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General Introduction

Duchenne Muscular Dystrophy

Duchenne Muscular Dystrophy (DMD) is a progressive muscle disease. It af-
fects mostly boys, approximately 1 in 3500 to 6000 living births, but there are
also some rare cases of girls having DMD. DMD is caused by defective muta-
tion in the Dystrophin gene on the X-chromosome. This defect result in that
Dystrophin is non-existing or present in very low amounts; < 3% of the normal
amount. Dystrophin is responsible for binding the F-actin at the outermost
layer of myofilaments of the muscle cells to the Dystroglycan complex at the
cytoskeleton, supporting the strength of the muscle cells. Without it stiffness
of the muscle cell will be lower, resulting in the increase of sarcolemmal deform-
ability and a worse mechanical stability of costameres. Also muscle fibers are
easier damaged which will eventually result in degradation of muscle into fatty
deposits and scar tissue.

DMD follows a certain path during the disease. As age grows the degradation of
the muscle will takes place in a specific order from the larger proximal muscles,
such as the hip, thigh and the shoulder muscles, towards the smaller distal
muscles, such as the lower arm muscles. Also stiffness of the joints and pain will
get worse with a growing age.

Usually DMD gets noticed at a young age; usually symptoms occur before the
age of 5. At this age boys with DMD show a combination of symptoms like
enlarged claves, the need of using the arms to stand up (Gowers sign), and
difficulty with walking.

Between the ages of 6 and 12 degradation of the leg muscles continues up to
the point where they become wheelchair dependent. Because of the wheelchair
dependency and the muscles of the back getting weaker troubles with Scoliosis
can occur. Also the shoulder muscles start to become less strong and arm
movement gets more difficult.

Between 10 and 16 years of age also the larger muscles of the shoulder and
upper arm are weakened quickly. With the use of assistive devices for the upper
extremities some level of movement is still possible. In the next few years of
the disease also the smaller distal muscles will be affected, but some hand and
finger functionality is still present.

Usually around the age of 20 cardiac and respiratory muscles are also affected.
Artificial ventilation at night and later on 24 hours a day is needed. In the end
cardiac failure will become fatal for most people with DMD. Around half of the
people with DMD will reach an age in the 30s.



At this point there are no medicines to prevent or cure DMD. Treatment is
symptomatic and can consist of corticosteroid injections to reduce the speed
of muscle deterioration, assistive devices to keep some level of movement and
possibilities to do things themselves, and physiotherapy to keep the stiffness of
the muscles lower resulting in a bigger range of motion (ROM) and less pain.
Artificial ventilators can be used to help breathing.

Research Reasons and State of the Art

With increasing life expectancies for DMD men, upper extremity function be-
comes more important. People with DMD will live with impaired upper ex-
tremity function for over 15 years. If left unsupported DMD men may be seri-
ously limited in upper extremity activities and restricted in social participation
for the same period of time.

The limitation of functionality and activity level of the upper extremities starts
around the age of 11 in a stage of the disease that can be called the late ambu-
latory stage. Research from Janssen et al. (2014) shows that tasks that can also
be related to table top activities are giving problems in the daily life of people
with DMD. In the late ambulatory and early non ambulatory stages reaching to
and lifting objects is the task that creates most problems in daily life. This is
followed by getting dressed and writing. When the disease progresses to the late
non ambulatory stage also a shift in problematic tasks is seen. Eating and pre-
paring food, drinking, personal hygiene, and using the computer become most
problematic in daily life. Overall eating and preparing food is the activity that
causes most problems in daily life due to upper extremity impairment. This
is followed by getting dressed and the table top related reaching to object and
writing. In every stage of the disease where upper extremities cause problems
table top related tasks are a part of that.

Although people with DMD experience large impairments of the upper extremit-
ies assistive devices are barely used. The cause of this could be that there are
only a limited amount of commercially available devices for supporting the up-
per extremities and that these few devices do not comply with the demands of
the users. They do not cover the wanted range of function and activity, do not
give natural support, and mostly are too visible. This is in contrast with the
two big wishes of people with DMD regarding assistive devices. These wishes
are that the assistive device can give natural support to the upper extremities
and is inconspicuous.

Commercially available devices usually can be used in the 3D workspace that is
limited by the ROM of the user. They have of the possibility to move the arm
of the user in the vertical direction with passive or active support, but for the
movements in the horizontal plane there is no support. In this plane the devices



heavily rely on friction minimisation. The result is that they become less usable
when disease progresses due to higher muscle stiffness and very weak muscles of
the men and boys with DMD, and friction losses of the non-ideal components
of the device. In case of actuation in the vertical direction the preload for the
elastic elements can be adjusted or height can be controlled by using a switch to
power the actuators. Most of these devices are clearly visible and recognisable
as arm support. Examples of current commercially available devices for the
upper extremities are the MAS and the WREX (Jaeco Orthopedic, USA), the
Darwing, the Sling (electric) and the Top/Help (electric) (Focal Meditech B.V.,
The Netherlands), and the Armon Ayura (Microgravity Products B.V., The
Netherlands).

To enlarge the usability of the device and to get natural arm movement for the
user, external forces should be applied to the arm. Therefore active actuation
for movement of the arms is needed. A big problem with this is that for active
actuation the needed actuators will make the device more visible.

Next to the commercially available devices that can be used at home or on
a wheelchair, there are a lot of actively actuated research and rehabilitation
devices. These devices are more specific to a task or purpose and therefore
differ more in design. For example the MIT-Manus is actively actuated in the
horizontal plane (2DOFs) for the arms and can have a wrist extension which
actuates another 3DOFs. It uses impedance control to calculate the forces
given to the user by the actuators. Its purpose is training and rehabilitation
and therefore it does not have to be inconspicuous and the bar linkage over the
table can be clearly seen. Another rehabilitation device that also really visible,
is the HapticMASTER (Moog B.V., The Netherlands). It can actively control
the position of the user in the 3D workspace by using admittance control. It is
a stand-alone device consisting of a series of three actuators.

A device that shows that active actuation causes a greater visibility is the
WREX with active actuation. Two series elastic actuators are added to act-
ively support shoulder and elbow movements of the user. Force input is used to
control the devices and therefore the users movement. The actuators are quite
large, therefore making the size of the device bigger and less inconspicuous.

Fully actuated exoskeletons for the upper extremities, to assist arm movement,
can support every movement of the arm in every direction. Usually six or more
DOFs are actively actuated and can be controlled with force or EMG input
of the user. Problems with the user can occur if the joints of the exoskeleton
and the user are not properly aligned. The linkage and actuators cause the
exoskeleton to be clearly visible.

An active assistive device that is close to commercial availability and is already a
lot more inconspicuous than the fully actuated assistive devices, is the McArm
(Focal Meditech, The Netherlands). It is an exoskeleton type of device that



supports all movements in the 3D workspace. Several more DOFs are available
for alignment issues. The user needs to put the arm in an arm cup, where the
force of user is measured and an appropriate amount of force is added by the
actuators to make the movement as natural as possible. The device can be
mounted to wheelchair and although it is a lot more inconspicuous, it is still as
clearly visible as the non-actuated commercially available devices.

It can be concluded that none of the discussed devices comply with both of the
wishes of people with DMD. Therefore a new device will be developed, which is
called the ActInArm.

Design of the ActInArm is part of the Flextension project. The Flextension
project is there to develop an inconspicuous assistive device that gives natural
support to the upper extremities. It is a body worn passively actuated exoskel-
eton that can be worn underneath clothes, therefore making it inconspicuous.
After the passively actuated device an actively actuated device was the next
step. A one degree of freedom elbow device for assisting eating and drinking is
already made. This device is actively actuated and multiple types of control to
let the device give natural support to the arm are researched. To extend this
research a two degree of freedom actively actuated device that gives natural
support in the 2D horizontal plane is the next step.
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Abstract—Men and boys with Duchenne Muscular Dystrophy
(DMD) suffer from a progressive muscle disease causing the
skeletal, respiratory, and cardiac muscles to deteriorate, leading
to loss of independent ambulation, loss of upper extremity func-
tion, and breathing and heart problems. The loss of movement
of the upper extremities causes a lot of problems in daily life
and table top related tasks make up a big part of this.

A big wish from boys and men with DMD is have an
inconspicuous assistive device that can give natural arm support.
Current commercially available devices do not comply with these
wishes and do not cover the complete range of function and
activities.

The main goal of the novel device, the ActInArm, is to give
active arm support in a planar surface from an inconspicuous
device so that boys and men with DMD can move their arms
again.

The ActInArm is an inconspicuous device that consists four
big parts: a hollow table, the actuators, an arm cart, and a
magnetic coupling. Inside the hollow table the two actuators that
move an end effector in the horizontal plane are positioned. On
top of the table’s surface there is an arm cart in which the user
can lay their arm in. The movements of the end effector of the
actuators and the user’s arm are coupled over distance by the
magnetic coupling. One magnet is attached to the end effector
and one to the arm cart. Movement of the arm cart is controlled
by the user’s own intention, giving a natural feeling.

Implementation of the ActInArm concept showed that a
user could move its own arm intentionally over a workspace
of 410mm - 260mm with very little muscle effort. By hiding the
actuators inside the table and replacing the table many boys and
men with DMD already have on their wheelchair, the ActiInArm
can be considered to be inconspicuous.

I. INTRODUCTION

Duchenne Muscular Dystrophy (DMD) is the most common
muscular dystrophy affecting 1 in 3500-6000 living male births
[L]. DMD is caused by the absence or defect of the dystrophin
protein [[1]. Defective mutations in the dystrophin gene result
in progressive degeneration of skeletal, respiratory and cardiac
muscles leading to loss of independent ambulation in the early
teens, followed by the development of scoliosis and loss of

Fig. 1: The ActlnArm, a novel design of an actively actuated
inconspicuous arm support.

upper extremity function. The life expectancy of boys with
DMD has improved substantially due to improvements in care,
drugs and the introduction of home care technology. As a
result, currently there is a considerable group of adult DMD
patients living with severe physical impairments and a strong
dependency on care [2].

