Section 3.4.3.2.
However, if the control function aims at touching an object without pressing it, then the
setpoint of the PID must be reduced. Therefore, to touch light material such as paper, the
target of the sensor’s feedback is fixed to a value close to its minimum, such as 8,4 Or Ay,.
Video’s snapshots of this experiment are provided in Figure 3.33. It is observed that the
robotic finger goes backward when the piece of paper is in contact with the fingertip, whereas
the finger bends when the paper does not touch the fingertip. The gain constants used are the

same as the ones of the experiments shown in Figure 3.31.
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Figure 3.33: Video's snapshots of Design H detecting a piece of paper.
Paper is touched in (a). Finger goes backward in (b) and (c) when the paper is maintained on
the fingertip.

To recognise if the object in contact is solid or light, additional steps are added to the
control loops. The full flowchart of object interaction is provided in Figure 3.34. First, the
flexion of the proximal phalange stops when an object is touched. Its current position is then
slightly reduced (by 3°) because of the small delay between the contact of the object and the
creation of an angular setpoint. Next, if the medial and distal phalanges are not in contact
with the object, they bend until they touch it. As soon as the force feedback overreaches 20,,
it is estimated the object is not a piece of paper. Therefore, depending on this inequality, the
force target is selected either to grab a solid object or to make the finger goes backward if the

object is identified as being very light.
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Figure 3.34: Flowchart of object interaction

The overall architecture of the project can be summarised as in Figure 3.35. The
mechanical structure is connected to PAMs that are actuated by compressed air. According to
the sensors’ data feedback received by the electronic board, the electronic board sends signals

to the valves to activate the PAMs until the target is reached by the mechanical structure.

Power Air
Supply Compressor
|24V| Wires Pneumatic
i I circuit
Serial . T — Tendons )
Computer port  Electronic =— ——— Rubber Mechanical
— —1  Valves
Command code Board ™ === Muscles Structure
#—:

[ 1 [ senors |

Figure 3.35: Feasibility study's architecture of the project
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The control functions are then gathered in a GUI to ease the interactions between the

finger and the user.

3.5. Implementation of control functions into a graphical user

interface

Interactions between the robotic prototype and the user are increased by the design of
a GUI. Therefore, the different control functions can directly be selected by clicking on the
corresponding buttons. For this, the implementation of a free software and cross-platform
library is investigated. As the Ambidextrous hand aims at being accessible on-line for a
maximum of persons, the software must be compatible for Windows, Mac and Linux. The
software Qt4 developed by Nokia [249] matches with all these standards, which is the reason

why Qt4 is chosen to design a GUI integrating the commands of the Ambidextrous Hand.

The buttons are connected to widgets which direct the different functions to the files
containing the actual finger’s commands, written in C. A screenshot of the GUI is shown in

Figure 3.36.

Commands with sensors
Simple commands

Finger behavior

Left position Vertical position | Right position |

Main phalanx to right | Main phalanx t.

il touch object
itil hold object N

| Distal phalanxes to right | Distal phalanxes-, In which direction ?

\ To the left ‘ To the right |

Reset muscles f a position
Reset
| For the distal phalanxes || All the muscles || Stop any movement using sensors

Figure 3.36: Screenshot of the GUI designed from Qt4

Additional functions are also connected to a number of buttons. Whenever buttons are
clicked, processes are triggered to make secondary windows appear. Thus, the command can

be executed either on the left or on the right side of the prototype.
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The control functions called from the GUI are identical to the ones called from the
RCI.

3.6. Remote control interface

The RCI aims at providing a free and easy access to users from internet. Thus, the
control functions discussed in Section 3.5 are integrated in a server connected to the robotic
structure. It allows the robotic structure to execute commands received from its client through
internet. This structure is close to the one described in [160] and mentioned in Section 2.3.
Secondly, the internet network is connected to the Ambidextrous Robot Hand website, which
acts as a second client, allowing user to send commands without downloading any client

applications.

3.6.1. Connection with the server

The server does the connection between the control functions and the commands
received from internet. The server architecture is shown in Figure 3.37. Even though the
server is embedded on a Linux system, the use of Qt permits the users to access the
Ambidextrous Hand from other OS. The development of the server is discussed in the report
of A. Dilly [31], whereas the integration of the control functions in the server are discussed in
the report of Z. Liu [250].
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HTTP Server
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Figure 3.37: Server’s architecture [31]

In addition to the remote actuation of the Ambidextrous Hand, the server allows to
stream a video in real-time as feedback. The stream and the control functions are sent from
the HTTP server, based on TCP/IP protocol. The server deals with HTTP requests, sending
back the appropriate HTTP headers and XML messages to the two different clients developed
for this application. The first one is a client developed on Qt4, described in [31] and [250]. It
would allow the communication with the Ambidextrous Hand using advanced hardware

devices, such as EMG signals.

The second client is a Web application, easily accessible from the Ambidextrous
Robot Hand’s website or from its Facebook application. It allows communicating with the
robotic structure without downloading any clients. The design of this Web application is

discussed in the report of F. Jourdan [251].

3.6.2. Interactions with the robot hand from the website

Although the Ambidextrous Robot Hand’s website provides some visual information
about the project’s development, its main aim is to interact with the robotic structure online.
The design of the website is described in the report of M. Heinrich [252]. Among the four
different ways to interact with robotic movements, two are introduced in this section. The

first one is possible by connecting to the Ambidextrous Hand’s server. The second one is
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about pre-recorded videos that are always accessible, even when the server is not running.
The third and fourth ones are about HGR and EMG and are respectively introduced in [31]
and [32].

3.6.2.1. Use of the server

The Ambidextrous Hand’s website includes a GUI permitting the communication
between the user and the robotic structure. Thus, the work introduced in [251] is embedded in
the design of the website [252]. When the user is connected to the server, a vision feedback is
transferred from the embedded webcam. The implementation of the embedded webcam is
discussed in [31].

Another GUI is designed for the website and Design H is replaced by a Science
Museum Robotic Hand [35] to test the RCI. The Science Museum Robotic Hand is a device
representing a right human hand actuated when a user pulls one of its tendons. Its elastic
structure permits each of its fingers to come back to its vertical position when the user
releases the tendon. Consequently, the hand can be actuated with five PAMs. As only four
PAMs are at disposal, the ring and little fingers are tied together and cannot move
independently. An example of the Science Museum hand control through the website is
provided in Figure 3.38. Once the middle finger has been bent, the thumb bends as well in (a)
and the hand is fully opened in (b).
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Camera - Display Video Settings Camera - Display Video Settings

Commands Commands

| Bend little and ring fin¢ | Bend middle finger | Bend forefinger | Benifmb | | Bend little and ring fing | Bend middle finger | | Bend forefinger | | Bend thumb
W

| Lift little and ring fingg |  Lift middle finger | Lift Forefinger | Lift thumb ) | Lift little and ring finge |  Lift middle finger | Lift forefinger | | Lift thumb

| Close the whole hand | | Open the whole hand | | Bend distal phal. | Lift distal ) | Close the whole hand | iropenflieiwtﬁl;hand’\ Bend distal phal. | | Liftdistal phal

| Bend proximal phalany | Lift proximal phalanxe | Graba heavyobject | | Graba light object | | Bend proximal phalany | Lift proximal phalanxe | Grab a heavyobject | | Grab a light object

(a) (b)
Figure 3.38: Further examples of website’s RCI.
(a) execution of “Bend thumb” button and (b) execution of “Open the whole hand button”

As VR contributes to ease the PLP, such as in [11] or [24], the RCI aims at being
instantly accessible on internet and allowing an online HCI. Thus, the HCI permits the user to
control a robot hand from distance. As for the mirror boxes, observing mirrored movements
of an artificial limb can cause additional neural activity in motor areas located in the affected
brain’s hemisphere and thus lead to cortical reorganisation [21]. Watching the robot hand
replicate the gestures imagined by the user can therefore allow the recovery of cortical maps
[17]. As the PLP experienced after amputation is reduced according to the amount of cortical
reorganisation [15], the pain of the user can therefore be reduced, using the same principle as
the one of the mirror boxes [18], except that the Ambidextrous Hand’s website is accessible
from any places with an internet access. Nevertheless, other control methods based on HGR
and EMG are explored in [31] and [32], as it would make the control of the hand more

intuitive.

3.6.2.2.  Comparison with other RCls

The RCI designed for the Ambidextrous Hand project is compared with the RCIs of
other robotic limbs projects in Table 3.8. RClIs are not automatically implemented on robotic
limbs projects, as for the bionic structures [26], [45] and [46] that aim at being directly
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connected to the user’s body and controlled by EMG signals. Another example of robotic
device without RCI is the rehabilitation robot [28] which consists in a wearable exoskeleton
used for rehabilitation exercises as a treatment available in a laboratory environment. Some
articles specify that RCI or EMG interfaces should be integrated to specific projects. For
example, the implementation of neural commands is discussed for the ACT Hand [27].
Another example is considered in [123], which indicates that the hand engineered by T.
Maeno and T. Hino is designed for remote applications, even though nothing specifies that
these RClIs have been developed. The DEXMART Hand is controlled by actuators remotely
located in the forearm, but no other information is provided about the RCI [282]. It is also
observed that data gloves are often used to control robotic structures, as for the hands [253],
[72], [99], [143] and [62]. Robot hands can be controlled from distant locations with stereo
display, such as [253] or [148]. However, none of these models propose a robot structure
accessible from the website of their respective projects or an access from a social media

interface. These features are consequently specific to the Ambidextrous Hand project.

Table 3.8: Comparison of the RCI of the Ambidextrous Hand project with RCIs of other
robotic limbs projects

. Accesible
Wiies | DEk Gl | Website |from social
Robotic hands or arms RCI feed- wearable EMG licati di
back | exoskeleton application | - media
interface
DLR Hand [253], 2003 v 4 4
T. Maeno and T. Hino
[123], 2006 N/A
T. Kato et al. [148], 2010 | v v
X. Jiang et al. [28], 2010 v
AMO arm [26], 2011 N/A v
OCU Hand I [72], 2011 | v v
C.Y. Lau and A. Chai v
[99], 2012
Bebionic3 [45], 2012 v
ExoHand [143], 2012 v v v
Shadow Hand [62], 2013 | v N/A v
ACT Hand [66], 2013 N/A
Amb_idextrous Hand v v v v
project [39], 2013
I-limb ultra revolution v
[46], 2014
DEXMART Hand [282], |
2014
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3.6.2.3.  Use of pre-recorded videos

The remote control of the Ambidextrous Hand project is only possible when the
server is running. However, the server is not constantly running as the robotic structure is
often inaccessible because of software or hardware upgrades. An alternative solution is
consequently investigated.

Recorded videos of the robot hand movements are included on the project’s website.
They allow simulating interactions with the robotic structure even when the computer system

is not running or when the mechanical architecture is under maintenance.

Thus, the behaviour of the hand is reduced to 32 videos, which represent the basic
fingers’ movements feasible from an initial position. This starting position is chosen as the
one with the five fingers extending. Two main behaviours are then possible for each finger: to
bend or to stay motionless. It makes a total of 2°, i.e. 32 possibilities. Both bending and

extending are recorded on the videos to reach a total of 64 different gestures.

As no complex movements are recorded, it is this time possible to design a GUI
without any text, more intuitive and easier to familiarise with. Thus, five coloured buttons are
put underneath the fingers they represent. Clicking the buttons makes their colour switch
from blue to red or from red to blue and indicates which fingers bend if the corresponding
video is played. An example of the application is showed in Figure 3.39, with the bending of

index and middle finger.

e oo
(a) (b)

Figure 3.39: Example of the videos' application on the Ambidextrous Robot Hand's website
(a) shows the selection of fingers whereas (b) shows the actuation of the selected fingers
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3.7. Chapter summary

This chapter has summarised the feasibility study for the Ambidextrous Robot Hand

project.

It first started with the introduction of the material that is used for the experiments.
This includes the pneumatic and the electronic interfaces, as well as the ways they are

connected and depend of each other.

Secondly, the chapter discussed with a number of ambidextrous fingers prototypes
designed with Meccanos. The section contained an analysis of their different mechanical

features as well as descriptions of mechanisms used to actuate the different prototypes.

A feasibility study about control theory was also presented. As the mechanical design
has not reached its final form yet, only PID controllers were used to control the finger’s
prototype. PID loops were chosen as they are very widespread in the area of embedded
systems, even for PAM technology. The PID loops were combined with angular and force

sensors. Their implementation was successful in both cases.

Finally, the control functions were connected to an RCI. The RCI is proper to the
project as it makes the robotic structure instantly accessible and controllable through internet,

from the website of the project.

The preliminary experimental results of the feasibility study demonstrate that it is
possible to design and provide stable control with ambidextrous features. Thus, further
enhanced designs of ambidextrous fingers and, consequently, of a robot hand are considered

in the following Chapter.
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Chapter 4: From a single finger to a whole ambidextrous
robot hand

This chapter focuses on further architectural development. The mechanical, electronic
and pneumatic interfaces are further enhanced and applied to control an ambidextrous robot
hand.

First, the implementation of an interface to test advanced prototypes of ambidextrous
fingers is discussed. Specifically, the focus is on the choice of sensors, the way they are
implemented, the design of a testbench, the mechanical features of the final prototypes and

the analysis of data collected from the experiments.

Secondly, the different electronic and pneumatic requirements from a single robotic
finger to a whole ambidextrous robot hand are explored. Therefore, the electronic and

pneumatic interfaces are adapted to the scope of a robot hand.

Finally, this chapter describes the mechanical specifications of the Ambidextrous
Robot Hand. These characteristics have to be taken into account before discussing the control

algorithms introduced in Chapter 5.

4.1. Testing of advanced prototypes

This Section discusses the implementation of interfaces used to test advanced
prototypes of ambidextrous fingers, most of them being designed using 3D printing. Indeed,
the design of ambidextrous fingers aims at being optimised before being integrated in a whole
robot hand. The methodology and the process of these designs are discussed in the report of
A. Nimmo, L. Kavanagh, L. Steele and M. Simko [254].

Prior to testing such prototypes, a test rig needs to be implemented. The test rig must
include a surface suitable for the experiments. Therefore, it must include devices to hold
PAMs, pulleys and the fingers’ prototypes. It must also incorporate sensors to collect and

compare data from the different prototypes.
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First, this Section consequently discusses the choice of the material, to investigate
which are the most suitable choices for the testing of prototypes. Secondly, it describes the
design of the testbench itself. Next, it introduces the way the sensors are implemented in the
system. The behaviour of PAMSs is then analysed in detail so that their mechanical
characteristics can be taken into account for the designs of prototypes. Finally, the features of
ambidextrous fingers are collected and analysed prior to designing a whole ambidextrous
hand.

4.1.1. Choice of the material

Specific devices are chosen to collect data when the advanced prototypes are running.

The first devices discussed in this Section are load cells, which allow measuring the
force provided by PAMSs. Their accuracy and their maximum capacity must be compatible

with the PAMSs’ mechanical features.

The second devices are pressure transducers, which measure the pressurised air
introduced in PAMs. As for load cells, both their accuracy and their maximum capacity must
be compatible with the PAMS’ characteristics.

The third devices are turnbuckles, which permit adjusting the tendons’ length before
the experiments. Their length if the main feature that is investigated, as an optimal length

would reduce the area of the testbench.

The assembling structure of these three devices with PAMs is illustrated in Figure 4.1.
The PAM is connected both to a pressure transducer and a load cell that respectively measure
the pressure and the force of the device. A turnbuckle adjusts the length of the set up, as the

PAM must be connected to a mechanical architecture and the load cell must be fixed on a test

rig.
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Muscle Pressure Turnbuckle Tendon Load
transducer/ cell
pneumatic
tubes

Figure 4.1: Set up of a PAM, a pressure transducer, a turnbuckle and a load cell

Other devices are implemented to collect data from the experiment, but they are not
discussed in this thesis. Indeed, position sensors are also developed to be combined with load
cells and pressure transducers. Their development is introduced in [254] and in the report of
A. Huynh [255].

4.1.1.1. Load cells

Load cells are investigated to be fixed at the base of PAMs. Thus, the force that
PAMs apply to fingers can be obtained to provide mechanical feedback.

Prior to being implemented, load cells must be chosen according to their technical
features, which must be compatible with the PAMs and the test rig. According to [80],
SPAMs can hold up to 12 kg, which is why load cells must have a maximum capacity at least
equal to this mass. The shape of the load cells is another parameter to be taken into account.
The S-shaped load cells can indeed be fixed directly on the holding pieces of the testbench,
whereas rectilinear load cells require more room and a specific shaping of pieces before being
fixed. Thirdly, a low rate of error allows collecting more accurate data. Consequently, the
main features investigated for the type of load cells are their maximum capacity, their shape
and their accuracy. A list of different types of load cells currently available on the market is

provided in Table 4.1, with a comparison of their main features.
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Table 4.1: Comparison of technical features between different load cells

Sensors’ names / codes Maximum Shape Implementation Efror max.
capacity (kg) (%)
TSA Alloy Steel S Type Load
Cell / 1131 [256] 100 S Compact 0.015
S Type Load[;35e;l]- Model 615 200 S Compact 0,05
3134 0 Micro Load Cell N
CZL635 [258] 20 Rectilinear Bulky 0.05
3135_0 Micro Load Cell N
CZL635 [259] 50 Rectilinear Bulky 0.05
3132_0 Micro Load Cell N
CZL616C [260] 0.78 Rectilinear Bulky 0.05

Because of the “S” shapes of the load cells 1131 [256] and 615 [257], these models
are the easiest to implement. However, they are about fifteen times more expensive than the
two models CZL635, [258] and [259], or than the model CZL616C [260]. This is the reason
why the “S” shapes are not considered any more. As PAMSs can hold up to 12 kg and that the
3134_0 micro load cell CZL635 has a maximum capacity of 20 kg, it is the chosen load cell
to proceed with the tests. The 3135 0 Micro Load Cell CZL635 has the same price, but its
higher range would imply longer electronic calibrations to reach accuracy as high as the one
obtainable with the 3134 0 micro load cell CZL635.

4.1.1.2. Pressure transducers

Pressure transducers are investigated to measure the air pressure of PAMs and to
collect data during the testing of models. The range of their pressure readings is the main
technical feature that is considered. The transducers must have a minimum pressure reading
of 0 bars and a maximum one at least 3.5 bars, as it is the maximum pressure used to actuate
the SPAMs [80]. However, it is preferable to aim for a higher pressure reading in case
SPAMs would be replaced by FPAMs for a next stage of the project. Indeed, FPAMSs have a
higher maximum input pressure that can vary between 6 and 8 bars according to the models
[81]. [80] and [81] also indicate that the PAMs’ hysteresis may change their extending from
3% to 7%. Consequently, the transducers’ maximum error must be lower than 1% to collect
applicable data.

The two other parameters relative to pressure transducers do not depend on PAMSs

characteristics. The first of them is their pressure measurement type, which can be absolute,
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gauge or differential. Absolute measuring transducers compare the air pressure of PAMs with
perfect vacuum, whereas gauge ones compare it with atmospheric pressure and differential
ones compare it with the pressure another joint, which can be connected to atmospheric
pressure as well. The type of measure must be taken into account in a second stage, for the
implementation of the transducers, but does not interfere with the accuracy of data collection.
The second parameter that must be taken into account is the port style, which can be dual or
single axial as well as barbed or barbless. As PAMs work in an independent way, only single
axial transducers must be investigated. Barbless ports prevent connecting directly the
transducers to the pneumatic tubing, which is why barbed ports are more adapted to the
pneumatic system.

A number of pressure transducers currently available on the market and reading a
maximum of more than 3.5 bars are gathered in Table 4.2. The minimum pressure reading for

each of these sensors being of 0 bars, this feature is not indicated.

Table 4.2: Comparison of technical features between a number of pressure transducers

, Maximum Pressure
Pressure transducers’ name / Error
pressure measurement Port style
code : max. (%)
reading (bars) type
Absolute pressure sensor for Single Axial
air, MPX5700AS [261] 7.00 Absolute Barbed 2:5
Absolute pressure sensor for Single Axial
air, MPX5700AP [261] 7.00 Absolute Barbed 2:5
Honeywell S&C - Single Axial
HSCMANNZ100PGAA3 [262] 6.89 Gauge Barbed 0.35
Honeywell S&C - Single Axial
TBPLLNNOGOPGUCV [263] 4.14 Gauge Barbless 0.15
Honeywell S&C - Single Axial
NSCDANNI150PGUNV [264] | 034 Gauge Barbed 0.25
Honeywell S&C — Single Axial
A0PC150G2A [265] 10.34 Gauge Barbless 0.25

First, Table 4.2 indicates that the two models MPX5700 [261] have a maximum error
of 2.5%, which make them not accurate enough to collect applicable data. However the
sensors designed by Honeywell [262], [263], [264] and [265] match with the required
accuracy. Contrary to the MPX5700 models, it is noticed their pressure measurement type is
gauge instead of absolute. The model TBPLLNNO60PGUCYV has a barbless port, which
prevents the direct connection of pneumatic tubing. Barbed ports are indeed more adapted to
the pneumatic tubing as the tubes can fit directly to the transducers. Moreover, the maximum
pressure reading of the model TBPLLNNOG60PGUCYV is 4.14 bars. Although it is enough for
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the SPAMs, it is preferable to aim for a higher pressure reading, in case the PAMs of the
project are changed for a next stage. As FPAMSs have a maximum input pressure varying
between 6 and 8 bars [81], it is more suitable to choose sensors able to read up to 8 bars. As
the model TBPLLNNO60PGUCV, the model NSCDANN150PGUNYV requires the design of
an analogic amplifier to read its output signal properly. Given that the model 40PC150G2A is
barbless and about 50% more expensive than the model HSCMANNZ100PGAAS3, the model
HSCMANNZ100PGAAS is chosen. Even though it can only read up to 7 bars instead of 10.34,

it is specified in [262] that it can endure a pressure up to 17.24 bars.

4.1.1.3. Turnbuckles

Turnbuckles are investigated to be fixed between the PAMs and the load cells. Their
aim is to adjust the tendons’ length during mechanical calibrations, prior to testing the range
of the prototypes. The length of the turnbuckles is the first mechanical feature to be
considered, as it is preferable they take a minimum of place on the testbench. The second
main feature is the diameter of the screws. The larger the screws, the higher the work load
limit. The work load limit must be high enough to endure the maximum of 12 kg provided by
the SPAMs. According to [266], an M3 screw allows a maximum load of 200 kg whereas an
M4 screw permits a maximum load of 325 kg, which make them compatible both with
SPAMs and FPAMs. These two characteristics are compared in Table 4.3.

Table 4.3: Comparison of mechanical features between a number of turnbuckles

Turnbuckles’ name / code Length (mm) Diameter of the screw
M8 xy2cz404 [267] 70 M8
M6 xy2cz402 [268] 60 M6
Hook-eye bzp zinc plated 6mm [269] 155 M6
8mm hook-eye OBTHE-08 [266] 200 M8
4mm Eye-Eye LBEE-04 [270] 143 M4

Each turnbuckle summarised in Table 4.3 has a screw with a diameter equal or higher
to M4. Each turnbuckle consequently has a maximum load equal or higher than 325 kg [270],
which make them compatible with PAMs (SPAMs endure a maximum load of 12 kg [80]).
The model M6xy2cz402 [268] is the shortest ones, and its price barely exceeds the ones of
the models hook-eye bzp zinc plated 6mm [269] or the model 8mm hook-eye OBTHE-08
[266]. The model M6xy2cz402 is consequently chosen.
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4.1.2. Design of the testbench

The design of the testbench consists in having a working environment suitable for
testing and data collecting. The mechanical disposal is consequently divided into two parts,
which are the testbench itself and the holding pieces, designed to hold the electronic devices

and the prototypes of ambidextrous fingers.

4.1.2.1. Global pattern of the testbench

The testbench is divided into five main parts. The first part is made of the structures
holding the load cells, which provide feedback about the force applied by PAMs. The second
part is the routing between the PAMs and the load cells. This second part includes the
turnbuckles that settle the length of tendons as well as the pneumatic connections. These
pneumatic connections include the PAMs’ inputs and an output that is directed to the pressure
transducers. The third part of the testbench is used for letting enough room to the PAMs
themselves. The fourth part consists in the routing between the PAMs and the prototypes.
This fourth part is made of pulleys and distance sensors, the development of which being
discussed in [254]. The fifth part is made of the structure holding the prototypes. A global
pattern of the Ambidextrous Robot Hand’s testbench is shown in Figure 4.2. A similar
testbench structure can be seen in [271], which introduces a solution to measure tendon

tension and joint torque of tendon-driven robots.
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Figure 4.2: Global pattern of the testbench

As specific lengths are required between the devices, the most suitable way to have
such a testbench is to design it. Hard wood is strong enough to endure PAMs’ contraction
without any deformations, can be drilled easily and is cheap, which is why it is the chosen
material to design the testbench. The board has dimensions of 950 mm x 500 mm x 3.3 mm.
It is both long and large enough to dispose the robotic architecture and thick enough not to be
deformed by the finger’s actuation. A row of four holes is drilled in the testbench, at 63 mm
of the side of the load cells. Structures holding the load cells will be screwed at these points.

After having the experimental surface set up, the design of additional structures is explored.

4.1.2.2.  Design of wooden cuboids

Holding structures are designed to be fixed on the testbench. These structures are
chosen to be wooden cuboids, are this shape fits with the platform’s requirements. Their
width must be thick enough not to deform themselves when the PAMs contract. Their length
must be long enough to hold a couple of load cells CZL635 [258], for which the dimensions
are 55.25 mm x 12.7 mm X 12.7 mm. However, only one of the load cells’ extremities is
fixed to the cuboid. The second one is linked to the PAMSs. Therefore, less than half of their
length is hold by the cuboids. The cuboids must also hold the load cells high enough to
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connect them to the PAMSs, themselves connected to the prototypes. It is so decided to shape

cuboids of dimensions 76 mm x 46 mm x 55 mm, as it fits with the requirements.

A part of the load cells 3134 0 CZL635 is made of resin to cover the stress gauge
[258]. Thus, metal pieces are shaped to be fixed on the metal parts of load cells and isolate
the resin. Holes of 4 mm and 6 mm are then drilled to put M4 or M6 screws inside the
cuboids. Two load cells screwed to a cuboid are shown in Figure 4.3. The screw fixing the
cuboid is cut in a thread. Its first extremity is fixed with a locknut, whereas its second

extremity is tight with two nuts, to prevent any displacements during the measures.
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Figure 4.3: Wooden cuboid holding two load cells
(a) a scheme from Figure 4.2 and (b) the actual implementation

A picture of the overall implemented testbench is showed in Figure 4.4. The load cells
are connected to the turnbuckles, themselves connected to the PAMs. The implementation of

pulleys is discussed in [254].
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Figure 4.4: Picture of the testbench with the PAMSs connected to a finger prototype

4.1.3. Implementation of sensors

The third stage of the testing of advanced prototypes consists in implementing the
sensors in the system and making their feedback compatible with the MCU. The MCU used
at this stage of the project is an Arduino Mega 2560, for which the choice and the

development of the hardware are introduced in [255].

In this Section, the implementation of load cells mainly consists in designing

amplifiers and calibrating the output signal.

On another hand, the implementation of pressure transducers consists in calibrating
their output signals with a Dead Weight Pressure Gauge and to convert the obtained values
into bars.

4.1.3.1. Implementation of load cells

Experimental work shows that the output voltage provided by the load cells 3134 0
CZL635 [258] only varies from 0 mV to 5 mV when the weight to which it is connected
varies from 0 kg to 12 kg. Such a voltage difference would not allow detecting variations
caused by a force’s difference of 1 kg. Indeed, the voltage difference should be large enough
to detect a variation caused by a weight of 100 g. Thus, the data collection would be

sufficiently accurate to properly analyse the PAMs’ behaviour. Amplifiers are therefore
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designed for this purpose. Next, an experiment is run to check if the data collected from the

load cells matches with expected values determined by calculations.

4.1.3.1.1. Design of electronic amplifiers for load cells

Based on experimental observation, it is noticed that the output of load cells must be
connected to amplifiers. Indeed, applying a load of 10 kg on the 3134_0 CZL635 load cell,
the output voltage only varies from 0.00 V to 0.04 V. As this voltage is not high enough for

accurate measures, amplifiers must be designed prior to using load cells for the experiments.

As the Arduino MCU receives inputs of a maximum of 5 V [150], the design of an
amplifier multiplying the input by 100 is a suitable option. As the SPAMs are not designed to
exceed a pulling force of 12 kg [80], the output voltage obtained for such a force would be

4.8 V. Such a voltage suits with the MCU’s specifications.

Consequently, a two steps amplifier is designed using chips LF356 [272]. A scheme

of the amplifier is shown in Figure 4.5.

R2 = 10kQ
LF356 R4 =10k

U LF356
ﬁ Vit ) u |

[ | } V+
A —

V- Cl=1pF R3=1kO

Figure 4.5: Amplifier x 100 using LF356 [272]

The theoretical value of the amplification A is obtained in equation (4.1).
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Even though the output voltage is amplified 100 times, the output of the amplifier
depends of the accuracy of the components. The next step is to test the accuracy of the

amplifier by hanging weights to the load cells.

4.1.3.1.2. Calibration of load cells

The calibration of load cells is made using testing. Thus, experiments are done
hanging weights to load cells and reading the output voltage on a voltmeter. The structure of

the experiment is shown in Figure 4.6.

(b)
Figure 4.6: Load cell connected to a weight of 5 kg
(a) shows the weight and (b) the voltage received at the output of the amplifier

For a weight of 5 kg, the expected value readable on the voltmeter is 2.00 V.
However, the experiment first shows a value of 3.08 V. Thus, the variable resistance is
adjusted to reach exactly 2.00 V with 5 kg. A picture of the amplifier, which includes the

variable resistance, is provided in Figure 4.7.
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Figure 4.7: Operational amplifier connected to the load cell's output

From this calibration are tested other weights, from 1 kg to 12 kg. The expected

values and the obtained values are gathered in Table 4.4.

Table 4.4: Load cell’s calibration

. Expected Measured Calculated
BhEEs () voltgge (V) voltage (V) error (%)
0 0.00 0.00 0.00
1 0.40 0.40 0.00
2 0.80 0.80 0.00
3 1.20 1.19 0.83
4 1.60 1.60 0.00
5 2.00 1.98 1.00
6 2.40 2.40 0.00
7 2.80 2.78 0.71
8 3.20 3.19 0.31
9 3.60 3.60 0.00
10 4.00 3.99 0.25
11 4.40 4.39 0.23
12 4.80 4.78 0.42

Analysis of Table 4.4 shows that the system is not totally stable, as the previous
output obtained with 10 kg was 4.00 V, whereas 3.99 V are obtained during the experiment.
It is however noticed that the maximum error never exceeds 1%, which is suitable to collect
data from the experimental setup. The conversion of the output voltage to newtons by the
MCU is explained in [255].

103



Chapter 4: From a single finger to a whole ambidextrous robot hand Emre Akylrek

The same scheme is then repeated with the three other load cells, so parallel data can

be collected from a maximum of four PAMs.

4.1.3.2. Implementation of pressure transducers

Contrary to load cells, the output voltage received from pressure transducers
perceptibly varies when they are connected to the pneumatic circuit. The values collected
from the Arduino Mega 2560 MCU [150] must however been converted into an applicable
unit to be efficiently applicable. Pressure transducers are consequently calibrated using a
Dead Weight Pressure Gauge Tester prior to converting their feedback values into bars. The

following experiments have been completed in collaboration with [255].

4.1.3.2.1. Calibration of pressure transducers

Pressure transducers must be calibrated before obtaining interpretable data as
feedback. After the calibration, it will be possible to identify what is the ratio between the
feedback of the MCU and the actual pressure which is measured. As the Arduino Mega 2560
MCU [150] converts the analogic feedback from 0 V to 5 V to an integer from 0 to 1023, the
values must be converted into interpretable units, such as Pa or bars. Thus, pressure is
measured using a Dead Weight Pressure Gauge tester while data is collected from the MCU.
Picture of the Dead Weight Pressure Gauge are shown in Figure 4.8.
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(b)

(@)

Figure 4.8: Dead Weight Pressure Gauge Tester, (b) is a zoom on (a)

The Dead Weight Pressure Gauge includes a chamber filled with oil, for which the
pressure can be regulated turning a wheel. The experiment consists in connecting the pressure
transducer to the output varying the oil level. Meanwhile, different weights are placed around
a piston. When they lift, it means the pressure to which they match, indicated in PSI, is
reached. The experiment has been repeated until reaching 6.5 absolute bars, which is close to
the maximum readable value indicated by the datasheet of the transducer
HSCMANNZ100PGAAS3 [262]. Even though SPAMs do not exceed 3.5 bars for a safe
actuation [80], calibrating the transducers up to 6.5 bars can be useful if SPAMs are
substituted by FPAMs [81].

The average results of the experiments are shown in Table 4.5. The conversion from
PSls to bars is done using the equality 1 PSI = 0.0689475729 bars. As the transducer
HSCMANNZ100PGAAS3 is made of a vacuum gauge [262], atmospheric pressure is taken into
account, which is why bars are read from a value of 0 instead of 1. It is also the reason why
the averaged Arduino Mega 2560 MCU [150] values start from 100 instead of 0.
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Table 4.5: Calibration of pressure transducers

Averaged
Arduino %/alue Pl ZHIE
100 0 0.00
184 10 0.69
225 15 1.03
266 20 1.38
307 25 1.72
347 30 2.07
389 35 2.41
430 40 2.76
471 45 3.10
513 50 3.45
554 55 3.79
596 60 4.14
638 65 4.49
680 70 4.83
722 75 5.17
764 80 5.52
806 85 5.86
848 90 6.20
890 95 6.55

The graph corresponding to the values of Table 4.5 is shown in Figure 4.9.
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Figure 4.9: Graph of Arduino’s numerical values against pressure (bars)

As the voltage input is proportional to the pressure, it is possible to check that the
sensor HSCMANN100PGAAZ3 [262] is linear, the Arduino value increasing averagely of 41
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units per 5 PSI. The next step consequently consists in finding coefficients to convert the

values of the Arduino MCU into a unit applicable to pressure, such as PSI, kPa or bars.

4.1.3.2.2. Conversion of the output of the pressure transducers

The numeric voltage indicated by the Arduino MCU needs to be converted into
another unit applicable to pressure, such as bars. Thus, the relationship between the voltage V

and the pressure p can be found identifying the coefficients of the line using equation (4.2).
p=aV+b (4.2)
where a is the slope of the line and b is the intercept.

The coefficient a can be obtained calculating the difference between the points

coordinates of pressure and voltage of Figure 4.9, as done in (4.3).

a4 = b2 — D1
VZ - Vl
6.55— 0
= 4,
¢ =890 — 100 (4-3)
_ 62 0.00829
“=790 "
Using the value of a, the coefficient b is calculated in (4.3), from the point
p = 6.55002.
b=p-—aV
(4.4)

b = 6.55002 — 0.00829 * 890 ~ —0.82808

The relation between bars, noted p, and the MCU’s feedback, noted V, is therefore
defined in (4.5).

y = 0.00829x — 0.82808 (4.5)
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Implementing the equation (4.5) in the Arduino MCU, the feedback signals received

from pressure transducers can be converted into bars.

4.1.4. Measures of the variation of the muscles’ lengths

The design of advanced prototypes requires measuring the PAM’s behaviour with

much accuracy as the simple measures made in Section 3.1.2.

The PAMs’ behaviour is not only about the difference between their minimum and
maximum lengths. As PAMs have an elastic behaviour, their length can vary for a same

pressure, is the PAM is on a contracting mode or on an extending mode.

Thus, experiments are done linking weights to PAMSs. The pressure is measured using
a pressure transducer whereas the tendon displacement is indicated by a position sensor. The
position sensor is in fact a Hall effect sensor, for which the design and the implementation are
discussed in [254] and [255]. As shown in Figure 4.10, the rotating contact is connected to a
magnet, itself connected to a rotary encoder that provides different voltage feedbacks

according to the contact’s angle.