A special characteristic of DMD is that patients lose the ability
to move their arms due to the weakening of proximal muscles,
while distal muscles, such as hand and finger muscles, remain
less affected [3]. Therefore, DMD patients can benefit from
devices that support the arm movement taking advantage of
the user’s residual hand function and proprioception.

Commercially available assistive devices, like the Top/Help,
the SLING (both Focal Meditech B.V., The Netherlands
[4]105]), and the MAS (Jaeco Orthopedic, USA[6]), have the
capability to move in the 3D space. They support the weight
of the arm with elastic elements, but mostly are non-actuated
in the 2D horizontal plane and therefore heavily rely on
friction minimization. Because of this these devices become



insufficient at the last stages of the disease, when patients can
barely produce any force to overcome the friction with their
muscles [7][8].

Therefore, adult DMD patients can potentially benefit more
from active arm supports, which are able to provide the
assistance that adult patients need for the performance of basic
activities of daily living.

However current actively actuated devices, such as the MIT-
Manus [9] and research exoskeletons (e.g. WREX, Jaeco
Orthopedic, USA[10]), are simply not usefull in daily life due
to their size. Also they are not used by boys and men with
DMD because of their presence.

In an international survey [11]] it was concluded that for boys
and men with DMD table top related activities, like reaching
to objects, writing, and using the computer, belong to activities
that caused most problems in daily life. The same research also
concluded that effective and adequate aids as well as attention
for pain and stiffness in therapeutic management could help
to reduce upper extremity activity limitations and restrictions
in social participation.

A big wish from boys and men with DMD is inconspicuous
of these assistive devices [12]][13]. The earlier stated examples
are not inconspicuous and therefore do not comply with this
wish.

The main goal is to actively support the arm movement of boys
and men with DMD in a planar surface so they can move their
arms again.

The novelty of this assistive device, the ActInArm (Fig. E]),
is that it will actively support the arm movements and does
comply with the big wish of boys and men with DMD, to
have an inconspicuous assistive device.

II. REQUIREMENTS AND IMPLICATIONS
A. Workspace and Degrees of Freedom

The required workspace can be determined with anthropomet-
ric data [[14][15] and workspace analysis (human linkage) [14].
With this data the normal working area (NWA) the area you
can easily sweep with your hand can be determined. Tasks
like writing using the computer are conducted within this area.
The area of reaching tasks can be described by the zone of
convenient reaching (ZCR) (Table [[). For boys and men with
DMD the NWA and ZCR will be a bit smaller due to stiffer
joints.

To move an arm over the planar workspace at the endpoint
3 degrees of freedom are needed. Two for the position in the
plane and one for the orientation of the forearm, because the

TABLE I: An approximation of the dimensions for the differ-
ent application areas for two arms. Origin is at the crossing
point of the midian plane of the human body with the table’s
edge.

X-direction Y-direction

Area . .

min max min max
NWA -500mm  500mm Omm 400mm
Writing task -250mm  250mm 50mm 300mm
Reaching task (ZCR) -800mm  800mm Omm 550mm

orientation of the fore arm is a unique solution of the position
of the shoulder and the lengths of the arm segments.

B. Inconspicuousness

As stated earlier, one of the key aspects of the device is
its inconspicuousness. This is a big wish for people with
DMD [12][13]. To make this device inconspicuous actuators
need to be hidden or really small. Also the human machine
interface, where the arm is connected to the device, needs to
be barely visible. This puts a boundary on the dimensions of
the necessary parts. Also the thickness of the table needs to
be as small as possible.

Because boys and men with DMD are wheelchair bounded
the maximum width of the device is limited to the dimensions
of the wheelchair and the dimension of everyday obstacles
one will interact with, like doors and hallways. Therefore the
maximum width of the device may not be larger than 800mm.

C. Power

To actively assist the movement of the users arm a source of
force is needed. This force is will generate a movement and
thus a velocity. The maximum needed force is determined by
dynamic data from heathy subjects and is set to 10N. The
maximum velocity will be set to 100mm/s for safety reasons.

D. Safety

Safety is an important requirement of the machine and should
always be guaranteed. Because the users have high skin
sensitivity and cannot generate enough force by themselves to
detach from the machine the acceleration should be smooth,
and the maximum force and velocity should be limited. Also
there should be a possibility to limit the workspace so the
joint extremities of the user cannot be reached. Finally the
user should be able to stop the machine at all times with an
emergency stop button.



III. CONCEPTUAL DESIGN

The concept of the ActlnArm consists of a hollow table
in which all the active components, such as the actuators
and the controller, will be placed to get the desired level
of inconspicuousness. The end effector describes a planar
workspace and is actuated by two perpendicular actuators. On
top of the table’s surface there is an arm cart where the user
can lay their arm in. The movements of the actuators and the
arm cart are coupled to each other with two magnets. One at
the end effector of the actuators and one on the arm cart at
the user’s side (Fig[2).

/User's arm

X arm

T

cart with
magnet
Wl

\
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il Table
K dmagne " surface
magnet
End effector >
with magnet F
actuators

Fig. 2: The concept of arm movement with the ActinArm. The
actuators exert a force (Flcruators) On the end effector with the
magnet that will start moving. This causes the conceptual line
through the magnets centers to be under an angle, resulting
in a force component acting on the arm cart in the direction
of the end effector’s movement. Before the arm cart with the
user’s arm starts moving (x) drag force (Fy) of the arm cart
on the table has to be overcome. The stiffness (ky,qgnes) and
damping (d,qgnet) Of the magnetic coupling are dependent on
the distance between the magnets at the arm cart and the end
effector.

A. Arm placement

Placement of the arm in the arm cart it is important for
a correct working of the complete device. To give enough
support and stability to the arm, and to be comfortable for the
user, the radius of the arm cup corresponds with the radius of
the users forearm and the length is such that the fore arm stays
horizontal. Placement of the fore arm in the arm cart is such
that the centre of mass of the arm lies inside the boundaries
of the arm cart (Fig. 3).

\

-

Fig. 3: The center of mass of the arm should be between the
wheels of the arm cart (depicted by the striped lines).

B. Magnetic coupling

The magnetic coupling couples the users arm and the actuators
below the table surface with two magnets. It releases the
rotational degree of freedom and therefore the orientation of
the arm is always correct and does not have to be controlled. It
is important that the stiffness between the two is high enough
so the arm stays coupled to the actuators while moving. To
enlarge the interaction between the two magnets, cups of high
permeability material are made to redirect the magnetic field
through the cups rather than through the air. An advantage of
shaping the magnetic field is that the field can be contained in
a smaller area so interaction with ferromagnetic materials and
electronics will be reduced significantly and the device will
be safer to use (Fig. @).
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strength between two magnets without and with cups of high
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[16].
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IV. IMPLEMENTATION

The designed assistive device can be divided into four main
parts; 1. The table, 2. The Actuators, 3. The magnetic interface,
and 4. The arm cart (Fig. 5).

Magnetic
Interface

Fig. 5: A 3D CAD impression of the ActlnArm concept.
The table top and two wooden frame parts have been made
transparent to make the actuators below the table top visable.

A. Mechanics and actuation

To make movement of the end effector in the horizontal plane
possible two actuators that are perpendicular to each other
are used (Fig. [6). Each actuator consists of a stepper motor
(Oriental Motors PKP223D15A-L, Oriental Motors Co. Ltd.,
Japan) that drives a lead spindle (Tr12x3). The lead spindle
and stepper motor are connected to each other with a 3d
printed flexible coupling. The dimensions of the lead spindle
are determined using the critical speed calculations of
the spindle and the maximum force the stepper motors could

deliver.

Ball transfer units
Magnet cups |

Arm cart

Table surface St
epper

Magnets

End effector L Flexible ol

coupling
Spindle i |

Fig. 6: A 3D CAD impression of the drivetrain of the Actln-
Arm prototype.

The arm cart is an arm cup that is supported by four ball
transfer units (515-0-14, Alwayse Enginering Ltd., England).
The diameter of the cup is 70mm, has a length of 120mm,
and is padded with a soft foam material. The arm cart holds a
permanent magnet at the bottom’s center to be coupled with
the permanent magnet that is attached at the end effector of
the actuators. Both magnets have a steel cup around them to
redirect the magnetic field. This makes the stiffness of the
couple higher and reduces the risk of attracking metal objects.

Stiffness of magnetic interface
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Fig. 7: The measured stiffnesses of the magnetic interface with
(dashed red line) and without (solid blue line) a load of 2kg in
the arm cart. The distance, is the horizontal distance between
the two magnets.

The stiffness of the magnetic interface is maximally 2.2N/mm

(Fig. [7).
B. Sensors

To sense the position of the end effector at the actua-
tor side, potentiometers (X-direction: SP-L-0500-103-3%-ST,
Y-direction: SP-L-0400-103-3%-ST, Spectra Symbol, USA)
in combination with wipers(WP-M6-01-03-014-DI, Spectra
Symbol, USA) are used. For sensing the user intention
an Olimex EKG/EMG shield (SHIELD-EKG-EMG, Olimex
Ltd., Bulgaria) is used in combination with snap connector
EKG/EMG cables (SHIELD-EKG-EMG-PRO, Olimex Ltd.,
Bulgaria) and gel electrodes. All the sensors send their ana-
log signal to a microcontroller (Arduino Mega2560, Arduino
Project, Italy) where it is digitalized with a sampling frequency
of 100Hz into a 10-bit value .

C. Control

EMG control, from each muscle the raw EMG signal is filtered
to get a smooth control signal. Filtering is done by using
a digital second order high pass Butterworth filter at 3Hz,
retification of the signal, and using a second order low pass
Butterworth filter at 20Hz.

From one muscle pair the signals are subtracted and nor-
malized with the maximum voluntary isometric contraction
(MVIC). This signal is the input for a virtual model to
get the desired velocity and direction. The desired velocity
is expressed as a frequency of pulses where every pulse
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Fig. 8: The result of the validation. Plotted are the position of
the end effector (top) and the normalized EMG signal, MVIC
(bottom). Targets were positioned at 250mm and 400mm.

represents one step. The stepper motor driver (Big Easy Driver
v1.2, Schmalz Haus LLC, USA) controls the step resolution
of the stepper motor. With this type of control the arm of a
healthy subject could be moved with little effort (Fig. [8).