Figure 4.10: Hall effect sensor, [254] and [255]

A block diagram of the experiment is shown in Figure 4.11 (a). The weight varies
from 0.5 kg to 10 kg. The experiments are run onward and backward five times, so the
obtained results can be averaged. A picture of an early set up is provided in Figure 4.11 (b).
Experiments were first done using a ruler to measure the length’s displacement. These

experiments have been completed in collaboration with [255].
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Figure 4.11: Set up of the SPAM's length's measure experiment.
(a) a block diagram and (b) the implementation with actual devices

In a second stage, the PAM is fixed to the testbench and connected to position sensors
for a more accurate calibration. The 30 first values obtained with a weight of 500 g are
gathered in Table 4.6, when the PAM is contracting. The same process is repeated when the
PAM is extending.
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Table 4.6: Measure of pressure and length when a SPAM is contracting

Ist run 2" run 3rd run 4th run 5th run

Pressure | Length | Pressure | Length | Pressure | Length | Pressure | Length | Pressure | Length
(bars) (mm) (bars) (mm) (bars) (mm) (bars) (mm) (bars) (mm)

0.00 252.1 0.00 252.1 0.01 252.1 0.01 252.1 0.00 252.1

0.14 252.1 0.17 252.1 0.15 252.1 0.15 252.1 0.15 252.1

0.29 252.1 0.32 252.1 0.29 252.1 0.30 252.1 0.29 252.1

0.42 252.1 0.44 252.1 0.42 252.1 0.42 252.1 0.42 252.1

0.54 252.1 0.56 252.1 0.54 252.1 0.55 252.1 0.53 252.1

0.64 252.4 0.66 252.7 0.64 252.5 0.64 252.1 0.62 252.3

0.72 253.2 0.73 253.1 0.72 253.1 0.72 253.1 0.71 253.0

0.79 254.2 0.80 253.8 0.80 253.8 0.80 253.8 0.78 2535

0.85 255.0 0.86 254.4 0.85 2544 0.85 2544 0.84 254.2

091 255.2 0.92 254.4 0.91 2544 0.91 2544 0.90 254.4

0.97 255.2 1.00 253.1 0.98 253.3 0.97 2535 0.97 253.8

1.05 253.8 1.13 249.4 1.12 249.6 1.12 249.8 111 250.2

1.22 250.0 1.27 246.4 1.26 246.4 1.26 246.6 1.25 246.8

1.30 248.0 1.43 243.3 141 243.4 1.41 243.6 1.41 243.8

1.45 245.1 1.57 241.1 1.57 240.9 1.56 241.1 1.54 241.3

1.61 242.8 1.72 238.8 1.72 238.8 1.71 239.0 1.70 239.2

1.76 240.8 1.87 237.1 1.87 237.2 1.86 237.3 1.85 237.3

1.91 239.0 2.03 235.6 2.01 235.7 2.01 235.8 2.00 235.8

2.03 238.0 2.17 234.4 2.16 2345 2.15 2345 2.14 2345

2.20 236.2 2.31 233.3 2.30 233.3 2.29 2335 2.28 2335

2.33 235.2 2.45 232.4 2.43 232.2 2.43 232.4 2.42 232.4

2.46 234.3 2.58 231.5 2.56 231.4 2.55 231.6 2.55 231.6

2.71 233.1 2.70 230.7 2.70 230.7 2.68 231.0 2.66 230.9

2.82 232.4 2.86 229.8 2.81 230.1 2.79 230.3 2.84 229.8

2.93 231.9 3.02 229.2 2.92 229.7 2.95 229.5 3.00 229.2

3.08 231.2 3.15 228.6 3.07 229.0 3.10 229.0 3.14 228.6

3.21 230.7 3.28 228.2 3.20 228.4 3.23 228.4 3.25 228.2

3.33 230.3 3.39 227.8 3.32 228.0 3.34 228.0 3.36 227.8

3.43 230.1 3.49 227.6 3.42 227.8 3.45 227.8 3.45 227.6

3.51 229.7 3.56 227.4 3.51 221.6 3.53 227.6 3.53 227.4

Data from Table 4.6 reveals that the lengths obtained on the first run are a bit longer
than the others. The same phenomenon happens with weights heavier than 0.5 kg. As the
PAM is not stretched yet, its elasticity interferes in a different way for the first experiment.
Consequently, first runs of the experiments are not taken into account to draw curves and

analyse the behaviour of PAMs.

The same experiment is repeated and the average results obtained for weights from
0.5 kg to 10 kg are turned into curves, as showed in Figure 4.12. The shorter lengths are
obtained during the PAM’s contraction whereas the longer ones are obtained during the

PAM’s relaxation.
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Figure 4.12: Pressure against tendon's displacement for different weights

Longer lengths are obtained during the PAM’s relaxation

The PAMSs’ hysteresis is clearly visible from Figure 4.12. The nonlinearity increases
both with pressure and weights. It is also noticed that PAMs extend before contracting when
they pull a weight of 1 kg or less. This is explained by the fact PAMs are not fully stretched
when they are linked to a weight not heavy enough. Therefore, the compressed air fills their

length before expanding widthways and starting the contracting motion.

The obtained data is taken into account to design prototypes of ambidextrous fingers.

4.1.5. Mechanical features of the final version of ambidextrous fingers

The mechanical features of the final version of the ambidextrous finger are

investigated prior to developing control algorithms in Chapter 5.
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Thus, the specifications of the mechanical routing are explained first.

Next, data is collected when the ambidextrous finger moves from some positions to
other ones. Experimental data is then analysed to see which sensors would be the most

suitable for a full ambidextrous robot hand.

4.15.1.  Tendon routings of the final version of ambidextrous fingers

A number of more advanced prototypes have been tested before reaching an
ambidextrous behaviour. The experimental methodology is the same as the one described in
Section 3.3; the weak point of each prototype is analysed to reach better performances with
next designs. The evolution of advanced prototypes of ambidextrous fingers is discussed in
[254]. Prior to understanding the way data is collected in section 4.1.5.2 or to develop control
algorithms, it is necessary to understand the tendon routing of the last prototypes.

As for most of the prototypes designed in Section 3.3, the first prototypes discussed in
[254] use a symmetrical routing. Thus, the proximal phalange is driven by two tendons
whereas the medial and distal phalanges are coupled and driven by two other tendons.
Therefore, the actuation of the fingers is antagonistic. However, more advanced prototypes
use a three tendons routing to minimise the number of PAMs. The two different kinds of
routings are shown in Figure 4.13. These schemes were done using the Matlab software
introduced in [38].
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(b)

Figure 4.13: Evolution of tendons routings
(a) is a four tendons routings and (b) a three tendons routings

Figure 4.13 shows that black “dr” and violet “dl” tendons are passive tendons assuring
a coupled motion between distal and medial phalanges. On another hand, green “pl”, blue
“ml”, red “mr” and orange “pr” are active tendons, respectively actuating proximal left,
medial left, medial right and proximal right phalanges. Furthermore, the proximal phalange
observed in Figure 4.13 (b) is only driven by the green tendon “pl”, instead of the two
antagonist tendons “pl” and “pr” seen in Figure 4.13 (a). Therefore, it means the PAM
actuating the proximal phalange on its right side is missing. The removed tendon action is
compensated by pulling the two tendons “ml” and “mr” in synchronisation. Even though they
actuate the medial and distal phalanges, the engineered routing allows the tendon to bend the
finger to the right when they are pulled together.

The specificity of such a design is investigated through a collection of data.

4.1.5.2.  Analyse of data collection

Data is collected from the last ambidextrous finger prototype when it is driven to
specific positions. Each of its phalange has three extreme positions: right, left and straight. As

the finger’s prototype is made of one proximal phalange and two other phalanges for which
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the movement is coupled, it means the finger has nine extreme positions. These positions are
numbered from 1 to 9. Position 1 refers to the proximal and medial/distal phalanges reaching
both the maximum range on their left side. Position 2 refers to the proximal phalange
reaching its maximum range on its left side, whereas the medial/distal phalanges are straight.
Position 3 refers to the proximal phalange being on its maximum range on its left side,
whereas the medial/distal phalanges are on their maximum range on the right side. Using the
same code, positions 4 to 6 refers to the finger when the proximal phalange is straight. Last
position, position 9, is when the proximal and medial/distal phalanges reach both the

maximum range on their right side.

The fingers’ prototype is driven to these positions using electronic pulses. An image
and a block diagram of the experiment are shown in Figure 4.14. Most of the mechanical
interface can be seen in Figure 4.14 (a) whereas the pneumatic and electronic connections are
mostly illustrated in Figure 4.14 (b). Data is collected from pressure, force and position
sensors. The feedback signals of these sensors are directed to the control module. The aim of
this experiment is to analyse the ratio between pressure and force, respectively provided by

pressure transducers and load cells.
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Figure 4.14: Implementation of a prototype driven by three PAMSs
(a) a block diagram and (b) the actual implementation

Each time the prototype reaches one of its extreme positions, data is collected from
pressure transducers, position sensors and load cells. The experiment is run thrice. The
averaged experimental results of the runs are summarised in Table 4.7. The abbreviations PT,

HS and LC respectively refer to pressure transducer, Hall sensor and load cell.
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Table 4.7: Averaged data collection of the three runs, from extreme positions of a prototype

No. of PT®0 PT*1 PT*2 HS0 | HS"1 | HS"2 | LC°0 | LC*1 | LC%2

position (bars) (bars) (bars) (mm) | (mm) | (mm) (N) (N) (N)
1 2.497 1.173 0.017 15.1 -0.2 -21.7 24 8 19
2 4,028 0.250 0.782 14.9 15.5 15.4 47 21 20
3 3.129 0.175 1.481 14.6 6.6 27.1 35 21 22
4 1.972 1.406 0.017 1.6 13.3 -8.2 26 20 20
5 2.954 1.115 2.363 1.8 1.9 3.3 55 17 42
6 1.643 0.357 2.617 2.0 -8.4 13.1 38 11 28
7 0.038 2.725 1.227 -13 26.4 5.2 17 13 17
8 0.022 1.411 2.039 -13 14.0 13.9 17 15 18
9 0.008 0.491 2.990 -13 45 25.1 17 7 16

4 Pressure transducer

b Hall sensor

°Load cell

The values obtained from pressure sensors and load cells are averaged. Curves are
then designed from these values, taking the position of the finger into account. The curves
obtained for the sensors PSO and LCO, which actuate the proximal left tendon of the finger,
are showed in Figure 4.15. A multiplicative factor of seventeen is experimentally defined and

applied on the value of pressure, to normalise it with the one of the force.
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Figure 4.15: Force and pressure collected for the proximal left PAM against the position of the
finger

Figure 4.15 shows that force and pressure have close behaviours for the proximal left
PAM. The main difference can be seen from positions 7 to 9, when the proximal phalange is
to its right side. Even though the proximal left PAM contains no compressed air, its tendon is
stretched because of the force provided by the antagonistic PAM.
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Feedback obtained with sensors PS1, LC1, PS2 and LC2 are drawn as well. The

curves can be seen in Figure 4.16.
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(a) Distal left PAM (b) Distal right PAM

Figure 4.16: Force and Pressure collected for left distal muscle and right distal muscle
against the position of the finger.
(a) is for the distal left muscle and (b) is for the distal right muscle.

Contrary to the curves obtained with the proximal left PAM illustrated in Figure 4.15,
Figure 4.16 shows that pressure and force evolve in different way for the distal PAMSs. Their
behaviour can even be opposite, such as for the position 9 with the distal left PAM or position
3 with the distal right PAM. Once again, this is due because PAMs stretch when the
antagonistic PAMs contract. Therefore, the values collected from the load cells is not related
to the force provided by the finger. Contrary to the force sensors used in Section 3.4.3, it
implies the load cells’ feedback cannot efficiently be used to interact with objects. Moreover,
as the implementation of load cells would complicate the manufacturing of the Ambidextrous
Hand’s forearm, it is decided to remove them from the system. The mechanical issues
concerning the implementation of the load cells inside the forearm structure are explained in
[254].

4.2. Upgrade of electronic and pneumatic interfaces

Compared to a single finger, the actuation of a whole robotic hand implies more

resources. From the pneumatic and electronic sides, this increase of resources mainly
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concerns the numbers of PAMs, valves, and MCUs. This section first describes the upgrade

of the equipment.

Next, the section mentions the mechanical features of the Ambidextrous Robot Hand,

necessary to develop the control algorithms discussed in Chapter 5.

4.2.1. Upgrade of the electronic interface

The control of a full robot hand requires a MCU with more I/O as the SPCU,
discussed in Section 3.2.2. Therefore, hardware based on Arduino Mega 2560 MCU [150] is
developed. The implementation of this remote-controlled hardware is described in [255]. The
early block diagram illustrated in Figure 3.35 is consequently modified. The control interface
is indeed divided into three different Arduino Mega 2560 MCU [150]. As shown in Figure
4.17, the first board controls the PAMs actuating the thumb, the forefinger and the middle
finger. The second board controls the PAMs actuating the ring finger, the little finger and the
palm. The third board deals with the communication between the two first MCUs and the
RCI.

4 muscles Thumb

Arduino Mega
2560 MCU 3 muscles
Control board 1

Forefinger

3 muscles Middle finger

Arduino Mega
2560 MCU
Communication
board

3 muscles Ring finger

Arduino Mega
2560 MCU 3 muscles
Control board 2

Little finger

2 muscles

0 £

Figure 4.17: Connection between control boards, muscles and fingers

118



Chapter 4: From a single finger to a whole ambidextrous robot hand Emre Akyurek

Arduino Mega 2560 MCU [150] deliver outputs of 5 V DC, contrary to the SPCU
which provides output voltages of 24 V DC [226]. As mentioned in section 3.2.1, the
solenoid valves manufactured by Mead Fluid Dynamics are actuated by 24 V. Thus, a relay
interface is required between the valves and the MCUs. The aim is to switch from 0 V to 24
V when an input of 5 V is received. Transistors match with this function. As explained in
[255], MOSFETs (metal-oxide-semiconductor field-effect transistors) were firstly used to
assure the junction between an Arduino MCU and the valves of a single finger. Nevertheless,
implementing enough MOSFETS to control a full robot hand would make the relay interface
bulky. Therefore, chips containing as many transistors as possible are investigated.
ULN2803A Darlington Arrays [273] are the best choice for this purpose, as they contain
eight relays for eighteen pins. They can receive up to 30 V and emit up to 50 V, which
matches with the electronic requirements. The diagrams of these Darlington Arrays are

provided in Figure 4.18.
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(b)
Figure 4.18: ULN2803A Darlington Transistor Arrays [273]
(a) is the top view of the chip and (b) is the schematic for each Darlington pair and
(c) is the logic diagram
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The 24 V supply is linked to the tenth pin. Thus, the 24 V voltage can be provided to
the Darlington Transistor Arrays’ outputs. As seen in Figure 4.18 (b), the disposal of the
transistors prevents the voltage to reach the outputs, except if the corresponding input
receives a DC signal. When a Darlington pair is supplied with 5 V, it acts like a switch and
provides a 24 V output. Additionally, 100 nF capacitors are put between pins 9 and 10 to
stabilise the voltage supply.

As the Ambidextrous Robot Hand is actuated by eighteen PAMs, it means the system
is controlled by 36 solenoid valves. As eight valves can be connected to a single Darlington
Transistor Array, it implies the Ambidextrous Robot Hand requires a total of five Darlington

Transistor Arrays to switch from 5V to 24 V.

The electronic interface, as well as the transition from MOSFETs to ULN2803A
Darlington Arrays is shown in Figure 4.19, where it is seen that the size of the chips

ULN2803A significantly reduces the size of the relay interface.
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MOSFET 1 Valve 1 Valve 9
MOSFET 2 Valve 2 Valve 10
MOSFET 3 Valve 3 Valve 11
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Valve 7 Valve 15
Valve 8 Valve 16

(b)

Figure 4.19: Comparison of sizes between 8 MOSFFETSs and 1 ULN2803A in the electronic
interface (a) a scheme and (b) the actual devices

4.2.2. Upgrade of the pneumatic interface

The upgrade of the pneumatic interface is divided into two main points. First, the air

flow must be fast enough to make five fingers move in parallel. Thus, manifolds are

implemented in the system. Secondly, the air compressor must have a tank big enough to

supply a full robot hand or, for future stage of the project, an ambidextrous robot arm. These

two points are investigated in this section.
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4.2.2.1. Implementation of manifolds

Switching from a single finger to a full hand also implies that a higher number of
PAMs would be contracting or extending at same time. PAMs have an input of 2.5 mm ID.
They are connected to a pneumatic input, of 2.5 mm ID as well. As it could be seen in Figure
3.9, the airflow divides itself when several input valves are opened in the same time. Thus,
the airflow decreases according to the number of valves that are opened. The movement
speed of the hand would consequently decrease when the five fingers move in parallel.

Therefore, manifolds with a maximum OD input are ordered.

To avoid any compatibility issues, manifolds are ordered from Mead Fluid Dynamics,
which are the same manufacturers as for the solenoid valves. The manifolds can be
manufactured with a maximum OD input of 6 mm [225]. Two different diameters of
pneumatic tubing are therefore ordered. The chosen tubing are made of fluoropolymer, a
material that withstands a maximum pressure of 20 or 22 bars when the tube’s OD does not
exceed 6 mm [274]. As SPAMs and FPAMs respectively contract at maximum pressures of
3.5 and 8 bars, fluoropolymer tubes fit with the pneumatic interface of the Ambidextrous
Hand. Some tubing is ordered with an OD of 6 mm and ID of 4 mm to connect the manifolds
to the air compressor, whereas other tubing is ordered with an OD of 4 mm and ID of 2.5 mm
to connect the valves to the PAMs. Additional push-in fitting connectors, as the ones shown

in Figure 3.5, are also ordered with appropriate diameters to link the devices together.

This upgraded pneumatic interface is connected to the electronic interface and is

shown in Figure 4.20.
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Figure 4.20: Electronic and pneumatic interfaces to actuate a whole ambidextrous robot hand

Figure 4.20 shows that the valves are fixed on manifolds, whereas two of the MCUs
are connected to the relay interface. An Ethernet cable is linked to the third MCU, so it can

transfer the remote commands to the two first MCUs.

4.2.2.2.  Choice of an air compressor

The parallel contraction of a higher number of PAMSs requires an air compressor with
adequate pressure supply, air flow and tank capacity. Indeed, the compressor must provide
enough pressure to make the PAMSs contract to their maximum rate. SPAMs contract to a
maximum pressure of 3.5 bars; therefore all the compressors that are investigated must fit
with this feature. However, as seen in Section 3.3, the range of ambidextrous fingers was
often limited because of the limitation of the PAMs’ contraction rate. Therefore, future stages
of the project may imply to use FPAMs instead of SPAMs. According to the models, FPAMSs
have a maximum contraction rate varying from 6 to 8 bars, which is why it is preferable to
investigate for compressors able to supply a pressure up to 8 bars. Besides, an ambidextrous
arm would require longer and bigger PAMs, which is why it is estimated that the air
compressor should have a minimum tank capacity of 3 L and a minimum air flow of 25
L/min. In addition to pneumatic features, it is also preferable to look for a low noise
compressor suitable with a lab environment. Thus, only compressors that do not exceed a
noise of 40 db are investigated in Table 4.8.
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Table 4.8: Technical features of air compressors

Air compressor’s names Maximum Maximum air Tank Noise (db)
P pressure (bar) | flow (L/min) | capacity (L)
G 1/4 Norgren Air
Reservoir [275] 10 N/A 2 N/A
Werther Sil Air 15A
Compressor [276] 6 17 15 30
Werther Sil Air 15D
Compressor [276] 6 17 4 30
Werther Sil Air 30-12
Silent Airbrush Compressor 8 25 6 40
[277]
Werther Sil Air 30D Silent
Airbrush Compressor [278] 8 25 4 40
Werther Sil Air 50D
Compressor [279] 8 50 6 40

First, Table 4.8 shows that the Werther Sil Air 15A and 15D compressors [276] do
not fit with the potential implementation of FPAMs, as they can only supply a maximum
pressure of 6 bars. The tank capacity of the G 1/4 Norgren Air Reservoir [275] is suitable to
actuate a full robot hand but does not fit with the requirements of a robot arm. The technical
features of the Werther Sil Air 30-12 [277] match with the needs, but its shape makes it very
difficult to move, contrary to the two other models designed in a portable device provided
with a handle. The model Werther Sil Air 50D [279] has the highest features, but the model
Werther Sil Air 30D [278] is about 20% cheaper. Besides, the model Werther Sil Air 30D has
an air flow high enough to actuate an ambidextrous robot arm, which is why it is chosen for

the project.

A hose tail barb with an ID of 4 mm is screwed directly into the compressor. This
connector allows transferring the air from the compressor to the manifolds. As there are two
inputs with IDs of 4 mm for the manifolds, it is noticed the fingers’ movements can be
increased even further with a hose tail barb of an ID of 6 mm. Additional pneumatic tubing
and connectors would then be necessary to convert the input’s ID and split it before

connecting it to the manifolds.
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4.3. Mechanical features of the Ambidextrous Robot Hand

The whole features of the mechanical evolution of advanced prototypes of
ambidextrous fingers are discussed in [254]. The possibilities and limitations of the design

must be considered prior to investigating the movements’ abilities discussed in Chapter 5.

This Section summarises the mechanical characteristics of the Ambidextrous Hand

prior to comparing them with the ones of other robotic models.

4.3.1. Summarise of mechanical features of the Ambidextrous Hand

The full Ambidextrous Robot Hand is actuated by eighteen PAMs. As explained in
Section 4.1.5.1, each of the four ambidextrous fingers has their flexion and extension
actuated by three PAMs. As medial and distal movements are coupled, it is then said each
finger have two DOFs actuated by three PAMSs. In addition to flexion and extension,
abduction and adduction are added to the forefinger to provide more possibility of
movements. The abduction is controlled by a single PAM, whereas the adduction is
automatically triggered by a spring when the PAM extends. The same system is used for the
ring and little fingers, except that their abduction and adduction are coupled. The addition of
abduction and adduction to the four ambidextrous fingers consequently adds two PAMSs and
two DOFs to the robot hand.

The structure of the thumb is different. Contrary to the four other fingers, its
phalanges cannot bend in one way or another. Its rotational axe is the only one to be
increased, to fit with the ambidextrous design of the hand. Its rotational axe, which
corresponds to abduction and adduction, is actuated by two antagonistic PAMs. This
antagonistic tendon routing is much more classical than the asymmetrical routing used for the
four ambidextrous fingers. Indeed, similar routing can be seen for the work of S. Boudoua et
al. [102], previously illustrated in Figure 2.1. The same system was used for the prototypes of
section 3.3, such as the routing of Design D shown in Figure 3.18. The symmetrical routing
was also used for the first designs of ambidextrous fingers, as seen in Figure 4.13 (a). The
flexion of the proximal phalange of the thumb is actuated by a third PAM. The extension is
automatically actuated by a spring when the PAM deflates. The flexion of the distal phalange
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of the thumb is actuated in the same way, with a fourth PAM. The thumb consequently has
three DOFs actuated by four PAMs. As explained in [254], a future version of the
Ambidextrous Robot Hand should include two additional DOFs for the thumb, to allow it to

be opposable to the other fingers and to permit more anthropomorphic movements.

(b)

Figure 4.21: Ambidextrous Robot Hand
(a) the left mode and (b) the right mode

In addition to the mechanical architecture, the Ambidextrous Robot Hand includes a
total of eleven Hall effect sensors. They are the same as the ones previously used as position
sensors, except that they are directly embedded inside the mechanical architecture. The
design and the implementation of these sensors are discussed in [254]. Ten of them are
connected to the independent flexions/extensions of each phalange. The eleventh one is
connected to the adduction/abduction of the thumb. Consequently, the Ambidextrous Robot
Hand has eleven sensors for thirteen DOFs. The two DOFs without any sensors are the
adduction/abduction of the forefinger and the adduction/abduction of the ring and little

fingers.

The pressure transducers can be implemented on electronic boards. Only five pressure
transducers were at disposal during the testing of advanced fingers prototypes. PAMs’
pressure is directly related to their contraction rate, and consequently to the force applied by

each phalange. In case the Ambidextrous Robot Hand would include as many pressure
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transducers as PAMs, it would reach a total of eighteen pressure sensors, allowing controlling

both the angles and the pressures from the hardware system.

As only four SPAMs were at disposal to experiment the fingers’ behaviours, the
SPAMs are replaced by eighteen FPAMs to allow the full actuation of the whole
Ambidextrous Robot Hand. Longer lengths of PAMs were chosen to fit with the
ambidextrous range of the robotic hand. Therefore, the PAMs have a length of 300 mm each
when they are deflated and can contract up to a maximum pressure of 8 bars. Their
contraction rate of 25% [81] makes their initial length reduce of 75.0 mm, which is much
more than the one of SPAMSs previously investigated in Section 4.1.4. Contrary to SPAMs,
FPAMs only have a passive range of 5% and are consequently almost unable to extend. An
error margin must therefore be considered with the tendons’ implementation, to allow

antagonistic movements of the Ambidextrous Hand.

4.3.2. Comparison of mechanical characteristics with other robotic hands

The mechanical characteristics of the Ambidextrous Robot Hand are summarised in
Table 4.9, where the same features are also indicated for other five-fingered robot hands
actuated by PAMs. In addition to be the only one with an ambidextrous behaviour, it is also
noticed that the Ambidextrous Hand has a ratio of 0.72 between its number of DOFs and its
number of PAMs. It is higher than most of the ratios of Table 4.9, which is explained because
of the three tendons routing of the Ambidextrous Hand. Robot Hands with higher ratios, i.e.
[96], [106], [99] and [98], have anthropomorphic ranges that allow the implementation of
additional springs or rubber bands as return mechanisms. The ratio of 0.68 obtained by the
hand [90] is also close to the one of the Ambidextrous Hand, the PAMs are directly
implemented inside the architecture of its fingers. Nevertheless, Table 2.1 revealed that the
ratio between the number of DOFs and actuators is almost always higher for motorised
hands. The only exceptions are the DLR hand [67] and the ACT hand [66], which
respectively aim at being the most robust and the most flexible as possible. Otherwise, it can
be noticed that the motorised hands [64], [71], [68], [69], [72] and [62] all have a ratio equal
or higher than 1.
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Table 4.9: Comparison of mechanical characteristics between the Ambidextrous Hand
and other robotic hands controlled by PAMs

Ratio Ambi-
Robot hands # DOFs | # PAMs HDOFs/#PAMS # and type of sensors dexterity
P. Scarfe and E.
Lindsay [95], 2006 10 20 0.50 N/A
. ~10? position, 1°
S. Nishino et al. _1na 1 ) @1 -a
[96], 2007 13 16 0.81 force and 16
pressure Sensors
P.Y. Chuaetal. @ 1 Aca N/A tactile and
[106], 2006 21 20 1.05 pressure sensors
Y. Honda et al.
[90], 2010 17 25 0.68 N/A angle sensors
The Festo Hand _qra _ora -0 AR
[97], 2010 15 25 0.60 N/A
J.Y. Nagase et al. b b
[98], 2011 4 4 1.00 4 force sensors
C.Y. Lau and A. 14 linear
Chai [99], 2012 16 14 1.14 potentiometers
A. Uribe et al.
[100], 2012 14 28 0.50 N/A
The Shadow N/A Position, tactile
Dexterous Hand 20 40 0.50 and pressure sensors
E1P1R, EIP1L ' s o
[94], 2013 -
Ambidextrous
Robot Hand [38], | 13 18 0.72 11 angle and 18 v
2013 pneumatic sensors

& Estimations are done from pictures, videos or descriptions of the robot hands
® Actuators are referred as pneumatic ballons instead of PAMs; both function in identical ways

4.4.

Chapter summary

This chapter has presented the progress of the Ambidextrous Robot Hand’s project,

from a single finger made of Meccanos to a full hand designed with 3D printing, mainly

focusing on the testing platform, electronic and pneumatic interfaces.

The testing of the advanced prototypes required to prepare a testbench specific to the

project. First, a number of sensors were chosen among others to be implemented on the
testbench. They were calibrated, implemented to their respective interfaces and additional
electronic circuits were designed to collect accurate feedback. Secondly, the testbench was

designed to be suitable with both the electronic and mechanical requirements.
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The electronic and pneumatic interfaces were upgraded to fit with the needs of a full
Ambidextrous Robot Hand.

Finally, the mechanical characteristics of the Ambidextrous Hand were compared to
the ones of other robotic models driven by PAMs, revealing that, in addition to its
ambidextrous feature, the Ambidextrous Hand has a ratio between its number of DOFs and
its number of actuators higher than the one of a number of robot hands driven by PAMs. The
mechanical features were also considered to engineer suitable control algorithms in the next

Chapter.
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Chapter 5: Control algorithms

This chapter focuses on control algorithms implemented for the Ambidextrous Robot
Hand.

First, the control of angular displacements is investigated based on the literature

review summarised in Section 2.5.

Next, algorithms are engineered to control the grasping force of the robot hand. The
grasping force is investigated based on two different kinds of feedbacks, namely pressure
received from PAMSs and force received from fingertips.

For each of these three cases, algorithms are selected according to the similarities
existing between the Ambidextrous Hand and other pneumatic robotic systems. These
similarities have the nature of either of the mechanical structure or the type of sensors’
feedbacks. Control loops are then engineered to be suitable with the asymmetrical routing of
the Ambidextrous Hand. The ambidextrous range is also taken into account for the angular
displacements as well as the PAMs’ nonlinearity when the grasping mode is controlled from

pressure feedback.

5.1.  Angular displacement

This Section discusses the control of the fingers’ angular displacement. Such a control
is firstly investigated using PID loops. Then, oscillations zones are defined and a phasing
plane switch control makes the gain constants of the PID loops switch to dynamic

coefficients.

The work introduced in this Section is based on the hardware developed in [255]. The
algorithms described in Section 5.1.1 and Section 5.1.2 have also been completed in
collaboration with [255].
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5.1.1. Angular displacement driven by PID control

It was previously noted in Section 2.5 that PID controllers are widely used to control
the angular displacement of robotic structure. Moreover, a number of papers discussed in
Section 2.5 deal with robot hands instead of robot arms or robot manipulators, which proves

the robustness of PID control in this area.

This is explained because, as observed in Section 2.1.3, a number of robot hands
include angular or position sensors. Angular feedback is therefore measured straight from
joints, preventing the PAMs’ nonlinearity to directly interfere with the control of phalanges
displacements. Consequently, the chosen solution consisted in adapting the previous control
algorithms used in Section 3.4.2 to the new asymmetrical design of the system detailed in
Section 4.3. Thus, the data collection introduced in Table 4.7 is used again to analyse the
behaviour of ambidextrous fingers. Contrary to Figure 4.15 and Figure 4.16 that compared
pressure feedback with load cells’ feedback, Figure 5.1 represents the PAMs’ pressure
variation according to the fingers’ extreme positions. As previously explained in section
4.1.5.2, position 1 refers to the proximal and medial/distal phalanges reaching both the
maximum range on their left side. Position 2 refers to the proximal phalange reaching its
maximum range on its left side, whereas the medial/distal phalanges are straight. Position 3
refers to the proximal phalange being on its maximum range on its left side, whereas the
medial/distal phalanges are on their maximum range on the right side. Positions 4 to 6 refers
to the finger when the proximal phalange is straight while the medial/distal phalanges go
from left side to their right side. Last position, position 9, is when the proximal and

medial/distal phalanges reach both the maximum range on their right side.
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Figure 5.1: PAMSs' pressure variation according to fingers’ extreme positions

First, Figure 5.1 shows that the right and left PAMSs function in antagonist way, which
means they vary according to the same amount of pressure (and consequently at the same
speed) to make the medial and distal phalanges reach an angular target 6,. The parallel form
of a PID controller used in section 3.4 can consequently be used again to control the angular
displacement. Therefore, the same gain constants are attributed to both of these PAMs, but
reacting in opposite ways, which means the first one contracts whenever the second one
relaxes. However, it is also observed that the proximal PAM’s pressure is often about twice
as large as the sum of the two others when the proximal PAM is involved, and so can be its
pressure variation from one position to another. This is the reason why an approach similar to
the one of the antagonistic ratios engineered by Y. Honda et al. in [90], [177] or [178] is
implemented. Pressure variations are estimated from the data collection, so the ratio is
applied to the constant gains of the proximal PAM. Its proportional and integrative terms are
consequently twice lower than the ones of left and right PAM, which equilibrates the speed of
the system. As the sum of pressures for the left and proximal PAMs on the finger’s left side
corresponds to the sum of pressures for the left and right PAMs on the finger’s right side, this
provides a kind of symmetry that makes the system possible in most of cases. However, this
symmetry deforms itself when the proximal phalange is close to a vertical position, which
makes the system oscillates in most cases. This is why the vertical position must be predicted

to replace the gain constants by dynamic values.
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5.1.2. Implementation of a phasing plane switch control

It was observed in Section 2.5.1.1 that PID control was often combined with Al-based
algorithm to compensate the PAMs’ nonlinearity. In section 2.5.3.1, it was observed that
K.K. Ahn et al. connect a NN to PID loops in [211], creating an intelligent PPSC to
overcome the nonlinearities of PAMs’ pressure feedback. Some parameters of the PID
controller are self-tuned because of a learning algorithm of NN, which triggers the PPSC
[212]. In the case of the angular displacement of ambidextrous fingers, neither learning
algorithms nor NNs are necessary, as the unstable behaviour systematically occurs around the
same area. A PPSC is consequently implemented around the vertical position of

ambidextrous fingers.

5.1.2.1. Identification of the unstable area

A range of critical angles is therefore defined as {6.} around the proximal phalange’s
vertical position. {6.} is delimited by 6., on the left side and by 6., on the right side. The aim
of the PPSC is to anticipate {6.} and to switch the classic PID loops’ gain constants into
dynamic coefficients. To allow these dynamic coefficients to relay the classic ones before the

proximal phalange enters in {6.}, a danger zone noted {6,} is defined as:

T
200 — E = {Hd} < 200 —

NI

(5.1)

The limits of {6,} introduced in (5.1) are noted 6, on the left side and 64, on the
right side. As shown in Figure 5.2, {6,} permits doubling the area of {6.} keeping the

proportions around the vertical position.
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20, —m/2 < {0} <26, —n/2

296?‘ —m/2= Qdﬁr

{H{} (critical zone)

{6} (danger zone)

Figure 5.2: Representations of the critical zone and of the danger zone

Experiments show that the finger can oscillate when it stands between 6, = 78°

and 8., = 99°, meaning that:
{6.3 = {78°,79°,80°,...99°} (5.2)
{64} = 2%{6.} —90° = {66° 67°,68°,...108°} (5.3)

The next step consists in calculating appropriate dynamic coefficients to efficiently
control the finger around {6.}. It is known that an object in motion depends on three
parameters, which are position, velocity and acceleration. For an angle 8, the finger’s

position is calculated from the equation (5.4):
O(t) = 6, + wt — at?/2 (5.4)

with w its velocity and o its acceleration. As ambidextrous fingers belong to nonlinear

systems, their values are estimated from their instantaneous equations, defined as:
w = A0/At (5.5)
a= Aw/At (5.6)

Acceleration is obtained from the derivative of speed, itself obtained from the

derivative of the position. Consequently, these three values are assimilated to the three terms
of the PID controller, based on the error e(t), its integral fote(r)dr and its derivative é(t).

Based on the equations (3.2), (5.1), (5.4) and (5.5), the dynamic parameters of the proximal
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phalange are compared to the following values whenever the finger goes from its left side to a

vertical position or to its right side:

K, *e(t) < [m/2 — 04 — 0(D)]/At (5.7)
K; * f e(t)dt <m/2 —-6(t) 8

0
Kq* é(t) < [2Kpe(D)At — 6(1)] /4%t (5.9)

When the finger is on its right side, 6(t) takes its values from 180° instead of 0°. The
signs of (t) and m/2 of equation (5.7) must then be changed. On the right side, equation

(5.7) therefore becomes:
K, xe(t) <[0(t) —m/2 — 04]/At (5.10)
with 6,4, taken into account instead of 6,;.

As soon as the inequality goes wrong either for the position term, or both the velocity
and acceleration terms, it implies that the proximal phalange is going to reach {6.}, which
triggers the PPSC. The constant gains of the PID are consequently switched to dynamic

values noted Kj,,, K4; and K.

5.1.2.2.  Tuning of dynamic coefficients

The process of identification of dynamic values is then considered in details. The

dynamic values are defined experimentally.

It is noted that the system becomes unstable when 6(t) gets close to /2. The
calibration therefore starts from K;, = m/2 — 6(t), K4; = 0 and K4 = 0, for the left side
of the hand, using the same tuning method as the one described in section 3.4.2. For a
setpoint defined as vertical position, as the sign of the error becomes negative for 6(t) >
m/2, the symmetrical calibration from the right side starts from K, = 0(t) — /2, Kz; = 0
and K44 = 0, so that the sign of K, * e(t) only depends on the sign of e(t). Absolute value
is added to prevent e(t) to increase for 6(t) > m/2. The different steps of the tuning process
are summarised in Table 5.1. The setpoint is defined with an error margin of 1.25°, to avoid a

too high number of oscillations.

135



Chapter 5: Control algorithms

Emre Akyurek

Table 5.1: Tuning of dynamic coefficients of angular displacement driven by PID control

Rising | % of | #of |Settling
Kap Ka; Kaq time | over- | oscil- | time
(sec) | shoot | lations | (sec)
/2 — 8(v)] 0 0 045 | 10% | 7 | 1.00
/2 —8(t)| +3 0 0 030 | 25% | 9 | 0.75
/2 —8(t)| +1 /2 — 8(v)] 0 025 | 20% | 8 | 0.60
T
lm/2 —0(t)| +1 |(7_9(t))| 0 0.35 | 15% 6 0.65
le(t)|+ 1
T
In/2 —8(t)] +1 (7_‘9“))*8“) 0 025 | 20% | o | w
le(t)|+ 1
T .
/2 — 00| +1 <7_6(t))*e@ 0 030 | 10% | 3 | 040
le(O] + 1
T .
/2 — 80| +1 (7_9@)*6“) m/2 0l | 035 | 20% | o | o
e+ 1
T
r_ ; 0(t) * Ky
/2 —0(t)| + 0.5 (2 H(t))*e(t) 0O~ Kai | 540 | 5% | 2 | 045
le(O)] + 1 /2
T
r_ ; 0(t) * Ky
/2 —8(t)| +0.5 (2 H(t))*e(t) O Kai | g5s | 1006 | 5 | 065
le(H)] + L1 /8
T .
/2 —0(0)| +0.6 (7_9@)*6“) 0= Kai | 545 | 506 | 4 | 055
le(®] + 1.1 /4
Vs .
/2 —0(0)| +0.6 (7_9(t)>*e(t) O Kai | o35 | 00 | 0 | 030
le(O)] + 1.1 le(O)] + 1

It is noticed that the speed of the system varies too much for K, = |m/2 — 6(b)|.

Indeed, when /2 — 6(t) — 0, the loop’s speed decreases before increasing again. This is

corrected by the addition of a constant C,. As it was noticed in Section 3.4.2 that the PID

loop was already fast enough for K;, = 3, it is decided to have Cg4, = 3 as well, which would

correspond to the slower speed of the loop. However, for the next steps of the process, Cg, is

reduced to 1, as K, is also meant to be reduced.

Secondly, to reduce the overshoot and the oscillations, the tuning of the dynamic

integrative gain is started from K, = |mr/2 — 0(t)| as well. Yet, the system still has an

overshoot and oscillates because the chosen value of Ky ; is too high. It is then decided to

divide K;; by e(t). Thus, the farer it is from r/2, the slower is the movement. An absolute
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value is put to the divisor, to which is added a constant C,;; = 1, to avoid any division close to
0 that would considerably increase K ;. It is observed that very irregular movements can be
created at the limits of {6;}. K4; is therefore multiplied by e(t) to compensate the effect of
the division and see if the influence of Cg; is enough to stabilise the system. However, the
movements become too fast and run out of control. Thus, e(t) is replaced by é(t), which also
depends on the distance between the setpoint and /2 but which is smaller than e(t). Using
these coefficients, the setpoint is reached with a rising time’s speed barely varying and a
small overshoot. The only problems remaining are some oscillations, which must be fixed by

the tuning of K.