To measure the bandwidth of the ActlnArm prototype a
sinusoidal input as desired velocity is chosen. The position
output is logged with the potentiometers and differentiated
once to get the output velocity. Transfer function is from
desired velocity to output velocity.

V. VALIDATION

A. Workspace

The actively supported workspace of the end effector is
410mm by 260mm. This workspace is larger than is needed
for table top related tasks like writing and using the computer.
Also for tasks like reaching for objects the workspace is
large enough, because the fore arm and hand of the user are
enlarging the workspace of the assistive device.

B. Inconspicuousness

Although the outer dimensions of the device are quite large,
800mm - 600mm - 55mm (width - depth - thickness), and the
table is clearly visible, it can be said that it is inconspicuous.
This because the table most people with DMD have on their
wheelchair is also quite large and will be replaced by the
ActInArm which is of approximately the same size. Also the
actuators of the device are hidden, giving the user the idea that
they make the movement themselves because the only moving
things are the arm and arm cart. This also makes the device
more inconspicuous.

C. Power

Although the intended maximum velocity and the maximum
force are not met with the implemented materials (F,qr =
78N £ 0.8N, vy = 28.8mm/s) the power of the device
supports movements of a user (Fig. [§). Movements using
less than 0.SMVIC can be considered to be easy to execute,
where the MVIC using the ActlnArm stayed below 0.1. The
maximum force is measured at the arm cart. The magnetic
coupling, which is the dominant factor in the stiffness and
maximum force, reduces the maximum force applied to the
user.

D. Safety

The implemented magnetic coupling is the dominant factor in
the maximum force the user could experience. The arm cart
will decouple from the actuators at forces exceeding F g, =
7.8N £ 0.8N. With a maximum acceleration and deceleration
of around 100mm/s? in normal working conditions, the force
acting on the users arm will stay well below the maximum
force.

It was measured that with the magnetic cups at the magnetic
coupling the area in which attraction of metal objects occurred
stayed within the outer dimensions of the arm cart.

E. Bandwidth

The bandwidth of the ActInArm prototype is around 3Hz (Fig.
[9). Healthy humans require a control bandwidth of 1 — 2Hz
newly introduced actions, repetative actions a bandwidth of
2 — 5Hz [18]. For people with DMD a bandwidth of 3Hz
should be enough to make newly introduced and repetative
movements using the ActlnArm prototype.

VI. CONCLUSIONS AND FUTURE WORK

Combining all the results from the implementation and val-
idation it can be concluded that the conceptual idea of the
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Fig. 9: The frequency response functions (FRF) of the assistive
device in the X- and Y-direction (Gain, & Gain,). The FRFs
are the open loop functions from the desired velocity to the
measured velocity and are measured without a load in the arm

cart.

ActlnArm works. The device can be considered inconspicuous
and actively supports movements of the arm in two degrees of
freedom over a workspace of 410mm by 260mm. This could
be seen by the low amount of muscle activation during the
movement (Fig. . With a measured bandwidth of 3Hz, newly
introduced and some repetative action could be performed by
a user using the ActInArm.

However, the drivetrain used in the prototype was causing a
few problems like non smooth movements due to missed steps,
sound issues, and a lower than expected velocity due to the
needed amount of pulses per second from the microcontroller.
These issues can all be tackled when the stepper motors are
replaced by permanent magnet DC motors.

Verification of the ActlnArm prototype is done with a healthy
subject. To be sure that the device actually works for men and
boys with DMD there should be clinical testing with this target
group. Within this test multiple control methods as proposed
by Lobo-Prat [19] can be tested to have the most suitable
control for this device.
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General discussion

Benefits for people with Duchenne Muscular Dystrophy

With the ActInArm people with DMD have an assistive device with active actu-
ation that is inconspicuous and gives natural support to the upper extremities
during table top related activities. Because of this, drawbacks other devices
have, like unnatural arm support and a high visibility, do not longer exist.
Therefore, the ActInArm is more likely to be accepted and used in daily life.

Although it cannot be concluded that the ActInArm works at people with DMD,
it can be discussed that the result of moving with little muscle force using a
healthy subject is also applicable for the target group of the device. The target
group of the ActInArm are people with DMD that are in the later non ambu-
latory stages of the disease where active support of arm movement is beneficial.
But, also people with DMD that are in the earlier stages of the disease can
use the device. The ActInArm can be used by people with different arm sizes
without many changes to the device. For comfort reasons the arm cart could
have different dimensions. Also the control type and controller gain, how much
support will be given by the ActInArm, is adjustable.

The type of control is adjustable, because it is still unknown what type of control
is best and because the best type of control is dependent on the users feeling.
Next to the already implemented EMG-input for the controller, the ActInArm
is also suitable to use user force as a control input to the device. However, using
force as an input could be problematic with users that can only produce low
forces because friction of the arm cart with the table must be overcome before
the active assistance is applied to the users movement.

The custom sized arm cart, and the adjustable control type and controller gain
are there to maximize the sensation of natural arm support experienced by the
user and to make the devices usability as high as possible.

The inconspicuousness of the device and the sensation of natural support should
allow for a higher acceptance and more frequent usage of the ActInArm. Arm
movement of people with DMD can be seen as therapeutic. Therefore, as a
result of more frequent usage of the device the effects of the deterioration of
the upper extremity muscles could have a little bit less influence on the daily
lives of boys and men with DMD. This means that there could be some positive
benefits regarding pain, stiffness of the joints, and the range of motion of the
upper extremities.

With the ActInArm some of the activities that give the most problems like
reaching to objects, writing, using the computer, playing video games/control
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TV /using telephone, and using books can be performed again. The part of the
people with DMD saying that one of these activities causes the most problems
in daily life is around one third of the total DMD population. Also other activ-
ities like play and crafts, and controlling the wheelchair are table top related
activities and these can also be performed again by the men and boys with
DMD themselves.

The inconspicuousness of the ActInArm and the regained ability of the boys and
men with DMD to move their arm and performing activities again by themselves,
take some social limitations away. By taking some of these social limitations
away, social participation can be greater which could have a positive effect on
the well-being and quality of life of boys and men with DMD.

Comparison to the State of the Art

Compared to commercially available and the state of the art in assistive devices
for the upper extremities the ActInArm differs in a number of points.

Two of the features of the ActInArm that are new to assistive devices are the
combination of active actuation with inconspicuousness of the device and the
magnetic coupling between the actuators and the arm of the user.

In the current commercially available devices and state of the art, active actu-
ation results in a device that can be easily noticed. The other way around is that
the existing inconspicuous assistive devices only have passive actuation at most,
not giving enough arm support at the later stages of the disease. To achieve
active actuation with the ActInArm in an inconspicuous way meant that the
actuators needed to be hidden and could not be directly fixed to a mechanism
that is directly attached to the arm. This resulted in the replacement of a fixed
coupling by a flexible coupling based on magnetics. Such an implementation of
a magnetic coupling between the actuators and the users arm in the assistive
devices application has not been done before.

Although the ActInArm is quite large (800-610-55mm) in comparison with the
other devices and can be seen quite easily, the positioning of it and the hidden
actuators makes it inconspicuous. The ActInArm replaces an existing table
most boys and men already have on their wheelchair. Therefore, it looks like
there is no visible external force acting on the users arm. All the other assistive
devices are an addition to the wheelchair and the arm of the user. Therefore,
these devices can be regarded as conspicuous.

Regarding degrees of freedom and workspace the ActInArm has less DOFs and

a smaller workspace than most other assistive devices for the upper extremit-
ies. The ActInArm has two actively actuated DOF's for the movement in the
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horizontal plane and one passive DOF for the orientation of the users arm. The
arm cart of the ActInArm is actuated over a workspace of 410mm - 260mm.
However, the reach of the user is bigger than this workspace because of how the
forearm of the user is positioned in the arm cart. Other devices usually have
the possibility to move the arm in a 3D space and use at least 3DOF for move-
ment in this space and more DOF's to account for alignment and orientation
purposes. Workspaces of the devices are usually limited by the users ROM or
safety features for the user in case of active actuation.

Comparing actuation of the commercially available assistive devices with the
ActInArm it shows that the ActInArm and the McArm are the only devices
with active actuation in the horizontal plane. They both actuate an endpoint
in this plane, so alignment of the arm segments does not have to be controlled.
The other commercially available devices are non-actuated in this plane and rely
on friction elimination. From the research and rehabilitation devices most of
the actively actuated ones have actuation in horizontal plane. The exoskeleton
types actuate the joints of the user wearing the device resulting in assistance
of movement in any direction. The actuation power of the drivetrain as im-
plemented in the ActInArm is less than most of the other actively actuated
devices.

The ActInArm can be controlled by either user force or the implemented EMG
of the users muscles. With this input a set point velocity and direction of
movement are determined. In other actively actuated assistive devices several
types of control are used, such as admittance control, impedance control, EMG-
control, and joystick control. The control inputs for these systems include forces
applied by the user, movement of the arm, activation signals of the muscles
(EMG), and joystick movement.
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A Introduction

Duchenne Muscular Dystrophy (DMD) is a progressive muscular disease with
a prevalence of 1 for every 3500 male births [I]. Girls can be a carrier of the
gene mutation that causes DMD and there are some rare cases that girls also
have DMD. DMD is caused by a gene mutation at the Xp21 Locus of the X-
chromosome which is responsible for the production of Dystrophin [2]. The
result is that little or no functional Dystrophin is produced which causes the
muscles to deteriorate. Between the age of 6 and 10 years muscle power decreases
progressively [3]. This decrease of muscle power will first occur at the bigger
proximal muscles e.g. upper legs, upper arms, shoulders than proceed toward
the smaller distal muscles e.g. wrist, fingers and also the respiratory muscles
and the heart will be affected [I]. Most boys will be wheelchair dependent at the
age of 14 years [3]. When the shoulders and upper arms muscles are weakened
that much that the patient cant perform activities of daily living (ADL), the
patient will be dependent on caretakers and assistive devices.