As for K, and Ky;, Kgq is initialised atr/2 — 6(t), which causes again a huge
overshoot and many oscillations. As the coefficient found for K;; was stable, it is decided to
put K;4 = 6(t) * Ky;, but divided by C,;; = m/2 to reduce the impact of the multiplication
by 6(t). As the system does not stabilise properly, it is then tried with C;; = m/8, which
makes the system much slower and oscillating again. With C;, = /4, the system oscillates
as well. Therefore it is decided to use the error as a divisor, so the divisor varies according

to 6(t). The constant C,, is fixed as C;4 = 1 to prevent any division by 0.

The final coefficients found for the dynamic PID control are:

Kap = Im/2 —8(O)] + Cyp (5.11)
§-00)- 00

T le@I+ Ca
K,, = 0(t) * Ky; (5.13)

le(| + Caa

with:

Cap = 0,6 (5.14)
Cai = 1,1 (5.15)
Cag = 1 (5.16)
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where Cg, is a small positive constant preventing the system to become motionless, whereas
C,i and C,44, also positive, stabilise the speed and the acceleration for an angle close to /2.
Contrary to the constant coefficients, the dynamic ones take the angular distance into account
as well as the error; they react in different ways depending on if 8, belongs to {6,} or to the
finger’s right side. In the first case, the motion prepares to slow down as the setpoint is very
close, whereas in the second case the speed aims to be constant. An identical method is
symmetrically applied when the finger starts from its right position. In both cases, it is noted
that the dynamic coefficients are specific to positions close to vertical and so cannot be used
permanently (as the finger motion would be very slow or otherwise irregular) which is why
the PPSC is required.

5.1.2.3.  Experimental results obtained using the PID controllers with the PPSC

The positions reached using the PID loops coupled with the PPSC are shown in
Figure 5.3, where snapshots (a) to (i) correspond to the positions 1 to 9 as defined in section
4.1.5.2. Snapshots (d) to (f) are obtained with the dynamic coefficients whereas snapshots (a)

to (c) and (g) to (i) are obtained with classic PID control.
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(@) (h)

Figure 5.3: Video snapshots of finger positions obtained with PID loops coupled with PPSC
Positions (a) to (i) respectively represent the positions 1 to 9 as defined in section 4.1.5.2

Even though the system stays stable when the finger goes from one position to

another, it is noted that the PPSC can make the finger speed vary when 6, belongs to {6,}.
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However, the same process can be applied to the five fingers of the Ambidextrous Robot

Hand, to allow parallel movements of the structure. Screenshots are provided in Figure 5.4.

Figure 5.4: Video snapshots of the Ambidextrous Robot Hand in movement [283]
(a) Shows a right hand behaviour and (b) a left hand behaviour whereas
(c) and (d) show ambidextrous behaviours
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Because of the asymmetrical tendons routing, the speed varies when the fingers move
from right to left or from left to right. The ambidextrous fingers are indeed faster when
moving from right to left, as the angular speed reaches about 140 deg/sec, against about 110
deg/sec from left to right (these values do not match with the rising and settling times
indicated in Table 5.1 as the compressed air circulates slower when a higher number of
PAMs is inflating). The angular speed of a single ambidextrous finger can also approximate
300 deg/sec when the other fingers are not actuated, as a lower number of PAMs, and
consequently a lower air flow, is involved. Its maximum speed is however about four times
slower than the maximum speed of a human hand. It is indeed indicated in [63] or in [178]
that human fingers move up to a frequency of 5.5 Hz. As human fingers achieve a motion of

about 90°, then their angular speed can be approximated to about 500 deg/sec:
w= A0/At
w=90%1/55 (5.17)
w = 495 deg/sec

The speed of the Ambidextrous Hand could be increased if the PAMs were shorter.
Indeed, the PAMs that actuate the structure have a length of 300 mm and can contract up to 8
bars. However, the pressure never overreaches 4 bars when the fingers are in motion. Shorter
PAMs can consequently actuate the robotic structure. PAMs would contract faster, and
therefore increase the movement’s speed of the fingers. The experiment summarised in Table
3.6 indeed showed that an early prototype could move about thrice faster than 3D printed
fingers, as it was actuated by shorter PAMs.

5.1.3. Comparison with angular controls of other robotic models

The angular accuracy and the overall behaviour of the Ambidextrous Hand obtained
with the PID control coupled with the PPSC are summarised in Table 5.2, where they are
compared with the ones of other robotic models. Most of these robotic models are robot
hands, but some robot arms and manipulators are also included, as the only PPSC revealed by
the literature review, in [211] and [212], is not implemented on a robot hand. Moreover, the
algorithms implemented on robot arms and manipulators are more varied, which allows

additional comparisons with the Ambidextrous Hand.
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PID and PD controllers are indeed almost systematically implemented to control the
angular displacements of the robot hands summarised in in Table 5.2. The DLR hand [281]
and the hand engineered by Z. Xu et al. [142] are exceptions; the first is driven by cascade
control and the second uses bang-bang to test the speed capabilities of the robotic model.
Robotic structures using Al-based algorithms (fuzzy logic, GAs, PSOs or NNs) are generally
much more accurate than the ones using PID control. Nevertheless, their reaction speed is
also about ten times slower and the number of their DOFs never exceeds three. An exception
concerning the accuracy of robot hands is the High-speed model [280], which is both the
second most accurate robotic structure of Table 5.2 and the fastest one, as it is more than ten
times faster than most of the other robotic models. This high speed is the reason why the
control loops do not include integrative control. As observed in the transfer function of PID
controllers (3.2), the integrative term is not significant when the setpoint is quickly reached,

which is why the High-speed hand [280] is driven by PD control.

Other models using actuators different from PAMSs are summarised in Table 5.2. The
SMA Hand [115] and the miniature five-fingered robot hand [123] are both actuated by
SMAs. Because of the slow speed of its actuators, the SMA Hand [115] is the third slower
hand of Table 5.2, whereas the miniature five-fingered robot hand [123] has an average
speed, although it is also the only hand of Table 5.2 being a miniature version of a human
hand. The hand engineered by Z. Xu et al. [142] is driven by air cylinders, and the maximum
speed obtained with a single finger is close to the speed of motorised fingers. However, the
speed of several fingers moving in parallel would certainly be slower than the one indicated
in [142], as the pressurised air would not flow as fast in a higher number of cylinders. The
hand designed by I. Yamano and T. Maeno [63], the hand engineered by S. Takamuku et al.
[71], the ACT hand [175], the DLR Hand [281], the DEXMART Hand [282] and the Shadow
Hand [62] are other hands driven by motors. Their technical features show that motorised
robot hands are generally more accurate and, most often, at least twice faster than the
pneumatic models. However, the angular displacement of the ACT hand [175] is among the
less accurate ones engineered since 2008 in Table 5.2. The other ones are the control
algorithms implemented on the hand designed by Y. Honda et al., in [177] and [178]. It is
noticed that both of these hands have an asymmetrical tendons routing, which makes the
angular accuracy more challenging. The Ambidextrous Hand also has an asymmetrical
tendons routing, however it is noticed that its angular accuracy is higher than for the hands
[175] and [178]. Without taking the robotic structures with less than five DOFs into account,
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the Ambidextrous Hand is also one of the most accurate hands summarised in Table 5.2, with
a maximum angular error of 1.25°, the exceptions being [280], [96], [183], [94] and [62],
with respective errors of 0.012°, 1.2°, 1.2°, 1° and 1°. However, many robot hands have an
angular speed faster than the one of the ambidextrous fingers. Indeed, robot hands can reach
about 200 deg/sec, such as [123], [71] and [282], reach between 300 deg/sec and 500 deg/sec
for [62], [94] and [142] or even reach between 800 deg/ sec and 2000 deg/sec for [280], [63]
and [281]. Among these models, the Shadow Hand [94] is the only one of these hands that is
driven by PAMs. It can therefore be deduced that the Ambidextrous Hand is among the
fastest robot hands actuated by PAMSs. According to equation (5.17), the Shadow Hands [94]
and [62] are the models of Table 5.1 for which the angular speed is the closest to the one of

human fingers, as they move to a speed close to 500 deg/sec.

Table 5.2: Comparison of angular control between the Ambidextrous Hand and other robotic

models
—_— O G >
c C — =
oo 2BlE8|2 88 | =8 |2 $ |5
e E|l2|cgEeL| 285 | 25| B %
85 = = | © c 5 9 e e c g <) A
o 2 20 o |2 g cc| O S o < @ | 5 =
<3 S| <
SMA Hand [115], 2002 | v 1° N/A N/A | 30
Gifu Hand 11 [291], 2002 v v PD 1.1°% | 1402
P. Pomiers [104], 2003 N/A| v 3 | PID 1 | 50 |N/A
cascade
High-speed hand [280], 2003 | v N/A| 8 PD | 0.012° | 1800| N/A
g Yama[gg]anz%gé Maeno | |, 20| NA | NA | 900
T.D.C. 'I'[gir;r]l a2r1((J:iOI6<.K. Ahn N/A | v 1 PIFE)F;SI\(I:N, 0.025° | 67° | N/A

Miniature five-fingered robot v v

a
hand [123], 2006 20 N/A N/A | 200

K.K. Ahn and H.P.H. Anh Fuzzy logic, a
‘/ o
[179], 2006 N/A 2 NN 3.01° | 22° | N/A
S. Takamuku et al. [71], 2007 | v | v 18 N/A 2°% | 200°
K.K. Ahn and N.H.T. Chau PID, NN
‘/ 1 ’ o a
[211], 2007 N/A 2 PPSC . 36" | NIA
K.K. Ahn and H.P.H. Anh
\/ od a
[218], 2007 N/A 2 GAs 0.2 32° | N/A
S. Nishino et al. [96], 2007 |v |V |V 13 PID 1.2°% | 75°
ACT Hand [175], 2009 v |V v | 23 PID 1.7°% | 49°
J.Wuetal. [183], 2009 | v v NA [ P e | e
uzzy logic
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Y.P.H. Anh and N.H. Phuc NN
‘/ ’ o a
[213], 2010 N/A 2 sy |<0.004°| 35° | N/A
X_ Jiang et al. [28], 2010 N/A| v 9 PID 1° | N/A | N/A
S. Boudoua et al. [102], 2010 N/A | v 3 P'DI’\I‘T’\IMC’ 0.1°% | 5.7% | N/A
Y.Hondaetal. [177],2010 |v |v [v [v |17 PID 10°% | 75°
Y.Hondaetal. [178],2012 |v |v |v |v | 17 PID 4°% | 40°
DLR Hand [281],2012 |v |V N/A| 19 | Cascade | N/A [1680
Shadow Hand [94],2013 |v |v |V 20 PID 1° | 450°
Shadow Hand [62], 2013 | v |V 20 PID 1° | 500°
Z Xuetal. [142],2013 |v |V 20 | Bang-bang| N/A |330°
DEXMAF;Bﬂa”d (282, 1, | 20| NA | NA |250°
Ambidextrous Hand from PID
v v v v ' ° Cl v
right to left [40], 2014 131 ppsc | 127|110
Ambidextrous Hand from left PID
v v v v ' ° Cl v
t0 right [40], 2014 131 ppsc | 1257|140

% Estimations are made from curves, pictures or videos of the robot hands
b Tests being done on a single finger, the air flow would be slower in case of a parallel motion
¢ Averaged speed obtained with manifolds, with a parallel motion of the five fingers

In conclusion, the Ambidextrous Hand is the only robot hand with an ambidextrous
range, making the range about twice larger than other robot hands. Despite the wider angular
positions that the ambidextrous fingers must reach, their angular speed is higher than some of
the robot hands summarised in Table 5.2, and among the fastest fingers driven by PAMs. As
indicated by Y. Honda et al. in [177] and [178], a higher speed can be obtained with higher
inner diameters of the pneumatic tubings or shorter lengths for the tubes standing between the
solenoid valves and the PAMs. The Ambidextrous Hand is also a robotic model with a low
angular error, and with the highest accuracy among the hands driven by asymmetrical
tendons routings. It is also the only robot hand for which the angular displacement is
controlled by a combination of PID controllers and PPSC.
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5.2.  Force control from pressure and angular feedbacks

This Section discusses the control of force provided by the fingers using pressure
feedback. This force control is firstly investigated using PID loops prior to be driven by
SMC, for which angular control is combined with pressure feedback.

5.2.1. Pressure feedback driven by PID control

PID loops are implemented receiving feedback from pressure transducers to control
the force applied by fingers. Pressure to reach grasping positions can be investigated
analysing the data collection of Figure 5.1. On the left side, fingers have a grasping position
when the left PAM contracts at 1.2 bars and the proximal PAM contracts at 2.5 bars. On the
right side, the left PAM contracts at 0.5 bars whereas the right PAM contracts at 3 bars.
These values were obtained without holding any objects. Using a method similar to the one
investigated in section 3.4.3.2 to maintain pressure on metal pieces, the pressure values
obtained without objects are increased from 10% to 30% to provide more force to the fingers,
before being put as targets to PID control. This method allows grasping relatively heavy

objects, with a weight such as 0.5 kg, as shown in Figure 5.5.

(b)
Figure 5.5: Ambidextrous Robot Hand grasping a 500 mL bottle of water
(a) the left hand mode and (b) the right hand mode
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However, because of the PAMs hysteresis shown in Figure 4.12, this method would
not be accurate enough to grab light objects. This is the reason why PID controllers were
most often combined with Al-based algorithms or implemented in cascade control in the

literature review done in section 2.5.1.1.

Another control algorithm is consequently investigated to interact with light objects.

5.2.2. Pressure and angular feedbacks driven by SMC

Section 2.5.1.1 revealed that PID controllers were often combined with other types of
algorithms to compensate the hysteresis effect of PAMs. The analysis of the literature review
in Section 2.5.4 shows that feedback, feedforward and IA-based algorithms have already
been implemented on robot hands driven by PAMs, notably using PID controllers, cascade
control and fuzzy logic. However, no robot hands driven by PAMs have been revealed to be
controlled by nonlinear control algorithms, such as SMC or BSC. It was shown that SMC and
BSC were always implemented to drive the angular position of robotic arms or robotic joints,
but none of them have been implemented on pneumatic structures to grab objects. These two
algorithms are therefore compared to know which one would be the most suitable to grab

objects with the Ambidextrous Robot Hand.

As discussed in Sections 2.5.1.3 and 2.5.2, H. Aschemann and D. Shindele have
published many papers in the area of nonlinear control, such as [195], [196], [197] or [201].
As their work discussed in [202] compares the results achieved with BSC and SMC and
presents more accurate results for SMC, SMC looks to be a more suitable option than BSC.
Moreover, [285] reveals that SMC is compatible with variable and discontinuous structure
systems. It is also specified that the SMC switched between two distinctively different system
structures, which is the target aimed to be reached to grab light objects, as the fingers must
stop tightening when enough pressure is provided as feedback. Finally, as SMC is defined as
being robust and finite-time convergence as well as reducing-order compensated dynamics in

[284], the possibility to grab objects using SMC is explored.

Some exceptions of robotic models grabbing objects using SMC can almost be found.
The robot hand introduced in [286] grabs objects because of an SMC, but the hand is driven

by motors and the SMC is engineered receiving feedback from tactical sensors. This SMC
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aims at calculating the coordinates of the hands, instead of the force applied by the fingers.
The SMC implemented on the motorised prosthesis hand [287] controls the force applied by
the robotic fingers from force feedback, but the robotic design only includes two fingers that
move according to a single DOF. As the Ambidextrous Hand is pneumatically actuated and
as the data feedback is received from pressure sensors, the implementation of a SMC to grab
objects would therefore be different from the ones of [286] or [287]. Grabbing objects using
an SMC would consequently bring more originality to the project.

5.2.2.1. Definition of the state trajectory

As explained in [285], SMC allows driving a state trajectory defined as an error
toward a predefined phase plane and to slide along its surface.

First, the object must be detected to trigger the SMC. Thus, experiments similar to the
one illustrated in Figure 4.12 are realised. PAMs driving the angular displacement of the
fingers’ proximal phalanges are inflated and deflated, both pressure and angles being
collected for each step. When the finger goes from right side to left side, the proximal PAM
is the only one to contract. However, when the finger goes from left side to right side, left and
right PAM must inflate in parallel. Numerical data of the experiment showed in Table 4.7 is
consequently analysed to find appropriate ratios allowing such a movement. Pressures are
consequently compared between position 2, referring to left straight position, and position 5,
referring to right straight position. The averaged pressures obtained for each of them are
respectively 0.250 bars and 1.115 bars for the left PAM, against 0.782 bars and 2.363 bars for
the right PAM. The ratio between both PAMs is calculated in equation (5.18):

_ 1.115-10.250
"~ 2.363 — 0.782

r

_ 0.865 (5.18)

Y = ——

1.581

r = 0.547

A ratio of 0.547 must therefore be applied between pulses sent to right and left PAMs
from left to straight position. The same method is used between right straight and vertical

positions, comparing the pressures obtained from position 8 to position 5 from the experiment
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illustrated in Table 4.7. The averaged pressures obtained for each of them are respectively
1.115 bars and 1.411 bars for the left PAM, against 2.039 bars and 2.363 bars for the right
PAM. The ratio between both PAMs is calculated in equation (5.19):

_ 1411 —1.115
"~ 2.039 — 2.363

r

e 0.296 (5.19)
0.324

r =~ —0914

The left PAM consequently deflates whereas the right PAM inflates going from
position 5 to position 8, using a ratio of 0.914.

The curve obtained when the finger goes from right to left is shown in Figure 5.6.
Using the ratios calculated in equations (5.18) and (5.19), the curve obtained when the finger
goes from left to right is shown in Figure 5.7. The pressure indicated in Figure 5.7 is a sum of
right and left PAM’s pressure.

== Finger's movement
from right to left

== Detection of object
60 8(p)=62*p-60

Pressure (bars)

Figure 5.6: Angle of proximal phalange against pressure of proximal PAM when finger goes
from right to left
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120 9—Finger's movement
100 from left to right

Angle (°)

80
60
40
20

== Detection of object
0(p)=-69*p+275

Pressure (bars)

Figure 5.7: Angle of proximal phalange against pressure of right and left PAMs when finger
goes from left to right

Contrary to SPAMs for which curves are shown in Figure 4.12, FPAMs’ behaviour is
much more linear between 2 bars and 4 bars. This is explained because their maximum
contraction rate is reached for 8 bars instead of 4 bars [81]. Consequently, FPAMSs are still far
from their maximum contraction when they inflate at 4 bars. Secondly, it can be observed
that the hysteresis effect is about twice more important in Figure 5.7 than in Figure 5.6. This
is due because of the coordination of two PAMs when the finger goes from left side to right
side. It is also noticed that the proximal phalange barely moves when pressures vary from 0
to 1 bar, contrary to the values collected in Table 4.7. This difference is explained because of
a mechanical margin error provided as a safety mechanism. The technology of turnbuckles
has indeed been imitated to calibrate the strings’ length at the top of PAMs, using small
devices based on screws, the development of which being explained in [254].

Because of the behaviour close to linearity obtained between 2 and 4 bars, linear
functions can be drawn as comparison. It is observed that the curve obtained in Figure 5.6 is

close to:
0(p) =62*p—60 (5.20)
whereas the curve obtained in Figure 5.7 is close to:

0(p) = —69 * p + 275 (5.21)
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For Figure 5.6 it is noticed that the line defined in (5.20) does not match the
requirements when pressure is below 2.1 bars, which does not interfere with the grasping

movement, as the angle does not reach 90° yet.

Using equations (5.20) and (5.21), it is deduced that the fingers touch an object if their

trajectories overreach the fixed boundaries. Thus, the SMC is triggered.

5.2.2.2.  Implementation of the SMC

Once the fingers are in contact with objects, both pressure and angles must adjust in
coordination. Therefore, instead of observing the angle according to the evolution of the
pressure as in (5.20) and (5.21), the evolution of both values is taken into account according
to the time. Therefore, 40(t) and Ap(t) must be at the same side of the equation. Prior being
integrated in the SMC, the evolutions of the angle and of the pressure are analysed according

to:

20(t) * KnAp(t)] - [KAe(t)Ap(t)l (5.22)

A6(t) * K, Ap(t) Kpot)ap(t)

when the fingers move from right to left, whereas the relational sign “<” is changed to “>”

when the fingers move from left to right. In both cases, K, is defined as:

K = Omax/Pmax (5-23)

so angles and pressure have an equivalent impact in the inequality. It is also noticed that data
feedback is derived to design the sliding surface of the SMC. K,g1)ap(r) and Kaptapce) are
values defined and obtained from the equations (5.20) and (5.21). When the boundary fixed

by the equations (5.20) is not overreached at a time t, but is overreached at a time ¢, ;, then:

KAH(t)Ap(t) =62 % AB(t) * Ap(t) — 60
(5.24)
Kageyapey = 62 * [0(tss1) — O(t)] * [p(Es+1) — p(E5)] — 60
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Kpowap = 62 * A0(t) * Ap(t)
(5.25)
Kioeyapey = 62 * [0(ts41) — ()] * [P(ts41) — D(Es)]

whereas, when the boundaries fixed by the equation (5.21) is overreached at a pressure p,
then:

KAB(t)Ap(t) = —69 * Ag(t) * Ap(t) + 275
(5.26)
Kaoyapey = =69 * [0(ts41) — O(Es)] * [p(ts+1) — p(E)] + 275

Kpo0ap0) = —69 * 40(t) * Ap(t)
(5.27)
Kapwyapry = =69 * [0(ts+1) — O(ts)] * [D(Es41) — D(Es)]

When at least one inequality of (5.22) goes wrong, it means a phalange is in contact
with an object. Even though the same reaction can be deduced from (5.20) and (5.21), the
way angles and pressure interact with each other in the system of inequations (5.22) permits

them to be implemented in the SMC.

Using the equation of SMC applied to PAM technology, such as the one described in
[202], the sliding surface is defined as:

S(t) = Kgp[46(t) * Kz Ap(6)] + 46(t) * K 4p(¢) (5.28)
S(t) = Kgp[40(0) * K Ap(£)] + 46(0) * K Ap(£)A6(¢) (5.29)

However, contrary to the equation shown in [202], the coordinates of the system are
replaced by a ratio between angles and pressures to allow the hand to grab objects. As K, for

equation (5.23), Ky, is defined as:
KGp = [Ag(t) * KnAIj(t)Max]/[AH(t) * KnAp(t)]Max (530)

Then the convergence to {S(t), S(t)} is achieved using a Lyapunov function to bring

the system to an equilibrium point:

L= Kpyy*S(t) *S(t) (5.31)
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In the case of PAM technology, Kp4y IS usually chosen as %, such as in [102] or in
[199] but, because of the fingers’ asymmetrical tendon routing, the coefficient attributed to
each PAM varies from one to another, as seen for the ratios calculated in Section 5.2.2.1.
Thus, the maximum value of Kp,4, is defined as %, but is often reduced according to the
phalange position provided by 6(t). Using the same algebraic transformation as the one

shown in [202], the boundary surface is then described as:
I = KpanS(t) + tanh(Kpay * S(t)/p) (5.32)

with g, > 1. As arctangents increase very slowly for values higher than 3, g, increases the
parameters from which is calculated the tanh, to amplify the difference obtained between

two values. It is indeed noticed that:

vk € [10; 20]
(5.33)
9.9 x 1073 < tanh(k + 5) — tanh(k) < 3.3 x 1072
whereas:
Vk € [1; 2]
(5.34)

8.3 %1072 < tanh(k + 0.5) — tanh(k) < 2% 107!

The constant is therefore fixed to &, = 10 for the experiments, which adds sensitivity

to the system.

Next, the phalanges tighten around the object according to the limit defined by (5.32)

until:
40(t) < g, (5.35)

where ¢, is a small constant, aiming at stopping the SMC when the angle barely varies
between two successive feedbacks. The bigger ¢,, the more delicate the object is that the

Ambidextrous Hand can grab; the smaller the grabbing force.

The whole process is illustrated in Figure 5.8.
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(speed of \

the system)

>
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— Sliding phase the system)

Figure 5.8: Implementation of a SMC to grab an object

As long as the inequality (5.35) is not verified, the sliding phase slides against the
sliding surface defined by the equations (5.28) and (5.29). The sliding phase has to cross the
sliding surface without overreaching it too much, as it would increase the force applied on
objects. The overreaching of the sliding surface depends on the constant ¢,, defined in the
inequality (5.35)

5.2.2.3. Experimental results obtained with the SMC

The grasping abilities of the Ambidextrous Hand using the SMC are shown in Figure
5.9.
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(b)
Figure 5.9: Grasping mode using sliding-mode control

(a) a left hand mode grasping an egg and
(b) a right hand mode grasping an Arduino microcontroller

Figure 5.9 (a) shows that the ring and little fingers are close to vertical position,
contrary to their position in Figure 5.9 (b). When the SMC ends, values are read from angular
sensors. If fingers have an angle close to their extreme positions, it is estimated they do not
touch the object and are consequently put back to a position close to vertical. The different

steps of the grasping shown in Figure 5.9 (a) are illustrated in Figure 5.10.
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1

(a)

Figure 5.10: Video snapshots of the Ambidextrous Hand grasping an egg [288]
The hand opens itself in (a), closes in (b) and

ring and little fingers come back to vertical position in (c)

The SMC runs for a very short time as, in average, from the position illustrated in
Figure 5.10 (a), the SMC is triggered after 0.20 sec and stops after 0.23 sec. Contrary to the
angular displacements observed in Section 5.1.3, the lack of speed barely interferes when the
Ambidextrous Hand grabs objects. This is explained because every PAMs and tubings
already contain pressurised air when the hand opens, whereas a number of them can be totally
empty at some angular positions. A shorter air flow is consequently necessary for grasping

movements.

The experiment illustrated in Figure 5.10 is repeated a number of times to collect data.
Putting the egg at close initial positions for each run, the final angles reached by the

concerned MCP and PIP joints are summarised in Table 5.3 and Figure 5.11.
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Table 5.3: Joints angles when the Ambidextrous Hand holds an egg (deg)

Run of the experiment 1 2 3 4 5 6
Forefinger’s MCP 66.5 61.5 61.5 63.4 62.8 66.3
Forefinger’s PIP 37.1 40.6 41.8 39.1 40.6 37.9
Middle finger’s MCP 49.0 48.1 49.6 51.8 47.8 50.2
Middle finger’s PIP 63.3 63.8 61.6 60.3 64.2 62.3
Thumb’s adduction 42.0 41.7 42.6 43.1 42.8 44.5
70

%7\’_
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> -
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Figure 5.11: Joints angles when the Ambidextrous Hand holds an egg

Table 5.3 and Figure 5.11 show that MCP and PIP joints depend on each other: when
one decreases, the other one increases to secure the grasping. As the design of the
Ambidextrous Hand stepped aside the thumb opposition in favour of its abduction /
adduction, it is also noted that only the force of the thumb’s adduction is applied to the
object.

During these same experiments, in addition to joint angles, the pressure of PAMSs is

also collected. Their grasping values are summarised in Table 5.4 and Figure 5.12.
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Table 5.4: PAMSs’ pressure when the Ambidextrous Hand is holding an egg (bars)

Run of the experiment 1 2 3 4 5 6
Forefinger’s MCP 2.42 2.59 2.60 2.51 2.56 2.43
Forefinger’s PIP 2.19 2.06 2.01 2.15 2.03 2.17
Middle finger’s MCP 2.85 2.89 2.79 2.72 2.95 2.79
Middle finger’s PIP 1.75 1.74 1.82 1.86 1.71 1.77
Thumb’s adduction 0.85 0.84 0.88 0.90 0.88 0.92

1,5

Pressure variation (bars)

0,5

Figure 5.12: PAMS’ pressure when the Ambidextrous Hand is holding an egg
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Except the thumb’s adduction that is controlled by its right PAM, the other joints

show that the higher the pressure, the smaller the angle and that the PAMs connected to the

MCP joints require more pressure than PIP’s ones.

The global diagram of this whole control approach, combining PID controls, PPSC
and SMC is shown in Figure 5.13. The PPSC switches between the PID loops tuned with

classic gain constants or dynamic coefficients according to 6(t). The PID loops stop when
6(t) and p(t) trigger the SMC. Another PPSC makes the SMC loops carry on until 46(t) <

£,. When the SMC stops, the grasping angle is put as the new setpoint of the system.
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Figure 5.13: Global diagram of the whole system approach

5.2.3. Comparison with other SMCs

Because of the Ambidextrous Robot Hand architecture, the objects are not in contact
with the inside of the thumb but with its side (as seen in Figure 5.9), which makes the
grasping not as human-like as the ones that would be possible, for instance, with the ACT
Hand and the joint torque control introduced in [175]. This is due because of the limited
number of DOFs of the Ambidextrous Hand’s thumb, which only has three, whereas robot
thumbs usually include at least four DOFs to allow motion relative to the palm, as explained
in [291], [52] or [54]. However, the holding features of the Ambidextrous Hand are still more
anthropomorphic than the ones of the two-fingered and three-fingered motorized robot hands
respectively concerned in [61] and [51], even though these two models have other
advantages. Indeed, as explained in section 2.1, changing the shape of the hand, as well as the
position and the number of fingers, can ease the implementation of control algorithms,
allowing a stronger grasp and so an accurate manipulation of objects, as shown by the
stability of the system described in [292]. Nevertheless, despite its thumb limitation, the
experiments proved that the Ambidextrous Hand can grab objects in a similar way to that of

other robot hands, such as the ones illustrated in [293].

The technical characteristics of the SMC are summarised in Table 5.5, with the
technical characteristics of SMCs implemented on other robotic devices. These other robotic
devices are mainly actuated by PAMs. It is observed that none of these pneumatic devices are
robot hands or robot fingers, but rather bigger structures, such as robot arms, as in [205] or

[203], robot axes [201] or manipulators [200]. None of these devices exceed five links, and
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the robot arm engineered by K. Braika et al. [203] is the only structure summarised in Table
5.5 that exceeds four DOFs and that is pneumatically actuated. This proves the originality of
the SMC introduced in Section 5.2.2, as it is the unique SMC engineered on a robotic device
actuated by PAMs as sophisticated as the Ambidextrous Hand. Indeed, the Ambidextrous
Hand is made of fourteen links (which, in this case, are phalanges) and its SMC is
implemented on nine of its thirteen DOFs (the abduction/adduction of the forefinger, ring
finger and little finger as well as the flexion/extension of the thumb being not integrated in
the algorithm).

In addition to structures driven by PAMSs, the motorised robot hands [287] and [286]
are also summarised in Table 5.5, as they are the projects for which the use of the SMC is the
closest to the one of the Ambidextrous Hand. Indeed, the hand [286] is the only robotic
structure of Table 5.5 that has as many phalanges as the Ambidextrous Hand, whereas the
hand [287] is the only one that uses SMC as force control. However, the SMC of the
Ambidextrous Hand is the only one that controls the force of its structure from pressure and
angular feedbacks. This feature is one of the most original points of the Ambidextrous
Hand’s SMC and allows the robotic structure to grab objects without integrating force
sensors and wires in the fingers’ mechanical architecture, which eases the design of the 3D
printed pieces. The other original features of this SMC are summarised in Table 5.6, in

comparison with the same robotic models that are summarised in Table 5.5.
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Table 5.5: Comparison of SMC’s characteristics between the ones of the Ambidextrous Hand

and the ones of other robotic models

— (@] ~ —
S 8< | g8 | &% 9% g5 8 | S
(<} = = = s
@ DC:) = Ii = E @ wn .S - Jc::_ + §
N/A PAM’s
P. Carbonell et al. A, Pressure
single PAM length N/A | N/A 1
[199], 2001 PAM control feedback
M. Van Damme | Mani- Angular Force
et al. [200], 2007 | pulator PAMSs control feedback 2 2 14
M. Chettouh et Position Position
al. [205], 2008 Arm PAMSs control feedback 3 3 6
H. Aschemann Position Angular
and D. Schindele | Axis | PAMs | ' > bk v 1 2
[201], 2008
E.D. Engeberg
maSG. ek | (M0 | woor | FE e a1
[287], 2009 g
S. Boudoua et al. Trajectory Pressure
[102], 2010 Arm PAMSs control feedback 3 3 6
D. Schindele and parallel Position Position and
H. Aschemann robot PAMs control angular 2 2 4
[196], 2010 feedbacks
. Pressure
K. Braika et al. Angular N/A,
[203], 2010 Arm PAMSs control and angular | 3 7 <78
feedbacks
Z. Tong et al. Joint Trajectory Angular
[206], 2011 model PAMSs control feedback 1 1 2
A. Rezoug et al. Angular Position N/A,
[204], 2012 Arm PAMSs control feedback 2 2 <4
. Compliance
J. Jalani et al. Force N/A, | N/A,
[286], 2013 Hand | Motors | and posture feedback 14 <10° | <10°
control
. Pressure
E. Akyurek et al. Hand PAMs Force and angular | 14 9 14°
[40], 2014 control
feedbacks

# Estimations are made from pictures or details in the article
Y Four DOFs and four actuators are not used for the SMC
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Table 5.6: Originality of the SMC implemented on the Ambidextrous Hand
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P. Carbonell et al. [199], 2001 v N/A
M. Van Damme et al. [200], 2007 v N/A
M. Chettouh et al. [205], 2008 v N/A
H. Aschemann and
. v
D. Schindele [201], 2008 N/A
E.D. Engeberg and S.G. Meek [287], 2009 v v v
S. Boudoua et al. [102], 2010 v N/A
D. Schindele and
v
H. Aschemann [196], 2010 N/A
K. Braika et al. [203], 2010 v N/A
Z. Tong et al. [206], 2011 v N/A
A. Rezoug et al. [204], 2012 v N/A
J. Jalani et al. [286], 2013 v v v
E. Akyiirek et al. [40], 2014 v v v v v v

Table 5.6 shows that, in addition to be the only SMC implemented on a robot hand
driven by PAMs and that controls force from pressure and angular feedbacks, the
Ambidextrous Hand’s SMC is the only one that is implemented on a structure having more
than ten actuators, for which the crossing of sliding surface is a part of the process, and that is

implemented on a hand with an ambidextrous behaviour.

The grasping abilities of the Ambidextrous Hand will be compared with other models

more in detail in Section 5.3, where a more common control algorithm will be implemented.

5.3. Force control from tactile feedback

In addition to be controlled by pressure and angular feedbacks, the force applied by
the ambidextrous fingers can also be controlled by tactile feedback. As pressure sensors are
quite expensive, this cheaper solution is investigated. Indeed, the pressure transducers
selected in Section 4.1.1.2 are about six times more expensive than the force sensors selected
in Section 3.4.3.1. Therefore, the force sensors implemented on early designs of

ambidextrous fingers are implemented on the Ambidextrous Robot Hand as well. In case
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grasping algorithms are successful, a future version of the Ambidextrous Hand may include

force sensors and additional wires inside its mechanical architecture.

Three different algorithms are implemented to grasp objects with force feedback,
which are PID control, bang-bang control and BSC. The implementation and the results
obtained with each of these algorithms are going to be discussed. The originality of the
grasping abilities of the Ambidextrous Hand and of the grasping algorithms are also going to

be compared with the ones of other robot hands.

Force targets of 1 N are fixed to each sensor of each experiment. However, given that
the object is put in contact with other points as the force sensors and that the weight of the
fingers must be taken into account as well, the overall force applied to objects should

overreach 10 N, which is why a force target of 12 N is fixed for the thumb.

Contrary to the pressure and angular sensors, which are connected to the PAMs and to
the fingers’ displacements, force sensors only cover some strategic points of the fingers.
Therefore, in case objects get into contact with the robotic fingers at a point not covered by
force sensors, the fingers carry on closing without any variations in the grasping algorithms.
Thus, the grasping algorithms are combined with an NN used as a security system. The
implementation of this NN is discussed in the report of N. Lesne [289]. With the
implementation of the NN, the controllers do not only take the feedback of their own fingers
into account, but the feedback of each finger. If the setpoint is reached for a force sensor
whereas other sensors provide no feedback, the angular position is taken into account. A
mechanism similar to the one illustrated in Figure 5.10 is then triggered. If the angular
feedbacks of fingers show that the fingers are almost perpendicular to the palm, then the
fingers do not touch the object and are brought back to a position close to vertical. On the
contrary, if the fingers’ angular feedbacks are close to the one of the finger that touches the

object, then these fingers touch the object as well and the grasping algorithms are stopped.

Experiments are performed on empty Coca-Cola cans, to observe if the control

algorithms cause any deformations to the objects.

The work introduced in this Section is based on the upgrade of the hardware
developed in [289]. The algorithms discussed in the Sections 5.3.1, 5.3.2 and 5.3.3 have also
been implemented in collaboration with [289].
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5.3.1. Tactile feedback driven by PID control

The same principle that was used on early prototype in Section 3.4.3 is applied to the
complete design of the Ambidextrous Robot Hand. However, because of the asymmetrical
tendons routing, u(t) needs to be calculated taking the new mechanical specifications into
account. u(t) is consequently divided into three different outputs for the three PAMs driving

each finger.

5.3.1.1.  Implementation of the PID control

The three outputs of the PID controllers are uy,; (t), uy,,(t) and uy,; (t), respectively
attributed to the proximal left, medial right and medial left PAMs. The same notations are

used for the gain constants. The adapted PID equation is defined as:

pi (1) Fop P Ha Ute(r)dr
U (D) | = Kpmr K; Kq [ Jo

mr

1
| (5.36)
Umi (t) Kpml Kiml Kd l d J

Because of the fingers’ architecture, some PAMs must contract slower than others to
imitate a human behaviour when the fingers are tightening around an object. It mainly avoids
having medial and distal phalanges totally close when the proximal phalange is bending. The

proportional and integrative constant gains are consequently defined as:
Kiml Kipl/3 _Kimr .
when the object is on the left side, whereas defined as:
Kpmr 0.4 Kpml _Kppl
[Kimr] B [0-4 * Kiml] [ Ky, (5.38)

when the object is on the right side.