An assistive device that gives the patient more freedom and independency of
caretakers will improve the quality of life [I] [3]. This can be done with an
assistive device that supports the arm such that the patient can use the arms
again for ADL. Such an assistive device is called an orthotic device. There are
some assistive devices available for the arm. These devices can be divided into
several groups: 1) robotic manipulators, 2) passive orthoses (non-powered), 3)
active orthoses (powered) and 4) functional electrical stimulation (FES) [1] [4].
For DMD patients only of assistive devices are useful. The devices of the first
group that have been developed and are commercially available are devices that
are usually mounted on the wheelchair of the patient and act as an extra arm
that can be controlled by means of a remote control. These devices wont give
the user a sensation of using their own arm again. Users prefer an inconspicuous
device that gives a natural support and also a wearable device is preferred for
assistance in ADL [I]. The devices of the second group arent extremely useful if
the patient is in the stage where muscle deterioration is so bad that the patient
cant even use residual strength to easily position their arms towards a desired
position. The commercially available devices of the third group are rare and for
most of these devices flexion and extension of the elbow isnt actuated or needs
to be actuated by means of a remote control [I] [3].

To give DMD patients more independence an active two degree of freedom
assistive device that supports the arm in the horizontal plane is going to be
developed, designed and implemented. Application of this device is to support
the arm of the patient for writing and drawing purposes. Such an active assistive
device could also help the patient reaching the arm to grasp something on a
nearby desk or to easily hover over a keyboard such that for example typing a
letter becomes easier. The ability to write and draw again could give the patient
the feeling of a better quality of life.
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A.1 Main Goal of the Thesis

Main goal of the research is to support the movement of the arms of people with
Duchenne Muscular Dystrophy (DMD) in the 2dimensional horizontal plane
over an area of 400mm by 250mm.

This will be done through the development of an actively actuated assistive
device that will actively actuate two degrees of freedom (2 DOF). The actuators

of the assistive device amplify the force the user can generate. Result is an easier,
less fatiguing movement for the user.

A.1.1 Research questions

To reach the main goal of the thesis, the following research questions can be
asked.

e What is Duchenne Musclular Dystrophy?

e How can the daily life of people with Duchenne Musclular Dystrophy be
improved?

e How are the arms of people with Duchenne Muscular Dystrophy affected?
e What is the State-of-the-Art in assistive devices?

e What is the workspace of an arm?

e What are critical requirements for assistive devices?

e How to make the assistive device suitable usable for people with DMD?
e What kind of functionality does the device need to have?

e What kinds of user interfaces are suitable?

A.2 Theory

A.2.1 Duchenne Muscular Dystrophy

Duchenne Muscular Dystrophy is a progressive muscle disease, that affects ap-
proximately one in 3500 male births. It is a genetic mutation of the Dystrophin
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gene, located at the x-chromosome at location Xp21.2-p21.1. Because it is loc-
ated at the x-chromosome the mother is the carrier of the disease. The genetic
mutation causes that verry little or no dystrophin is produced. Dystrophin is a
protein located between the outer layers of the myofilaments(myofiber) and the
cell membrane(sarcolemma) and is a structural component of muscle tissue.

A healthy skeletal muscle consists of a bundle of Fascides, which are a bundle
of muscle cells. Each muscle cell consists of a sarcolemma and within this sar-
colemma there are a number Myofibrils surrounded by sarcoplasmic recticulum
and mitochondria. A sarcomere part of the myofibril concists of three parts; a
thin filament (made primarily from actin), a elastic element (made from titin),
and a thick filament (made primarily from myosin).

Thin {actin flamant

+
Elasiic {itin} Haments —<

Thick {myosin) famant

Nuclei

Myofibuil

Figure 1: A 3D rendering of a skeletal muscle fiber [5]

When looked closer at the Dystrophin-Glycoprotein complex, a part of muscle
cell, it can be seen that the outer layers of the myofilaments(myofiber), through
F-actin, and the cell membrane(sarcolemma) are connected by Dystrophin [2| a
structural component of the muscle tissue. It is needed to maintain cell structure
and without it the muscle cells will not operate properly, suffer from progressive
damage and will eventually die causing scarr tissue. Besides that Dystrophin is
needed to connect the myofiber to the sarcolemma, it also responsible for the
reduction of muscle stiffness.
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Fig. 1. Schematic diagram showing relation between the cytoskeletal protein dystrophin, the dystrophin-associated protein complex in the
membrane, and the extracellular matrix. (A) Normal muscle. (B} Dystrophic muscle. (Adapted from Davies & Nowak 2006.)
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Figure 2: The difference between a healthy muscle cell (A) and a muscle cell of
someone with DMD (B). It can be seen that when there is no Dystrophin the
F-actin of the myofiber is not attached to the sarcolemma. [0]

Knowing this it is easy to see that the lack of Dystrophin at people with DMD
results in the loss of muscle strength, deteriorating muscles, and higher stiffness
of the muscles and thus difficult or no voluntairy movement at all.

A.2.2 Development of Duchenne Muscular Dystrophy

As stated before Duchenne Muscular Dystrophy is a disease that has a pro-
gressive character. It starts at the large proximal muscles, e.g. the legs, the
shoulders and upper arm, and continuous with the smaller distal muscles. At
later stages of the disease ventilation and is needed [4
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Usually DMD can be detected at young ages, i.e. diagnosis of the disease is up
to the age of 7. Typical signs are:

e Hard time lifting the head or having a weak neck

e When standing up, shows the Gower’s maneuver (Fig
e Has enlarged calves, i.e. pseudohypertrophy

e Not walking by 15months

e It is hard to walk, run, or climbing the stairs

e Walks with the legs apart

e Walks on the toes and waddles

e Walks with a pointed out chest

Gowers Sign

Using hands
to push on legs

to stand ;
A

Figure 3: A typical example of Gowers’ sign [7]
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In the transition stage of the disease, i.e. between the ages of 6 and 9, the
muscles of the person with DMD will get weaker. It will become harder to walk
and to keep balance. Most will still have use of their arms and hands, but it
could become more difficult to lift objects. Also fatiguing can become an issue,
what results in the need for support for moving over longer distances.

The continuously weakening muscles cause the next big step in the disease, i.e.
the loss of ambolation and therefore becoming wheelchair bound. This happens
to most people with DMD around the age of 13. Also the upper arms and trunk
may need some kind op support. For most DMD patients the fingers can still
be used and therefore they can still write and use a computer. The weak back
muscles and being seated most of the day can result in scoliosis symptoms.

When people with DMD reach their adult stage, the disease is usually pro-
gressed to the heart and the respiratory muscles, i.e. the lungs. This results in
ventilation is needed. First only at night and it progresses to 24 hours per day.
The heart gets enlarged which is dangerous. These two types of complications
are usually the reason for the death of people with Duchenne.

In the last few decades better medicine and improved cardiac and respiratory
machines have caused the life expactancy of people with DMD to grow. Reach-
ing the age of 30 is becomming more normal and there are even known cases of
persons that are making it into their 40s and 50s [§] [9].

0 3 10 15 20 25 30

| |

| Walking problems |
l |

| Wheel chair - skeletal deformity

| Very limited use of arms |

| Ventilation at night

| Ventilation 24hrs |

| Death |

DMD patient age

Figure 4: A timeline of the different stages of Duchenne Muscular Dystrophy.

[10]

24



A.2.3 Treatment of Duchenne Muscular Dystrophy

Until now treatment of DMD is symptomatic, meaning that there is no cure
for this disease. Omnly thing that is working right now is corticosteriod (i.e.
Prednisolone, Deflazacort) injections. This only makes the disease progress
slower. Other (experimental) treatment can consist of:

e Physical theraphy helpful to maintain muscle strength flexibility function

e Non jarring movements (e.g. swimming) are encouraged for muscle flex-
ibility

e Respiratory support to support breathing is important at later stages of
the disease

e Use of orthopedic appliances to improve mobility and ability self care

e Beta blockers to help the heart relax

e Beta2-agonist to increase muscle strength

e Exon skipping to ’skip’ the DMD exon that is missing and to couple the
remaining exons again to make a milder form of muscle dystrophy (e.g.
Becker).

e Stem cell transplant

e Replacement gene therapy with Ataluren (PTC124) or Eteplirsen (AVI-
4658)

A.3 Workspace analysis

To determine what the range of motion (ROM) for the to be designed assistive
device should be, a workspace analysis of the intended user’s should be made.
The intended user’s are people with Duchenne Muscular Dystrophy who can be
put in Brooke scale 5 and 6. These are the stages where the arm can’t be moved
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but the finger still can. Normally these scores on the Brooke scale are reached
in later stages of DMD. Ages of people with DMD Brooke scale 5 and 6 range
from the beginning teens up to adults. Therefore for the workspace analysis
anthropomorphic data for adult males [I1] is used.

Within the user’s ROM certain areas can be distinguised. First the zones of
convinient reach, i.e. everything within arm’s length, can be determined by the
arm length of the user (Fig. [5). The other area is the normal working area of
the arms and is dependent not only on arm length, but also on table height, i.e.
vertical distance between the shoulder and table surface. This normal working
area is the area that can be described by a comfortable sweeping moment of the
upper limb around the shoulder with a elbow flexion of 90° or a little less (Fig.

SP section TP section

Figure 5: Zones of convenient reach (ZCR) [I1]
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Figure 6: Construction of the normal working area (NWA) [I1]

With the anthropometric data of adult males [I| the dimesions of the convinient
reach zone and the normal working on the table surface can be determined.

Table 1: Estimates of anthropometric data of Dutch adults aged 20-60 used in
the calculation of the normal working space. Measurements are in mm.

Male
Dimension P5 P50 P95
Sitting shoulder height 570 620 670
Upper limb length 750 805 860
Biacromial shoulder breadth 385 410 445
Abdominal depth 245 310 375
Shoulder-elbow length 340 375 405
Elbow fingertip length 455 490 525
Shoulder grip length 635 685 735
Hand length 180 195 210

To estimate the elbow grip length, not given in [I1], 2/3 of the hand length is
subtracted from the elbow fingertip length. The estimated elbow grip length
than is 335mm (P5), 360mm (P50), 385mm (P95). When looked at the DINED
data of the elbow grip length [I2] the made estimation is good enough.

The zone of convenient reach is determined by the shoulder grip length, and
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the horizontal and vertical distance between the shouder and the table surface.
The horizontal distance between the shoulder and the table is taken as half of
the abdominal depth. The vertical distance between the shoulder and the table
is approximately 300mm. The coordinates of the zone of convenient reach can
be calculated as follows:

. 1
XZC'R = lshoulder—grip . 603(9) : sm(ﬁ) + §lbia. breadth

YZCR = lshoulder—grip . 603(9) : COS(ﬁ) - labd. depth

Where

houlder—tabl
(9—&TCSZTL( srowcer—ta e) (1)

Ghoulder grip
lbza breadth )

m = aresin <
21 shoulder—grip

bd. depth
arccos < = L ) +m

shoulder grip

n2
ﬂ:

The normal working area is determined by the elbow-grip length, the biacromial
shoulder breadth, and the abdominal depth. The shoulder rotates through 90°,
i.e. the upper arm in front of the user towards the side of the user. The
comfortable outward rotation of the forearm is limited from 25° to 90° flexion
of the elbow. This result in that the angle of the forearm is bounded at 65°
from the table edge. In the normal working area the forearm is parallel to the
table surface. The coordinates of the normal working area can be calculated as
follows:

1 ) . 1

XNwr = §labd. depth * sm(ﬁ) - lelbow—gm’p : SZ?I(O( - 'Y) + §lbia. breadth
1 .

Ynwr = §labd. depth * Cos(ﬂ) + lelbow—grip : 5”7'(0‘ - '7) - §labd. depth

Where
lbia. breadth >

a = arcsin (
2lelbowfg7‘ip

28



NWA and ZCR of Dutch adults
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Figure 7: The normal working area (NWA) and zone of convenient reach (ZCR)
over the table surface of the 5%, 50", and 95" percentile of Dutch adult males.

The calculated areas (figure [7]) are for healthy people. People with Duchenne
Muscular Dystrophy probably have a smaller normal working area and a smaller
zone of convenient reach due to stiffer muscles and contractures at the extremit-
ies of the shoulder and elbow joints of the arm.

A.4 Excisting research and designs

There are quite a lot of assistive devices on the market to help movement of
the arm [I] [4]. As stated before in subsection |[A] on page these devices
can be categorised in several groups; robotic manipulators, passive orthoses
(non-powered), active orthoses (powered), and functional electrical stimulation
(FES). On their turn the passive orthoses can be devided in non-actuated and
passively actuated devices.

Most devices do not actively help with extension and flexion of the elbow joint,
but reseach [13] [14] shows that this could be beneficial for people with DMD.
Devices that acitive help flexion and extension of the arm are the Darwing,
McArm,

Focus here is more on the passive and active orthosis because robotic manip-
ulators are more of an extra arm and do not give the user’s arm a natural
support and FES is not working well and can be painfull for the user. In the
non-powered and powered orthosis several types can be distinguished.
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Figure 8: The Focal Meditech sling [T5].

The sling type assistive devices consist of a sling where the user can put their
arm in. This sling is attached to cables that run through an overhead arm that
can rotate in the base. For the vertical support there are non actuated, passively
actuated and actively actuated systems that make raising and lowering the user’s
arm easier. For the movement in the horizontal plane friction is minimized or
eliminated. Sling type support devices are not inconspicuous and quite large.
Examples of sling type devices are the passively and actively actuated Sling of
Focal Meditech [I5][16] (Fig. |8 the non actuated Nitzbon’s Mobility Arm|[17],
and the Swedish Help Arm [I8].
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Figure 9: The MAS of Jaeco Orthopedic [19].

The most commercially available assistive devices are the bar mechanism types.
Examples of theis type of assistive devices are the Jaeco Mobile Arm Support
(MAS) [19] (Fig. [} the TOP or TOP/Help of Focal Meditech [20], the Dy-
namic arm support [2I], the Neater Arm Support(NAS[22], and supports like
the Ergoarm [23].

Bar mechanism type orthosis consist of a linkage system that support the arm in
vertical direction with an arm cuff. If they are actively actuated, it is mostly in
the vertical direction (i.e. height). The assistive devices that do not have active
atuation in the horizontal plane the focus is on minimising or eliminating friction
in this plane. Therefore movement in this direction could still be verry hard
for people with Duchenne Muscular Dystrophy, although the gravity support
makes movement easier than without it.

The exoskeletal type orthoses are mostly actively actuated and will support
every arm movement if needed, but in general these devices are bulky, not
commercially available, and not usable in daily life. Exoskeletal types of support
devices have body worn linkages with joints that have to be aligned with the
joints of the user to minimize unwanted joint forces and moments. Actuation
to support the user’s movement is mainly done at the joints. The actuation can
either be passive, i.e. with springs, or active, i.e. with actuators.
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Figure 10: Prototype of the Flextension orthosis [24].

An example of a passively actuated exoskeleton that is inconspicuous and small
is from the Flextension A-Gear Project [24] (Fig. Examples of bulkier
passively actuated types are the Wilminton Robotic EXoskeleton Arm (WREX)
[25] (also as active powered type) and the wearable Cable Driven Exoskeleton
[26]. Actively actuated systems are for example the LIMPACT [27] and the 7
DOF powered exoskeleton of the University of Washington [2§].

Types of revalidation devices that could be changed to support devices are
the Technalia Arm Support[29] and the well-known MIT-MANUS[30]. The
Technalia Arm Support is a cart like structure where the user can lay their arm
in. To be able to move in any direction on the table it uses three omnidirectional
wheels. To train arm movement motion is made more difficult by braking the
omnidirectional wheels. The MIT-MANUS consists of a four bar mechanism

with two motors is the base to make the user’s planar arm movement more
difficult.

A.4.1 Useful steering signals

An overview of the most used user input signals for actively actuated assistive
devices is given here. These signals are the input for the control system of
the device. The decribed input signals are still measurable at people that have
Duchenne Muschular Dystrophy and can be put in Brooke scale 5 or 6, although
some signals are easier to produce for them than others.

One of the most used input signals in assistive devices is a joystick signal.
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The user needs to move a stick like manipulator. The device will move in the
direction the manipulator is moved to and the amplitude will determine the
acceleration, velocity, or force/torque the device will apply to the user.

User force can also be used as an input signal. The force the user applies to the
device will than be measured by a force sensor. The direction the user applies
the force will be the direction the assistive device will move to. The amount of
force is a measure for acceleration of the end point of the device. Force as an
input can be combined with several control strategies. For example proportional
control or admittance control can be used. With proportional control the force
applies is a measure for the amount of acceleration. With admittance control the
measured force is fed through an admittance model, i.e. a virtual model where
mass and damping can be added/determined, and where a reference position or
velocity will be send to the controller of the assistive device.

Another usefull input signal could be an electromyography(EMG) signal. This
is the electric activity produced by the skeletal muscles. Although in the later
stages of Duchenne skeletal muscles are deteriorated this signal could still meas-
ured at one person that was 22 years old and in a late stage of DMD [31]. The
EMG signal is used to estimate the joint torque. To make the EMG signal from
the user useful it needs to be processed. There are many types of classifiers
used for the estimation of muscle joint torques like the Hill type model [32], ar-
tificial neural-networks [33], and fuzzy logic [34]. Lenzi [35] has showed that is
also possible to do a simpler proportional torque estimation because the human
controller is highly adaptable and therefore can compensate for errors in the
torque estimation. With the estimated torque a desired acceleration, velocity,
or position can be determined.

Acquiring sonomyogram (SMG) signals looks a bit like the acquisition of EMG
signals. Both measure signals produced by the muscles. The difference is that
EMG measures the electric signals and SMG measures the change in muscle
thickness using ultrasound. As with EMG, SMG signals can be used to estim-
ate joint torque. The estimated torque can be used to determine a reference
acceleration, velocity, or position.

To use displacement as an input signal for the controller the user first need to
move their arm with the attached assistive device before assistance is provided.
This means that friction needs to be very low or not present for people with
DMD to use the device. With displacement as input a force or torque to support
the movement of the user is determined by the controller. Displacement as
control input is mostly used for rehabilitation devices.
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B Method

B.1 Function analysis

To determine all the functions the assistive device needs to cope with. This is
done with a black box approach. The inputs - the user’s arm, the wheelchair,
and energy - and the output - a moving arm in the horizontal plane - are known
and everything within the black box are steps to accomplish the output with
the inputs. A flowchart of the black box model is shown on page

The functions of the black box can be devided into three systems, namely the
mechanical system, the control system, and an energy system. The mechanical
system on its turn can be devided into four subsystems - the arm-machine
interface, the attachment, the configuration, and the drivetrain.
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B.2 Program of requirements

The requirement are devided into two parts. A section with only the critical
requirements are stated and one with all the other requirements. The critical
requirements are the requirements that are really important for the design of the
assistive device. Without these requirements a good design will be compromised.
Of course more requirements and wishes for the design of a assistive device can
be thought of.