Identical derivative gain constants are used for the three different PAMSs.
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Using equation (5.36), PID control loops with identical gain constants are sent to the
four fingers with a target of 1 N and an error margin of 0.05 N, whereas the thumb is

assigned to a target of 12 N with an error margin of 0.5 N.

5.3.1.2. Results obtained with the PID control

Data is collected every 0.05 sec while the grasping algorithm is running. The results
of the experiment are shown in Figure 5.14. The feedback collected from the thumb is not
included in the diagram as it stabilises itself at 12.23 N, which is a much higher value than
the four other fingers. The feedback collected before 0.1 sec is not included either, as the

fingers are not touching the object yet at 0.05 sec.

1,1
1,05
1 == Forefinger
Z 0,95 == Middle finger
g
S 09 Ring finger
0,85 == jttle finger
0,8
0,75 T T T T 1
0,1 0,15 0,2 0,25 0,3
Time (sec)
(b)

Figure 5.14: Ambidextrous Hand grasping a can with PID control and force feedback
(a) an image and (b) the force against time for the four fingers

Figure 5.14 (b) shows that the fingers start grasping the object at around 0.15 sec and
that the grasping becomes more stable after 0.2 sec. Most of the fingers’ force feedbacks have
an overshoot but it never exceeds 10% of the value fixed as target and the force is
automatically adjusted at the next collection. These small overshoots are explained because
different parts of the fingers get into contact with the object before the object actually gets

into contact with the force sensor. Consequently, the PAM’s elasticity already makes the
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fingers bending slower when the phalanges touches the object. As the can does not deformed
with the fingers’ pressure, it can be deduced that the grasping control is both fast and accurate

when the Ambidextrous Hand is driven by PID loops.

5.3.1.3.  Comparison with other grasping algorithms

The mechanical features relative to the grasping of the Ambidextrous Hands and the
results obtained with tactile feedback driven by PID control are compared with the ones of
other robotic models in Table 5.7. Robot hands for which the grasping time depends on an
HCI, such as data gloves or EMGs, as for [99], [143] or [123] are not taken into account in
Table 5.7. The implementation of an HCI indeed requires a longer process time for the
algorithms, making the control system different from the one described in Section 5.3.1.1.
Half of the maximum overshoots (or errors) taken into account Table 5.7 are considered
when the force target is fixed to 1 N £ 10%, which matches with the data discussed in Section
5.3.1.2. This is the case for the hands [63], [98] and [282], whereas the experiments realised
with the hands [291] and [96] are done with a setpoint of 0.5 N, against a setpoint of 3 N for
[292]. As the thumb of the Ambidextrous Hand is not opposable to the other fingers, the
opposition of other robot hands’ thumbs is also considered. With the exception of [290], each
other robot hand summarised in Table 5.7 grabs objects with a thumb in an opposite position.
Nevertheless, the mechanical architectures of the hands [117], [61], [98] and [101] do not
allow the thumbs to line up with the palm and the other fingers. Their thumbs are therefore
systematically opposite, without being opposable. The Ambidextrous Hand, the hand
designed by S. Nishino et al. [96] and the TU Bionic Hand [290] are consequently the only
models of Table 5.7 that have an anthropomorphic positioning of five fingers with only
thirteen or fifteen DOFs, instead of a minimum of nineteen DOFs for the DLR Hand [281].

Grasping times usually do not exceed 0.25 sec for the models of Table 5.7 designed
since 2012, as for [281], [94], [282] and the Ambidextrous Hand. The grasping algorithm
implemented on the DLR Hand 11 [293], in 2012 as well, explores a totally different method
as the object surface is firstly sampled, before proceeding to the investigations of the best
grasping spots. These spots permit the fingers to grab the object in an anthropomorphic way,
matching with the local curvature of the object. The algorithm is however longer to process,
as it can take up to 30 sec to grab an object. Apart from this case, grasping times are much
longer before 2012, as for the ITU Hand [117], which is driven by SMAs (that have the
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slowest reaction speed among the artificial muscles introduced in Section 2.1.3) and which
has a grasping time of 3.76 sec. The other examples are the hands engineered by S. Nishino et
al. [96], D. Gunji et al. [61] and J.Y. Nagase et al. [98], for which the grasping times are
respectively estimated to 1.0 sec, 0.6 sec and 0.9 sec. The grasping algorithm designed by
J.Y. Nagase et al. [98] is both among the most accurate and the slowest engineered after 2010
in Table 5.7. As for the angular displacements discussed in Section 5.1.3, it is observed that
fuzzy logic allows more precise but slower movements than the ones driven by PID and PD
controls. It is also noticed that, contrary to the papers discussed in Section 5.1.3, PD control
is implemented more often than PID control to grab objects. This is explained because the
grasping time is usually reached in a shorter delay than the full rotation of fingers from open
to close positions. Consequently, as observed in the transfer function of PID controllers
shown in equation (5.36), the integrative term does not have time to become significant and
can be removed from the PID controllers. Results obtained with algorithms different from
fuzzy logic are accurate as well, as they do not exceed 10% of the setpoint for the models
[63], [96] and the Ambidextrous Hand. The DEXMART Hand [282] uses a different system
based on NN, the aim of which being to predict the force applied by the fingertips during the

fingers’ torque reconstruction.
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Table 5.7: Comparison of grasping features between the Ambidextrous Hand and other models,

when the Ambidextrous Hand’s tactile feedback is driven by PID control
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L. Zollo et al. [54], 2007 | 3 |Motors| 10° PD v v N/A | N/A
S. Nishino et al. [96], 2007| 5 |PAMs| 13 | PP | v | v | 10* | 6%
Cascade
D. Gunji etal. [61], 2008 | 2 |Motors| 1 PD v 0.6 | N/A
T. Yoshikawa [292],2010 | 2 |Motors| 4° PID v 0.55% | 22%°
J.Y. Nagase etal. [98], | , |pams | nja | FU22Y |y ¢ | 0.9° | 9o
2011 logic
DLR Hand 11[293], 2012 | 4 [Motors| 16° | N/A | v v 28.7 | NIA
DLR Hand [281], 2012 5 |Motors| 19 | Cascade| v v 0.1 | N/A
Shadow Hand [94], 2013 | 5 | PAMs | 20 PD | v v 0.15% | N/A
Shadow Hand [62], 2013 | 5 |Motors| 20 PID v v 0.15% | N/A
ACT Hand [66], 2013 5 |Motors| 23 N/A v v N/A | N/A
T N”Chkr;gle; al. 1101} | 53 | pams| 3 | NiA v | NIA | N/A
U B'O”'Zcoqg”d (2901 | 5 |Motors| 15 | PID | v 0.208 | N/A
DEXMAF;Bﬂa”d [282]. | 5 |Motors| 20 | NN | v | v | 025|250
Amb'deXtrz"(‘)Jf4Ha”d 4] 5 |pams| 13 | PD | v 020 | 8% |v

# Estimations are made from curves, pictures or videos of the robot hands
® Experiments do not concern grasping but contact tasks
°Only for grasping
9 For a target of 1 N + 10%, whereas the error can exceed 30% for lower force targets

In conclusion, the Ambidextrous Hand has a grasping time and a maximum overshoot

close to the best ones obtained with other robot hands. It can therefore successively grab

objects despite its limited number of DOFs, and it is the only robotic model that can grab

objects with an ambidextrous behaviour, either as a left or a right hand, equally performing

well.
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5.3.2. Tactile feedback driven by bang-bang control

It was observed in [185] that a bang-bang controller was actuating a bipedal walking
robot being cascaded with a Pl controller. This Section aims at implementing a bang-bang
controller on a robot hand actuated by PAMs for the first time. The bang-bang algorithm is

cascaded with a proportional control that is used as an outer loop.

5.3.2.1.  Implementation of the bang-bang control

The bang-bang controller is implemented to make the fingers close around objects
without taking any temporal parameters into account. The algorithm stops itself for each
finger when the force target is reached and does not make the fingers go backward in case of
overshoots. To compensate the absence of backward control, a further condition is
implemented in addition to initial requirements. Indeed, as the force applied by the four
fingers is controlled with less accuracy than with PID loops, the thumb must offset the
possible excess of force to balance the grasping of the object. Therefore, a balancing equation

is defined as:

4
Fimin =Wo + ) Fy (5.39)
f=1
where Fip,;p is the minimum force applied by the thumb, whereas F; refers to the force
applied by each of the four other fingers. W, is an approximate weight of the object to be
grab. It is negligible for light objects but needs to be defined for objects weighing more than
25 N. A more accurate mathematical model would also include the weight of the other fingers
as zjtzlwf, but Fi,,;, always fits with equation (5.39) for light objects. Moreover, as the
summation of Wy is close to 7 N, it does not interfere either with heavier objects, which is
why Wy is not included in (5.39). As for PID control investigated in section 5.3.1, the
phalanges must close with appropriate speed’s ratios to tighten around objects. Therefore, an
approach similar to one of the methods used in [187] is implemented. The bang-bang
controllers of the Ambidextrous Hand are driven by proportional controllers, for which the

coefficients are the same as the ones used in section 5.3.1. A diagram of the bang-bang
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control is shown in Figure 5.15, in which F; is the force set as target and Fy(t) is the force

received from each sensor.

> Pp; controller Bang—bang |
controller
Fet 72\ eft) Bang — b
> 2 >{ Py controller > controller > PAMs
. - Bang — bang
i >|_Pm controller controller | [Fingers

Figure 5.15: Bang-bang loops cascaded with proportional controllers

5.3.2.2.  Results obtained with the bang-bang control

The experimental settings are identical to the ones described in Section 5.3.1, where
the Coca-Cola can is used to evaluate any deformation caused by grasping algorithms. The
results obtained with the bang-bang controller are demonstrated in Figure 5.16. This time, it

is observed in (a) that the can becomes deformed when it is grasped on the left hand side.

A
=—9— Forefinger

—

=li— Middle finger

Force (N)

Ring finger

=>=Little finger

0,1 0,15 0,2 0,25 0,3

Time (sec)

(b)
Figure 5.16: Ambidextrous Hand grasping a can with bang-bang control and force feedback
(a) an image and (b) the force against time for the four fingers

Without the integrative and derivative gains, Figure 5.16 (b) shows that the fingers’
speed barely varies when they start touching the object, as the scopes of the curves are much
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higher as the ones obtained in Figure 5.14 (b), which makes the bang-bang controller faster
than the PID loops. The bang-bang controllers also stop when the value of 1 N is overreached
but, without predicting the approach to the setpoint, the process variables have huge
overshoots. The overshoot is mainly visible for the middle finger, which overreaches the
setpoint by more than 50%. Even though backward control is not implemented in the bang-
bang controller, it is seen the force applied by some fingers decreases after 0.20 sec. This is
due to the deformation of the can, which reduces the force applied on the fingers. It is also
noticed that the force applied by some fingers increase after 0.25 sec, whereas the force was
decreasing between 0.20 and 0.25 sec. This is explained because of the thumb’s adduction
that varies from 7.45 N to 15.30 N from 0.10 sec to 0.25 sec. Even though the fingers do not
tighten anymore around the object at this point, the adduction of the thumb applies an
opposite force that increases the forces collected by the sensors. The increase is mainly

visible for the forefinger, which is the closest one from the thumb.

Contrary to PID loops, it is seen that the force applied by some fingers may not
change between 0.15 sec and 0.20 sec, which indicates the grasping stability is reached faster
with bang-bang controllers. The bang-bang controllers can consequently be applied for heavy
objects, changing the setpoint of F defined in equation (5.39). Experiments showed that
bang-bang control could be applied to plastic bottles, the same way as PID control in Section
5.2.1.

5.3.2.3.  Comparison with other bang-bang controls

The features relative to the bang-bang control implemented on the Ambidextrous
Hands and the results obtained from it are compared with the ones of other bang-bang
controls in Table 5.8. The bipedal walking robot engineered in Vrije Universiteit Brussel and
discussed in [146], [185], [186] and [187] is the only project revealed in the literature review
of Section 2.5.1.2 for which bang-bang control is implemented on a robotic structure driven
by PAMs. Nevertheless, even though the hand designed by Z. Xu et al. [142] is actuated by
air cylinders instead of PAMs, its architecture is much closer to the one of the Ambidextrous

Hand, which is why it is included in Table 5.8 as well.
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Table 5.8: Comparison of bang-bang controls’ characteristics between the Ambidextrous Hand
and other robotic models
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2006 position
. Evaluation
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& Estimations are made from curves
® A number of DOFs and actuators are unused for the bang-bang control

Table 5.8 shows that bang-bang control is not usually implemented on complex

structures, as the Ambidextrous Hand and the two legs discussed in [187] are the only

architectures that exceed ten actuators. The Ambidextrous Hand is also the only robotic

structure in Table 5.8 that has more than ten DOFs. The execution times are not very

significant, given that the aims of the bang-bang controls are totally different from one

project to another; it is nevertheless observed that the execution times never exceed 0.4 sec,

as bang-bang controls aim at making a system switch from one state to another as fast as

possible. The system proves its efficiency for the walking robot introduced in [146], [185],

[186] and [187], but provides a huge overshoot of 53% when it is implemented on the

Ambidextrous Hand.

171




Chapter 5: Control algorithms Emre Akylrek

Consequently, despite the originality of the bang-bang control to grab objects, its
implementation on an ambidextrous device and its grasping time of 0.15 sec (25% shorter
than the one obtained with the PID control), the bang-bang control is not accurate enough to
control the fingertips’ force of the Ambidextrous Hand.

5.3.3. Tactile feedback driven by BSC

BSC compares the system’s evolution to stabilising functions. Derivative control is
recursively applied until the fingers reach the conditions implemented in the control loops. As
the literature review revealed no robot hands driven by BSC, this Section aims at validating
the possibility to control such a mechanism using BSC. An exception can almost be found in
[296], as the paper discusses a robot manipulator with 5 DOFs controlled by BSC but, in
addition to not being a hand with 13 DOFs, the mechanical system is actuated by DC motors,
for which the dynamics are totally different from PAMs.

5.3.3.1.  Implementation of the BSC

The first step of the BSC consists in tracking the error e, (t) defined as:

‘31(t)] l Ff(t)]

e1<t) —F(©) (5.40)

where F, is the force put as target and F(t) is the force received for each finger. The stability

of this close loop system is then evaluated using a first Lyapunov function defined as:
1 2
Vi(ey) = Eel (t) < Fgmin (5.41)

Vi(er) = e,(6) x &,(t) = —F¢(t) * e, (t) (5.42)

The force provided by the hand is assumed not being strong enough as long as e?/2
exceeds a minimum grasping force defined as Fj,,;,. In (5.42), it is noted that é;(t) # 0 as
long as F(t) keeps varying. Therefore, V1(e;) cannot be stabilised until the system stops
moving. Thus, a stabilising function is introduced. This stabilising function is noted as a

second error e, (t):
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e2(t) = k= é.(t) (5.43)

with k a constant > 1. e, (t) indirectly depends on speed, as the system cannot stabilised itself
as long as the speed carries on varying. Consequently, both the speed of the system
and e, (t) are equal to zero when one finger reaches a stable position, even if Fy(t) # F,.
k aims at increasing é; (t) to anticipate the kinematic moment when é, (t) becomes too low.
In that case, the BSC must stop running as F¢(t) is close to F;. Both of the errors are

considered in a second Lyapunov function:
1 2 2
Vy(ey,e;) = 2 (ei (t) +e3(t)) < F; (5.44)

Vz(ellez) = e;(t) * é1(t) + ex(t) * é,(t) (5.45)

where F, defines a stable force applied on the object. This second step allows stabilising the

system using derivative control. Using (5.43), (5.45), can be simplified as:
Va(er,ex) = é1(t) * (e (t) + ké; (1)) (5.46)

The whole BSC process is illustrated in Figure 5.17. According to the force

feedback Fy(t), the fingers’ positions adapt themselves until the conditions of the Lyapunov

functions (V, V;) and (V, V,) are reached.

N

Rt /N el | [V1]< [Fgmml]

/,\/\/ 1}1 Fgminz
Fe(t a
]|k >{ PAMs
~ [V2]< FSI
ey(t) Vol |Fs, N
Fingers
|

Figure 5.17: Diagram of the backstepping controller
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5.3.3.2. Results obtained with the BSC

The experimental settings are identical to the ones described in Section 5.3.1, where a
Coca-Cola can is used to evaluate any deformation caused by grasping algorithms. The

results obtained with the BSC are demonstrated in Figure 5.18.
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(b)

Figure 5.18: Ambidextrous Hand grabbing a can with BSC and force feedback
(a) an image and (b) the force against time for the four fingers

Contrary to PID and bang-bang controllers, Figure 5.18 (b) shows that the fingers
tighten much slower around objects using BSC. On another hand, the BSC also provides
more flexibility than the two controllers previously experimented. This is explained because
the target of the BSC is not only based on force feedback, but also on speed’s stability. Even
though the fingers provide enough force to grab the can at 0.30 sec, the system carries on
moving until 0.40 sec. Therefore, it is also noticed that the BSC is longer to stabilise than PID
and bang-bang controls. The force collected for the thumb at the end of the experiment is
13.10 N, which is a value close to the one obtained with the PID control. It can also be noted
that the fingers’ speed is slower using BSC, as none of the sensors collect more than 0.80 N
after 0.15 sec. The higher speeds of the PID and bang-bang controllers are respectively
explained because of the integrative term and the lack of derivative control.
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5.3.3.3.  Comparison with other BSCs

The features relative to the BSC implemented on the Ambidextrous Hands and the
results obtained from it are compared with the ones of other BSCs in Table 5.9. Some robotic
structures actuated by motors are included in Table 5.9 as well, as their number of DOFs is
closer to the one of the Ambidextrous Hand and some of their BSCs are related to force
control. The maximum errors are also indicated, even though its meaning differs between the
BSC of the Ambidextrous Hand and the other ones. Indeed, the errors obtained with the
Ambidextrous Hand and the manipulators [294] and [295] are the only ones that can be
defined as overshoots. In other cases, the BSC react as a SMC, the aim of which being to
make its sliding phase closer to a variable referencial state. The maximum errors most often
refer to positions, such as in [202], [296], [297], [299] or [197], but also to lengths, such as in
[199] or [207], or to angles, such as in [294] or [298]. BSCs related to force control aim at
defining a force trajectory in [300] or stabilising manipulators’ trajectory in [295]. Thus, the
BSC of the Ambidextrous Hand is the only one designed to control the force applied by a

robotic structure instead of by an actuator and to grab objects.
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Table 5.9: Comparison of BSCs’ characteristics between the Ambidextrous Hand and other
robotic models
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5] @ S o ¥ | |3 s |8
o] o .g Z ': Bss < L E
g | 2| = = . <
C.-YSuand. Mani- Trajectory a 0
Stepanenko [294], 1997 | pulator Motors control None | N/A|N/A| 0.3 | 10%
P. Carbonell et al N/A, PAM’s
' [199], 2001 ' single | PAM | length | None |N/A| 1 | 2.4° | 8%°
' PAM control
N/A, PAM’s
P. (Egg;‘]’”ggoelt Al | single | PAM | length Flgzlzg NA[ 1| 7| 1%
’ PAM control g
. Force and
D. Nganya-Kouyaetal. | Mani- | -\, n | " oocition | None | 4 |N/A| 9° | N/A
[300], 2002 pulator
control
Lotfazar et al. [296], | Mani- Motors Trajectory None | 5 5 9 N/A
2003 pulator control
Mani- Force and
S.-H. Wen [295], 2007 N/A | position | NN |N/A|N/A|1.9% | 9%®
pulators
control
H. Aschemann and D. |Parallel Position a oa
Schindele [202], 2008 | robot PAMSs control None | 2 4103 4%
M.R. Soltanpour and Mani- Traiector
M.M. Fateh [299], oy | Motors J |y SMC | 2 |N/IA| 7.6% [<10°%"
2009 pulator contro
X. Liuand A. Liadis |Parallel Position | Fuzzy
[298], 2012 robot Motors control | logic 2 2 | NIA T N/A
L. Qin et al. [297], Arm N/A Trajectory sMc | 6 IN/Al 045t | 2042
2014 control
H. Aschemann and D. . Position a 0
Schindele [197], 2014 Axis | PAMs control None | 1 2 4 1.4%
Ambidextrous Hand Force ¢ c 0 v
[41], 2014 Hand | PAMs control None | 9 | 14" | 0.37 4%

4 Estimations are made from curves
® Results are obtained through a simulation
“Four DOFs and four actuators are unused for the BSC

As for bang-bang-controls and SMCs, Table 5.9 shows that BSCs are usually

implemented on structures with less than five DOFs, such as manipulators, arms or parallel

robots. The Ambidextrous Hand is the only robotic structure of Table 5.9 that has more than

ten DOFs (even though the BSC is only implemented on nine of them), which is about the

double of the manipulator [296] and the arm [297], which respectively have the second and
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third higher number of DOFs of Table 5.9. Moreover, it is noticed that the number of DOFs
does not exceed two when the other BSCs are implemented on structures driven by PAMs.
The BSC of the Ambidextrous Hand has an execution time of about 0.37 sec, which is one of
the shortest of Table 5.9, with [294] and [202], which both have execution times estimated to
0.3 sec, as well as [297], which has an execution time of 0.45 sec. However, the maximum
error of 4% for the Ambidextrous Hand’s BSC is much higher than the ones obtained with
the practical results introduced in [207], [297] or [197]. The control algorithms introduced in
[297] therefore appears to be ones of the most efficient of Table 5.9, as the arm has 6 DOFs
and the BSC is both among the fastest and the most accurate. Nevertheless, the BSC of the
Ambidextrous Hand is the only one that is implemented on an ambidextrous structure and

which is used to grab objects.