B.2.1 Critical requirements
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B.2.2 Other requirements and Wishes

e Functional

e Needs to fit different arm sizes

e Stiffness of the device needs to be high

e The device needs to have a low weight

e Working time of the device need to be ;8h without recharging or likewise
e Device need to mimic normal arm movement
e Device needs to be quiet

e Device needs to be corrosion resistant

e Usability

e Device does not make wheelchair bigger

e Control of the device needs to be intuitive

e Device needs to be comfortable

e Device needs to be easy to clean

e Device needs to be easy to transport

e Safety

e A smooth acceleration profile is needed

e Device has no sharp edges

e No unintended movements are possible

e Device needs to be back drivable

e Device doe not have gaps where clothes can get stuck
e Cost

e Production costs need to be low
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Environmental

No hazardous materials will be used
Wishes

No lubrication is needed

Device can be mounted to multiple types of wheelchair/tables/other sur-
face

Lifespan of the device is j10years

Maintenance is low

Device should be easy to manufacture

Parts of the device should be easily replaceable
Device has low environmental impact

Device should satisfies with law requirements
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B.3 Morphological chart

A morphological chart is a chart in which for every function, found in the
function analysis, solutions are found. To create a concept from such a chart
one or more solutions for every function are chosen and combined into one
solution/concept. The chosen combination of solutions needs to be sequacious
to produce sensible concepts which probably will work. The morphological chart
for this project can be found on the nexr pages.
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Function

Arm machine
interface

e Receive arm
e Hold arm

e Release degrees of

freedom (DOFs)
e Gravity support
Configuration
device

e Cover workspace
e Position DOFs
e Connect DOF's

Drivetrain
e Actuate DOFs

Limit F, v
Limit x
Transmit F, x, v

Attachment
wheelchair

e Position device
e Attach device

e Incline device

Control device

e Acquire input
signal
Filter signal
Control DOFs

Limit control
signal
Acquire feedback

signal

Energize device

e Store energy

e Supply energy

Solution 01

Cuff
Exact fitting
Flexible element

Device itself

2x Rotational (RR)
in series

User’s joints (in
horizontal plane)
Fixed frame

Electric motors

Brakes
Length device
Direct drive

Underneath
worktable
Tube clamps

Rotational joint

EMG

Threshold

EMG + Admittance
control

Limit force in model

Force

Battery
Electric wires

Solution 02

Mechanical system

Bracelet
Strap(s)
Rotational joint

Magnet(s)

RR in parallel

User’s joints
(exoskeleton)
Links that can
change length

Linear actuators

Shear (break pin)

Length user’s arm
Worm wheel with
anti-backlash nuts

Side of wheelchair
behind user
Bolts

Tube clamps under
an angle

Control system

MMG

Pattern recognition
EMG + Impedance
control

Limit velocity in
model

Absolute position

Energy system

Pressurised air
Air hose

Solution 03

Bars
Elactic band(s)

Cable(s)

2x Prismatic (PP) in
series

Best position to
cover workspace

Cable(s)

Pneumatic artificial
muscles (PAM)
Actuator choice
Physical boundaries
Capstan gear(s)

Side of wheelchair
underneath forearm
Vacuum

Agonist — antagonist
with flexible and
rigid elements

Force

Intention detection
Admittance control

Limit position in
model
Incremental position

Fluid
Pipeline

Solution 04

Sling
Magnet(s)

Ball(s)

PP in parallel

Around wrist

Shape Memory Alloy
(SMA)
Magnetic coupling

Harmonic drive

Side of worktable

Magnetic

Displacement

Low pass filter
Impedance control

Limit acceleration in
model
Velocity

Flywheel
Friction wheel




Solution 05 Solution 06 Solution 07 Solution 08 Solution 09

Mechanical system

Felcro Friction -
Wheel(s) -
RP Cart
Electro-active polymer  Piezo motors Elastic nanotube
actuator
Slip clutch -
Cable(s) Spring(s) Redundant gears Timing belt with Pull-push bar(s)
zero backlash gears
Top of worktable Bottom of worktable On top of worktable  Above worktable
Friction Form-retaining Glue Elastic bands Straps

connection

Control system

Joystick Eye movement Voice

Kalman filter Threshold -

Force control Position control MMG + Admittance MMG + Impedance
control control

Limit output signal

Acceleration
Energy system
Potential Elastic (springs)

Cables
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B.4 Morphological chart rating

All the solutions are graded within the range 1-5. A score of 5 points is the
highest score, 1 point the lowest. In the graded morphological chart the scores
are represented by colors. Table[2]shows the complete range of scores and colors.

Table 2: The points and colors for grading the solutions

Points  Color Explaination

Very good solution
Good solution
Average solution
Bad solution

Very bad solution

— N W ok Ot
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Function Solution 01

Arm machine
interface

Receive arm

Hold arm

Release degrees of

freedom (DOFs)

Gravity support
Configuration
device

e Cover workspace
e Position DOFs
e Connect DOFs

Drivetrain
Actuate DOF's

Limit F, v
Limit x
Transmit F, x, v

Attachment
wheelchair

e Position device
e Attach device

e Incline device

Control device

e Acquire input
signal
Filter signal

Control DOFs
Limit control
signal

Acquire feedback
signal

Energize device
e Store energy
e Supply energy

Solution 02 Solution 03

Mechanical system

Cable(s)

Pneumatic artificial
muscles (PAM

Physical boundaries

Control system

Energy system

Pressurised air
Air hose

Solution 04

Shear (break pin)

Displacement

Limit acceleration in
model




Solution 05 Solution 06 Solution 07 Solution 08 Solution 09

Mechanical system

Felcro Friction [

Cable(s) Spring(s) Timing belt with Pull-push bar(s)
zero backlash gears

Top of worktable Side of worktable

Above worktable

Form-retaining

connection

Control system

Eye movement

Kalman filter Threshold

Velocity control

Limit output signal

Energy system

‘[
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B.5 Concepts

Per function category - arm machine interface, configuration, actuation, at-
tachment, control, and energize - concepts were made, which can be seen in
the morphological chart with the lines of the concepts on the next few pages.
Each line represents a concept. These concepts are than combined into logical
combinations to make a complete concept for the whole assistive device.
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Function Solution 01

Arm machine

interface

e Receive arm

e Hold arm

e Release degrees of
freedom (DOFs)
Gravity support

Solution 02

Mechanical system

Solution 03

Solution 04

Configuration
device
e Cover workspace

e Position DOFs

e Connect DOFs

Drivetrain
Actuate DOFs

Limit F, v
Limit x
Transmit F, x, v

hsical boundaries

3

ear (break pin)

Attachment
wheelchair
e Position device

e Attach device

e Incline device




Solution 05 Solution 06 Solution 07 Solution 08 Solution 09

Mechanical system

. — Cable(s) Spring(s) Timing belt with Pull-push bar(s)
_f zero backlash gears
|

5

Top of worktable Side of worktable Above worktable

— .

- — . .
Form-retaining
connection

-



Function Solution 01 Solution 02 Solution 03 Solution 04

Control system

Control device
e Acquire input Displacelﬁent

signal

Filter signal

Control DOFs .[lorce control
Limit control Limit acceleration in

Position control

signal model

Acquire feedback

signal

Energy system

Energize device

e Store energy Pressurised air
e Supply energy Air hose




Solution 05 Solution 06 Solution 07 Solution 08 Solution 09

Control system

Eye movement

Kalman filter Threshold

Velocity control
Limit output signal

Energy system




B.5.1 Mechanical concepts

The mechanical concepts are generated from the function categories ‘Arm ma-
chine interface’, ‘Configuration device’, and ‘Attachment wheelchair’.

Concept 1 - 'Bar mechanism’

The 'Bar mechanism’ concept is a combination of line 1 of the function cat-
egory ’Arm machine interface’; line 4 of ’Configuration device’, and line 4 of
"Attachment wheelchair’. Figure gives an impression how this concept will
look like.

Figure 11: An impression of the 'Bar mechanism’ concept.

The arm of the user is put in an exact fitting cuff that is attached to the device
with a rotational joint which can rotate around the vertical (z-axis). The arm is
gravity supported by the device itself. The device cover the planar field by two
rotational joints that are in series with each other. These joints are positioned at
the projected joints of the user in the same planar field of the devices rotational
joint. Seen from above the joints of the device are at the same position as
those of the user. To ensure that each person can use this device the rotational
joint of the device are connected with each other by links of which the length
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can be changed by two sliding elements. The device will be attached to the
bottom of the worktable by bolts. The device won’t need a method to change
the inclination with respect to the table top because it’s attached to the table.

This concept scores 49 (20+14+15) points.

Concept 2 - XY Table’

The XY Table’ concept is a combination of line 3 of the function category ’Arm
machine interface’, line 1 of ’Configuration device’, and line 2 of ’Attachment
wheelchair’. Figure [12] gives an impression how this concept will look like.

Figure 12: An impression of the "XY-Table’ concept.

The XY-Table consists of two parts. One part is the table itself that replaces
the existing table of the wheelchair. The second part is the arm cart that will
roll on top the table surface. The two are coupled with two magnets. One at
the end effector of the XY manipulator - two prismatic joints in series - and
one at the bottom of the arm cart. The arm cart that recieves the arm of the
user, is an arm cuff on hemispherical wheels. The magnetic interface causes the
rotation around the vertical to be free. The prismatic joints are positioned in a
way to cover the maximum workspace of the table.

This concept scores 50 (204+15+15) points.

Concept 3 - 'Haptic master type’
The "Haptic master type’ concept is a combination of line 1 of the function
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category ’Arm machine interface’, line 2 of ’Configuration device’, and line 1 of
"Attachment wheelchair’. Figure gives an impression how this concept will
look like.

N
o\

Figure 13: An impression of the "Haptic master type’ concept.

As with the 'Bar mechanism’ concept, this 'Haptic master’ concept uses the
same arm machine interface. A exact fitting cuff which is connected with the
mechanism by a rotational joint to release the rotation around the vertical.
The mechanism provides the gravity support. The workspace is covered by a
rotational joint and rigidly connected to that is a prismatic joint. This device
is positioned at the side of the wheelchair at the position that the maximal
workspace is covered without interfering with the user. The device is attached
to the wheelchair with tube clamps.

This concept scores 45 (204+13+12) points.
Concept 4 - "Arm cart’
The ’Arm cart’ concept is a combination of line 4 of the function category ’Arm

machine interface’, line 3 of ’Configuration device’, and line 5 of ’Attachment
wheelchair’. Figure [14] gives an impression how this concept will look like.
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Figure 14: An impression of the ’Arm cart’ concept.

The ’Arm cart’ concept is a cart supported by three omni-directional wheels
that are on the same radius so independent of orientation the cart can move in
any direction on the planar surface. The arm is recieved by an arm cuff and is
held in the arm cuff by friction. This concept can be placed on any table surface
and be used by the user.

This concept scores 44 (184-14+412) points.

Concept 5 - ’Ezoskeleton’

The ’Exoskeleton’ concept is a combination of line 2 of the function category
’Arm machine interface’, line 5 of ’Configuration device’, and line 3 of ’Attach-
ment wheelchair’. Figure gives an impression how this concept will look
like.
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Figure 15: An impression of the "Exoskeleton’ concept.

The ’Exoskeleton’ is attached to the arm by elastic bands on the fore arm and
upper arm. Gravity support is done by applying the right amount of pressure to
the pneumatic artificial muscles. The joints of the exoskeleton must be alligned
with the user’s joints to achieve a good movements. The ROM of the device is
little bit smaller than the ROM of the user for safety.

This concept scores 43 (184-12+13) points.

B.5.2 Actuation concepts

The mechanical concepts are generated from the function categories ‘Drivetrain’
from the mechanical system, and ‘Energize device’ from the energy system.

For the 'Bar Mechnanism’ concept the most logical combination for the actu-
ation is a system with electric motors (line 3). Mechanical safety of the user
is guarenteed by choosing a motor that isn’t strong enough to hurt the user
and as an extra safety a break pin that will break when the transmitted force
is to high is added. Position will be limited by the device itself. The range of
motion (ROM) of the device will be smaller than the ROM of the user. Force
and velocity from the motor will be enlarged and transmitted by capstan gears
and cables to the joints of the device. The motors will be powered by electrical
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power which comes from the battery pack of the wheelchair.

For the ’XY-Table’ concept the logical choice is to combine it with electrical
actuation (line 2), because it has a good size to torque ratio. The torque of
the motors will be transmitted through lead spindles to the end effector. Dis-
placement will be limited by the ROM of the device. Other safety is guaranteed
by actuator choice and the magnetic coupling between the magnet on the end
effector side - below the table top - and the magnet attached to the cart on the
user side - on top of the table. The motors will be powered by electrical power
which comes from the battery pack of the wheelchair.

Also for the "Haptic master type’ concept it’s the obvious choice to use elec-
trical motors to actuate the degrees of freedom (line 1). One of the motors is
directly driving the rotational degree of freedom. The other, for the prismatic
degree of freedom, is attachted to a lead spindle. The force and velocity will be
mechanically limited by the chosen actuators and the maximum displacement
is limited by the user’s arm length. The motors will be powered by electrical
power which comes from the battery pack of the wheelchair.

For the actuation of the degrees of freedom in the ’Arm cart’ concept electric mo-
tors in combination with harmonic drives that drive the three omni-directional
wheels will be used (line 4). Also here to energize the system electrical energy
will be used. Displacement is mechanically bounded by the length of the arm
of the user. The force and velocity are limited by actuator and gearbox choice.

In the "Exoskeleton’ concept pneumatic artificial muscles (PAMs) are used to
actuate the degrees of freedom (line 5). The most common pneumatic artificial
muscles are balloon shaped membranes with stiff pleating or braiding, and are
used to mimic real muscles [36]. When a pneumatic artificial muscle is pres-
surised by air it contracts. To actuate one degree of freedom two pneumatic
artificial muscles - agonist and antagonist - are needed. To get an 2D movement
of the hand three degrees of freedom need to be actuated - two in the shoulder
and one in the elbow - when no degrees of freedom are coupled. Because three
degrees of freedom are actuated also a SDOF movement of the hand is possible.
Force and velocity are limited by the actuator and maximum air pressure. The
range of motion is limited by the user and the maximum contraction of the
pneumatic artificial muscles.

B.5.3 Control concepts

In the four produced control concepts two different control methods can be dis-
tinguished, namely admittance and impedance control. These are the two types
of control used for human-machine interfaces. The concepts mainly differentiate
from each other by input signal. In the generated concepts Electromyography
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(EMG) (line 4) and force (line 3) signals are used in combination with an ad-
mittance controller, and joystick (line 1) and displacement (line 2) are used as
an input for the impedance controller. All four concepts are limiting the same
signals - force generated by the motors, and velocity and displacement of the
endeffector - for safety of the user.

Admittance controlled system - ’Force input’

In this concept force of the user is used as an input to the system. The force is
going to be measured by a 2 degree of freedom force sensor that measures the
force in X and Y direction. This force sensor is put at the end effector of the
robot. Therefore the orientation - angle in the planar field - of the arm inside
the arm cuff doesn’t need to be known for control purposes.

Because the raw signal from the force sensor could be noisy the signal needs to
be filtered. First a notch filter at 50Hz is used to filter the noise introduced by
the electrical mains. Further a low pass filter with a low cut-off frequency could
be used to get a smooth signal that is introduced by the user.

As a feedback signal for the low level controller the absolute position of the end
effector - therefore also the position of the user’s arm - is used. This signal will
be put in a PID controller, with the desired position coming from the user -

through the admittance block - as the reference.

The cotrol scheme of this controller is showed in figure
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Device
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Figure 16: The interface of admittance control between the human and the
controlled device. The device measures a force given by the user with it’s sensors
and the actuators make a movement according to this force.

Admittance controlled system - 'EMG input’

The admittance controller with the EMG input is similar to the admitance
controller with the force input. The difference lies obviously in the way the
input signal is obtained and also the way the signal is filtered. For movement of
a joint EMG signals of an agonist and an antagonist muscle need to be measured.
For the elbow joint the Biceps and Triceps muscles are a good choice. For the
shoulder the Pectoralis Major and the Trapezius muscle are a good choice. The
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electrodes are placed according to the SENIAM recommondations [37] to get
the best EMG signals from the independent muscles.

These signals from these muscles are than put through a high pass filter - with a
cut-off frequency of 3Hz - to filter the static deviation with the zero. After that
rectified, and than put through a low pass filter - cutoff frequency 20Hz - to get
a smooth signal. Noise introduced by the electrical mains is filtered by a notch
filter at 50Hz. The filtered signal is than proportionally amplified to get an
estimation of the force vector at the arm machine interface. Absolute position
of the end effector is used as a feedback signal for the low level controller. See
figure [17] for a control schematic of the admittance with the EMG input signal.
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Figure 17: The interface of admittance control between the human and the
controlled device. The device measures an EMG signal of the user’s muscles.
The EMG signal of the user’s muscles is translated into a force and used to
determine the desired movement of the actuators.

Impedance controlled system - ’Displacement input’

This concept is a typical impedance controller. Displacement of the end effector
is the input signal. Therfore the user needs to exert a force to make a dis-
placement possible. This displacement is measured by sensors and put through
an impedance controller and a block to calculate how much force is needed for
the robotic manipulator. These two forces added to each other results in the
reference force the motors need to generate. Actuation force generated by the
motors is measured for the low level controller. The difference between the
reference force and the actual actuation force is put in a PID controller to gen-
erate a control signal for the actuators. The actuators than generate a force
that is delivered to the robot and the user’s arm. For the control schematic see

figure
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Figure 18: The interface of impedance control between the human and the
controlled device. The device measures a position change with it’s sensors and
gives a force back to the user.

Impedance controlled system - ’Joystick input’

For the second impedance controlled system concept, a joystick is chosen to be
the input signal. This could be a 'normal’ joystick, but also systems like the
Powerglove [38] can be used as a joystick system, because most users of the
target group can still move their fingers.

The joystick is ’adding’ a virtual displacement to the robot’s position that results
in an actuation force and therefore movement, instead of adding a real displace-
ment. Therefore position measurement is only needed for boundary issues and
safety features. See figure [I9] for the schematic.
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Figure 19: The user gives the input by moving a joystick. The joystick signal
is than used to give a force back to the user.

B.6 Concept rating

It can be seen that concept 3 - "Haptic master type’, concept 4 - ’Arm cart’, and
concept 5 - 'Exoskeleton’ have lower scores than concept 1 - 'Bar mechanism’
and concept 2 - ’XY table’. Another important reason why concept 3 - "Haptic
master type’ is not chosen is beacause it is a sort of copy of the MOOG Haptic
Master [39]. Also concept 4 - "Arm cart’ looks like the Technalia ArmAssist [29]
and is therefore not chosen. The "Exoskeleton’ concept 5 is not chosen because
it is much harder to control the degrees of freedom of it than for the other
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concepts.

Now the choice has to be made between the two remaining concepts, concept
1 - ’Bar mechanism’ and concept 2 - XY table’. They both have about the
same score when looking at the graded morphological chart at page A good
reason to choose for concept 1 is that the bar mechanism is widely used and has
proven itself in non actuated assistive devices. A good reason to choose concept
2 is that it is an innovative solution to the problem and that it therefore could
give new insights into useable solutions for assistive devices. To be sure the best
solution is chosen both the concepts will be assessed by how well they comply
with the critical requirements.
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Requirement

Target group

Cover workspace

Pronation & supination
need to be possible
Flexion € extension of
the elbow joint need to
be possible

Rotation of the
shoulder joint meeds to
be possible

Technical feasibility

Inconspicuous

No play at end effector

Limit velocity

Limit force / torque

Limit displacement

Emergency stop

Fatigue

Small distance between
hand and
surface

writing

Total Score

Bar mechanism concept

Generic

Force that people with DMD can
generate will decrease if they get
in a later stage of DMD

Score

4

XY-table concept

EMG signals of people with
DMD that are in a late stage of
life are still good measurable

Range of Motion (ROM)
Fasily done by right actuator

Fasily done by wusing right
linkage lengths and drivetrain

Released in cuff

Isn’t constrained by cuff or bar
mechanism

Isn’t constrained by cuff or bar
mechanism

Functional

All separate components have
proven themselves in orthotics
and other applications

5

Cosmetics

The whole manipulator can be
seen

Control

Zero play at the end effector is
no problem. But, Cable driven
gearbox may get bulky, or
motors need to be big to get
enough torque at the joints.
Safety
Can be done in software and by
actuator choice
Can be done in software, by
actuator choice and with a shear
(break pin)
Can be done in software and by
mechanical end stops

Multiple emergency stop buttons
can be added for both user and
caregivers

3

4

5

)

5

Comfort

It’s harder for the people with
DMD that are in a late stage to
produce force. This means more
muscle activation (earlier fatigue)
or higher gains (worse signal-
noise ratio) are needed.

Bar mechanism underneath the
forearm causes the hand to be
some distance above the writing
surface

choice
Released in bracelet

Isn’t constrained by bracelet

Isn’t constrained by bracelet

The magnetic coupling between
the actuator and the arm hasn’t
been done for such a device

Only the bracelet around the
user can be seen

Use anti-backlash
Magnetic coupling can be seen

nuts,

as stiffness

Can be done in software and by
actuator choice

Can be done in software, by
actuator choice and with the
magnetic coupling

Can be done in software, by
actuator choice and by end
stops

Multiple emergency stop buttons
can be added for both user and

caregivers

EMG signals, especially in the
later stage of DMD, are more
suitable as an input signal for
the control of the device because
they deteriorate less than the
force produced by the person
with DMD.