In conclusion, the implementation of the BSC on the Ambidextrous Hand is quite
successful, as the obtained results are among the best of Table 5.9. Nevertheless, its grasping
time of 0.37 sec is 85% slower than the grasping time obtained with PID control in Section
5.3.1, and also much slower than the grasping times of most of robot hands summarised in
Table 5.7, such as [280], [281], [94] or [282]. Consequently, the BSC is not the best option to
grab objects with the Ambidextrous Hand.

5.4. Comparison of the four algorithms relative to force control

The different behaviours observed for the algorithm of Section 5.2.2 and the three
algorithms of Section 5.3 are summarised in Table 5.10. Because of its implementation, the
SMC differs to the three other algorithms on a number of points. First, the algorithms to
which the SMC is combined do not run in parallel but in different times, the PPSC making
the transition between the SMC and the two PID controls introduced in Section 5.1.
Secondly, the percentage of overshoot is not applicable for the SMC, as, because of the way
the SMC is implemented on the Ambidextrous Hand, its aim is precisely to have an overshoot
(or to cross the sliding surface) to grab objects (its high sensibility is still proved by the
experiments of Section 5.2.2.2). Finally, the grasping and settling times are the same for the
SMC. The grasping time represents the time at which the object is grabbed, whereas the
settling time represents the time at which the algorithms stop running and at which the fingers

stop adjusting their positions. Thus, in case of the SMC, the grasping time and the settling
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time are the same because, as for bang-bang control, no backward control is implemented.
However, the grasping and settling times are different for the bang-bang control. Indeed,
because of the bang-bang control’s low sensitivity, the force applied by the fingertips carries
on increasing even after the object is grabbed.

Table 5.10: Comparison between the four algorithms relative to force control

Graspi Algorithms | Averaged | Averaged % | Averaged | Averaged | Averaged
rasping R IR > .

algorithms to which it is | rising time of # of grasping settling

g combined (sec) overshoot | oscillations | time (sec) | time (sec)
SMC PID, PPSC 0.20 N/A 0 0.23 0.23
PID NN 0.16 5.3% 0 0.20 0.25
Bang-bang | FOPYIOM! | 0,10 40% 0 0.15 0.20
BSC NN 0.29 2.3% 0 0.37 0.39

The best performances are reached with SMC and PID control, as they are both

among the fastest and the most accurate ones of Table 5.10.

Bang-bang control is the fastest algorithm but it is also the less efficient one. It is
indeed not smooth enough to adapt itself to the shape of the objects and can crush them. As
introduced in section 2.5.1.2, the shooting function of the bang-bang controller is usually
regularised by additional controllers, which is why it is cascaded in [185] and [187].
However, bang-bang control can be used to grab heavy object. The higher is the PAMs’
pressure, the slower the PAMs contract, which is why their elasticity automatically opposes

itself to the shooting function effect in that case.

BSC may be the most accurate algorithm, but also the slowest one. As for PID
control, BSC permits the fingers to adapt to the shape of objects with backward movements.
Nevertheless, because of proportional and integrative controls, PID loops have the
advantages to make the fingers move faster, which is why Table 5.2 and Table 5.7 revealed
that a high number of robotic hands are driven by PID controllers. The combination of PID
control with SMC is also the reason why the rising time is reached so fast with SMC. As for
conventional SMC, BSC depends on derivative and double derivative controls. This is the
reason why the grasping time is much higher with the BSC, as this one is not combined with
proportional or integrative controls. Therefore, it takes almost 0.40 sec for the fingers to
stabilise themselves with BSC, against 0.23 sec for SMC, 0.25 sec for PID control and 0.20
sec for bang-bang control. Indeed, as for SMC, the main advantage of BSC is its ability to
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regulate nonlinear actuators. This is the reason why these two algorithms receive feedbacks
from pressure or position sensors, as in [199], [202], [102], [203] or [197]. Nevertheless, in
the case considered in Section 5.3, the feedback is received from force sensors directly
implemented on the mechanical structure instead of the actuators themselves, as in Section
5.2.

The advantages and the inconveniences of the Ambidextrous Hand’s SMC and PID
control are summarised in Table 5.11. The main points concern the price of sensors, already
discussed in Section 5.3, and the differences of implementation. It is observed in general that
SMC is easier to implement from a mechanical point of view, whereas PID is easier to
implement from an algorithmic point of view. Pressure transducers are indeed implemented
in the pneumatic interface, whereas force sensors have to be implemented inside the
mechanical structure of the hand. On another hand, the implementation and the calibration of
grasping algorithms receiving feedback from force sensors is indeed much faster than the
ones receiving feedback from pressure transducers, as the hysteresis of PAMs does not need

to be taken into account with force sensors.

Table 5.11: Advantages and inconveniences of SMC and PID control

Grasping

algorithms Advantages Inconveniences
-Eases the mechanical architecture | -Pressure transducers are more
of the hand (additional wires do not | expensive (about six times the price
need to be routed inside) of force sensors)
-Eventual repairs or replacements | -The pneumatic and electronic
SMC are easy (sensqrs and wires are interfaces are bulkier
(Section 5.2.2) dlreptly accessible) -Ca_m take up to 3 hrs to be
o -Objects can be detected at any calibrated

points of the finger -Backward control is not included
-Totally unique use of the in the algorithm (but can be
algorithm implemented separately)

-Is about 15% slower

-Force sensors are cheaper (about -Complicates the mechanical
one sixth of the price of pressure architecture of the hand (additional

transducers) wires must be routed inside)
-The pneumatic and electronic -Eventual repairs or replacements
interfaces are smaller are made difficult (sensors and
PID control . . . -

(Section 5.3.1) -C_an be calibrated in less than 10 wires cannot be accgssed without
min opening the mechanical structure of
-Backward control is directly the hand)
included in the algorithm -Objects must be in contact with
-Is about 15% faster the force sensors

-Very common use of the algorithm
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Despite the differences between the two algorithms, Table 5.11 shows that both of

them can be implemented and used in future stages of the project.

The right and left behaviours of the Ambidextrous Hand can also be combined to grab
objects in atypical positions, as shown in Figure 5.19. As for the ambidextrous behaviours
illustrated in Figure 5.4 (c) or (d), such gestures cannot be reached by human hands. The
Ambidextrous Hand can therefore be considered as an artistic project as it illustrates an

epistemological rupture, which is a common purpose of contemporary arts [6].

Figure 5.19: Ambidextrous Hand grabbing a can combining left and right behaviours

5.5. Chapter summary

This Chapter has introduced a number of control algorithms specifically adapted to
the Ambidextrous Robot Hand.

First, the angular displacement of the ambidextrous finger was controlled using a
PPSC switching between two types of PID controllers, the first being tuned with conventional
gain constants and the second one with dynamic coefficients. The results revealed an
accuracy and an angular speed close to the ones of other robotic models, but with an

ambidextrous behaviour.
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Secondly, the grasping abilities of the Ambidextrous Hand were considered
connecting a SMC to pressure and angular feedbacks. It allowed controlling the force
provided by the ambidextrous fingers without any force sensors and grabbing objects. No
SMCs have been used in a similar way in the past.

As the pressure transducers were too expensive to be implemented both on the right
side and on the left side on the hand, the third part of this chapter consisted in investigating
other grasping algorithms receiving feedback from force sensors. Three algorithms, which are
PID, bang-bang and BS controls were analysed on this point. A NN was combined to these
grasping algorithms as a safety mechanism, in case objects are in contact with parts of the
fingers not covered with sensors, the implementation of which being explained in [289].
Despite the originality of bang-bang and BS controls on a robot hand, the best results were
obtained with PID control, commonly used in robotics. It permitted a fast and accurate
grasping of objects, as for other robotic models, whereas bang-bang control was inaccurate

and BSC was too slow.

The four grasping algorithms were compared to each others in the final part of this
Chapter. SM and PID controls revealed similar results, showing that the grasping abilities of

the Ambidextrous Hand can be achieved both with pressure transducers or force sensors.
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Chapter 6: Conclusion

This thesis has covered the development of the Ambidextrous Robot Hand engineered
in Brunel University, from its early prototypes designs to advanced control algorithms. The
three main novel pieces of work introduced in this thesis are the unique ambidextrous design
for a robot hand discussed in Chapter 4, control algorithms specific to the mechanical
structure of the robot hand described in Chapter 5 and the online remote control access

introduced in Chapter 3.

Initially, the theoretical knowledge necessary to start the project was introduced in
Chapter 2. The Chapter included mechanical designs of robot hands and discussed the
differences specific to the different types of actuators. It was observed that PAMs, the
actuators that are implemented on the Ambidextrous Hand, have an excellent ratio between
strength and weight, a short reaction speed and add flexibility to robotic systems. However,
the non-linearity existing between the air pressure and the force they provide complicates the
design of control algorithms. Their implementation also implies a number of PAMs often
twice higher than the number of DOFs, whereas some other actuators, such as motors or

SMAs, permit to actuate one DOF each.

As robot hands controlled by PAMSs are not numerous, other structures controlled by
PAMs, such as arms or legs, were also investigated. Thus, their control algorithms could be
explored as well. It was revealed that PID controllers were widely used to drive robotic
systems. It was also observed that nonlinear algorithms, the main ones being SMC and BSC,
are often implemented on robotic arms, axes or parallel robots, but have never been
implemented on hands driven by PAMs. Additionally, IA-based algorithms, and mainly NNs,

are often combined with feedback or nonlinear algorithms to control robotic structures.

Chapter 3 discussed the feasibility study of the project. The pneumatic and electronic
interfaces were described before designing prototypes of a number of ambidextrous fingers
made of Meccanos. The different behaviours of these prototypes were analysed and improved
until reaching an ambidextrous range, almost twice higher than the ones of other robotic
fingers. The final prototype had two DOFs (flexion/extension of the proximal phalange and
flexion/extension of the medial and distal phalanges, for which the movement is coupled) and
was driven by four PAMs. A feasibility study about control theory was also presented. A
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conventional parallel form of PID controllers was used to control both the angular motion and
the force applied by the best prototype of ambidextrous fingers. The implementation of PID
loops was successful in both cases. The robotic system was then connected to a unique
remote control platform, discussed in [31]. The RCI is accessible from the website of the

project, based on TCP/IP, and provides a streaming video as feedback.

Chapter 4 introduced the progress of the project achieved between the actuation of a
single finger made of Meccanos and the actuation of a whole ambidextrous robot hand made
of 3D printed pieces. The discussion mainly concerned the choice and the calibration of
sensors, the design of a testbench and the upgrades of the electronic and pneumatic interfaces,
as the upgrade of the mechanical architecture of the robot hand is described in [254]. The
testbench was designed to test more advanced prototypes of ambidextrous fingers. Contrary
to the tests performed in Chapter 3, the pressure of PAMs and the force they provide are
collected when the prototypes are moving. The testing revealed that pressure feedback was
more reliable than PAMs’ force feedback to work in coordination with angular displacement.
Therefore, the holding structure of the robot hand did not need to incorporate load cells,
which simplified the mechanical architecture of the forearm. Based on testing’s observations,
the best prototypes were chosen to achieve an ambidextrous hand of thirteen DOFs actuated
by eighteen PAMs. In addition to its ambidexterity and its wide range, the design is made
even more original by an asymmetrical tendon routing, allowing controlling the
flexion/extension of each finger (except the thumb) with three PAMs instead of four. Because
of this reduction of PAMs, the Ambidextrous Robot Hand has a ratio between its number of
DOFs and its number of actuators higher than the one of a number of robot hands driven by
PAM:s.

Chapter 5 described the algorithms engineered to control the Ambidextrous Robot
Hand and that are implemented on the hardware system discussed in [255]. The control
algorithms must take the ambidextrous range, the asymmetrical tendon routing and the
nonlinearity of PAMs into account. PID controllers similar to the ones engineered in Chapter
3 could control the global angular displacement of fingers, but gain constants needed to be
turned into dynamic coefficients when the finger was reaching a position close to vertical. A
PPSC was therefore designed to switch the gain constants of the PID controllers to constant
or to dynamic coefficients according to the fingers’ position. The combination of PID control
and PPSC was thus achieved for the first time on a robot hand. Tests revealed that, in

addition to the ambidextrous behaviour, the angular accuracy and the angular speed are
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higher than the ones obtained with many other robot hands, and among the very best ones for

robotic structures driven by PAMs or with asymmetrical tendon routings.

Different force controls were also investigated. The first one consisted in an SMC
controlling the force applied by the fingers according to pressure and angular feedbacks. The
SMC was designed taking the PAMs’ hysteretic behaviour and the side of the hand into
account. It was revealed that the Ambidextrous Hand could grab objects with accuracy,
despite the limited number of DOFs of its thumb. It was also the first time an SMC was
designed to grab objects and to control the force provided by a robotic structure without any
force feedbacks, by crossing the sliding surface defined by the algorithm. Next grasping
algorithms aimed at reaching the same results from fingers’ force feedback. Three algorithms
were designed for this purpose, in collaboration with [289]: PID control, bang-bang control
cascaded with a proportional controller as an outer loop and BSC. Each of the control
algorithms was adapted to the nonlinear tendon routing of the Ambidextrous Hand and
combined with a NN that was taking the force feedback of other fingers into account, in case
objects would not be in contact with force sensors. The implementations of a bang-bang
control and a BSC in such a context were totally unique, but none of them reached the
expected results, as the bang-bang control was not accurate enough and BSC was too slow.
Best results were therefore achieved with conventional PID controllers, for which the
grasping force was among the most accurate and the fastest among the robot hands, but
achievable both on left and on right sides. The results obtained with PID control driven by
force feedback were very close to the ones obtained with the SMC driven by pressure and
angular feedbacks. The main differences concern the implementations and the price of
sensors. In the first case, PID controllers permit a simpler algorithmic implementation and
cheaper sensors, but complicate the mechanical architecture of the hand as additional wires
must be routed inside. In the second case, the calibration of the SMC is much longer and the
sensors are much more expensive, but the control algorithm is much more original and
additional wires do not need to be routed inside the mechanical architecture of the hand. Both

solutions are possible for next stages of the project.
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6.1. Recommendations for further study

The following recommendations are put forward for further study of the remote-

controlled Ambidextrous Hand Project.

Two observations concern the choice of material. Some was chosen before the design

of the Ambidextrous Hand and, consequently, does not exactly match with its characteristics.

The first of these observations concern the length of PAMs. Indeed, the Ambidextrous
Hand’s PAMs are 300 mm long and can contract up to 8 bars, but the pressure never
overreaches 4 bars, as such a pressure is enough to reach the extreme ranges of the fingers or
to grab objects. Shorter PAMs can consequently actuate the robotic structure. Shorter PAMs

would inflate faster, and therefore increase the movement’s speed of the fingers.

In case the SMC would be implemented again on shorter PAMSs, the inequations that
trigger the SMC would need to be modified as a consequence. The behaviour of the fingers’
angles against PAMSs’ pressure would need to be observed again and a linear function would
not be applicable any more. Instead of, a rational function, or the sum of a linear function and
an exponential function with a power variable smaller than one can certainly be used to hug

the nonlinear behaviour of PAMs.

Secondly, the pneumatic circuit is currently connected to the air compressor with a
hose tail barb of an ID of 4 mm. Hose tail barb with an ID of 6 mm or 8 mm, combined with

the adequate pneumatic equipment, would also permit increasing the speed of the system.

More interactions could also be possible connecting the robot hand to devices such as
data gloves, or to the HGR and EMG interfaces which are currently under development. HGR
does not require any hardware from the side of the user and would therefore be compatible
with the Ambidextrous Hand’s website’s RCI, contrary to EMG that requires electrodes and
electronic interfaces. Thus, the client developed on Qt4 discussed in Chapter 3 would be

compatible and useful for the EMG interfaces.

Concerning the mechanical behaviour, the grasping abilities would be more
anthropomorphic if the thumb had at least four DOFs, one of them permitting opposable
movements. Additional wires would also need to be routed inside the mechanical architecture

for further experiments involving force sensors.
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Finally, the possibilities of movements could be increased if the Ambidextrous Hand
were connected to a wrist and to an ambidextrous arm. Therefore, mechanical parameters
should be investigated, especially to choose the dimensions of the PAMSs driving the arm. The
electronic and pneumatic interfaces would also need to be upgraded as a consequence. Fixing
these interfaces close to the elbow’s level would shorten the length of the pneumatic tubes

connecting the solenoid valves to the PAMs and thus, increase the speed of the system.

The coordination of movements between the hand and the arm can possibly be
achieved using the same kind of algorithms that coordinate the movements of fingers.
Feedback or nonlinear algorithms can therefore be combined with NNs to control the parallel

movements of such a structure.
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