Support by bracelet allows hand
to be close to the writing surface

5



Of the maximum score of 70points the 'Bar mechanism’ concept scores 64 points
(i.e. 91.4%) and the XY table’ concept scores 69 points (i.e. 98.6%). Biggest
difference between the two is in the score at the requirement to be inconspicuous.
This is a important requirement given by the intended users.

The control concepts do not have a big difference in scores. This is mainly
because of the safety features, i.e. limiting the force, the velocity, and the
position within the controller. These are counted separately because they are
three limiters in series, a redundant system. For all control concepts these are
the same and therefore already have 14 points, almost half of the maximum
score of 30 points. What can be seen is that the impedance controllers score
less than the admittance controllers.

B.7 Definitive choice

As can be seen in the rating of concepts 'Bar mechanism’ and *XY table’ the XY-
table concept is chosen to be the best mechanical concept. The chosen and most
obvious actuation concept for the XY table’ concept is with the lead spindles
that are driven by electric motors. The chosen controller is an admittance
controller. The type of input is force, because it is easier to implement it with
the 'XY table’ concept. There is no need to measure the angle of the cart
in the XY plane, because the force sensor can be placed underneath the table
surface. The forces than can be measured in the X- and Y-direction and are
independent of the orientation of the cart. With EMG as input signal it is
necessary to measure orientation of the cart, because the force vector calculated
from the EMG signals is dependant on arm orientation.
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C Design

C.1 XY table

The XY table consists of the following elements; 1. The Table, 2. The Actuators,
3. The magnet assembly, and 4. The arm cart (figure [20|and Appendix E).

Actuators
Table

Arm cart Magnetic

Interface

Figure 20: A 3D CAD impression of the final design of the XY-table concept.
The table surface and two wooden frame parts have been made transparent to
make the manipulator below the table surface visable. The parts are 1. The
Table, 2. The Actuators, 3. The magnet assembly, and 4. The arm cart

C.1.1 The Table

\\

\

Figure 21: An exploded view of the table
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The table will hold or support all the other parts of this concept. It is 800mm
wide, 610mm deep, and 60mm thick. The size of the table is chosen to be a bit
bigger than the normal working area of one arm. The width is kept to 800mm.
This dimension is maximum one can easy go through a door, that are in general
900mm wide. The thickness is needed to house all the actuation parts in it. It
consists of multiple materials. The bottom plate is a 6mm thick piece of oak.
The beams on top of that are pine with a thickness of 44mm. The table surface
is made of 10mm thick High Pressure Laminate (HPL). HPL is a laminate that
is made out of multiple layers of impregnated paper which are fused under high
temperature and high pressure. HPL is mostly used as decorative covering and
furnature material.

C.1.2 The Actuators

e
Bo
Figure 22: An exploded view of the manipulator for the x-direction

The actuator for the x-direction will take care of movement for the user’s arm
in the left and right direction. It is also a platform to connect the actuator for
the Y-direction too. The actuator in the X-direction consists of a few parts, a
stepper motor, a lead spindle, a flexible coupling between the spindle and the
motor, and bearings and mounting blocks to connect the assembly to the frame.

68



Figure 23: An exploded view of the manipulator for the y-direction

The actuator in the y-direction will take care of the forward and backward
movement of the arm of the user. The magnet assembly will be attached to the
lead spindle and the linear guidance this assembly. The movement is produced
by a stepper motor. These parts with the bearings and mounting blocks are
connected to a mounting plate, i.e. a 3mm thick aluminium sheet. This is
connected to the actuator for the movement in the X-direction with two lead
spindle nuts, which are separated by 150mm.

C.1.3 The magnet assembly

Ld

Figure 24: An exploded view of the magnet assembly
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The magnet assembly is attached to the actuator for the Y-direction. It consists
of a 3D-printed frame where a lead nut and two linear bearings are attached
to. The 3D-printed frame also holds the force sensor and the magnet for the
coupling with the arm cart that rolls on top of the table surface. To be sure
that the magnetic field only affects the arm cart a cup of 5mm thick steel is
placed around the magnet.

C.1.4 The arm cart

Figure 25: An exploded view of the arm cart

The arm cart is modelled of an existing arm cuff (UR5). The radius of the cart
where the arm needs to be placed is 35mm. At the four corners of the arm cart
there is a ball transfer unit. A ball transfer unit is a hemispherical ball bearing
that is free to roll in any direction. In the middle at the bottom of the cart the
same magnet, as at the magnet assembly, with the steel cup is placed.

C.2 Calculations

C.2.1 Motor and spindle calculation

In this section the required specifications of the motor and the spindle are de-
termined. Specifically the diameter and lead, forward movement per revolution,
are determined as is the needed torque of the stepper motor.
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C.2.2 Spindle

In this case the most important requirements that determine the diameter and
lead of the spindle are the required maximum linear velocity, 0.1m/s, and the
force required to accelerate the arm towards a certain velocity. A very important
limiting factor on the spindle is the so called critical spindle speed. This critical
spindle speed is mainly determined by the root diameter of the spindle, the
unsupported spindle length, the Young’s modulus of the used spindle material,
and the way the spindle is supported as can be seen in figure [40]. Man-
ufacterers of lead screw spindles advise to stay below 75%-80% of the critical

spindle speed [40, 411, [42).
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mm 254 508 762 1016 1270 1524 1778 2032 2286 2540 2794 3048 3302 3556 3810 4064 4318 4572 4826 5080
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mm 304 609 914 1219 1549 1854 2159 2463 2768 3073 3378 3683 4013 4318 4622 4927 5232 5537 5842 6146

Inches 15 30 45 60 75 90 105 119 134 149 164 179 194 209 224 239 254 269 284 298
mm 381 762 1143 1524 1905 2286 2667 3022 3403 3784 4165 4546 4927 5308 5689 6070 6451 6832 7213 7569

Figure 26: A typical critical spindle speed chart. The x-axis shows the unsup-
ported length for different types of spindle support. A, B, C, and D represent
the different types of support. The y-axis shows the rotational speed in re-
volutions per minute. The different root diameter are shown inside the graph
underneath the lines and is given in inches.[40]

The spindle with the longest unsupported length is the spindle that will move
the Y-table. The unsupported length of this spindle is 640mm, the other one
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has an unsupported length of 390mm. To move with a maximum linear speed of
0.1m/s with a spindle lead of 3mm, it is necessary to have a maximum rotational
speed of 2000 revolutions per minute (rpm). With these two parameters - the
unsupported length and the maximum rotational speed - a spindle diameter
and the needed bearing support can be chosen. A spindle diameter of 12mm
with a fixed-fixed bearing support is chosen for the spindle in the X-direction.
The 80% critical spindle speed for this configuration is approximately 2500rpm.
For the spindle in the Y-direction the same diameter is chosen with a simple-
simple bearing support. The 80% critical spindle speed for this configuration
is approximately 3500rpm, so the needed maximum rotational speed of both
configurations are below the 80% critical spindle speed.

The critical spindle speed can also be calculated with the Rayleigh-Ritz equation
which is the following formula [43];

30 /g
ne[rpm| = o 571& (3)

Where % is a constant to convert rad/s into rpm, ¢ is the gravitational accel-
eration in m/ s2, and &4 is the total maximum static deformation in meters.
When this formula is used with the deflections calculated in subsection
on pages — the 80% critical spindle speed is 5350rpm for the x-spindle and
2480rpm for the y-spindle. Which way of determining the critical spindle speed
is best won’t be reviewed, but the latter one looks more accurate because it also
takes the load on the spindle into account. Fact is that in both cases the needed
rotational speed stays below the 80% critical spindle speed.

C.2.3 Stepper motor

To calculate the motor torque that is required to move the arm, the forces that
are occuring during movement are identified. In the drivetrain there are friction
losses at the bearings supporting the spindle. Also the ball transfer units at the
arm cart have some friction and there is force needed to accelerate the Y-table,
the cart with the arm of the user, and the spindle. See figure [27] for an overview
of the forces.
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Figure 27: The forces the stepper motor needs to overcome. The spindle and
the Y-table and arm with cart are decoupled, with F,,,; being the interaction
force between the two. The forces at the spindle include friction forces at the
ball bearings of the spindle, acceleration of the spindle, and the nut force. The
nut force includes acceleration of the Y-table and the arm with cart, and friction
forces of the ball transfer units of the cart.

In a pulling test (Appendix A), that was conducted with healthy subjects
(3f/1m), a static frition force of around 2 Newton was measured. When the
arm with the cart are considered as a pure mass, an acceleration of 1m/s? max-
imally adds 9 Newton. With anthropomorphic data [44] and weight distribution
[45] it shows that with an arm mass of 8kg 95% of the US male population is
included. The weigth of the armrest cart is 0.5kg.

The weight of the Y-table with the magnet assembly is 1.3kg. To accelate this
with 1m/s? a force of 1.3Newton is needed. These forces need to be converted
to a motor torque that is needed to move the arm. The efficiency of the spindle
and and nut is around 48% [46} 47]. Equation [4] comes from [41] and shows the
amount of torque needed to accelerate the arm with 1m/s?.

F[N] - lead|[mm)
2m - n
12N - 3mm (4)
2m - 0.48
=12mNm

T:
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The chosen lead for the spindle is 3mm. This results in a torque of 12mNm.
It is recommended by manufacterers that the nominal needed motor torque is
approximately half of the pull out torque of the motor. Therefore we should
look at stepper motors that have a pull out torque of 24mNm or higher over
the complete rpm-range. The motor should also have a small frame size so the
table thickness will be as thin as possible.

C.3 Magnet calculation
C.3.1 Magnet force

To overcome the static friction - around 2Newton in the horizontal plane -
measured with the pull test (appendix A), interaction force between the magnets
should be large enough. This static friction causes a dead-band in the cart
movement and should be as small as possible. This can be done by making
the friction coefficient smaller, by enlarging the magnetic interaction force or by
making the gradient, the angle with the vertical, of the magnetic field larger.

Fy

riction

Figure 28: Relevant dimensions and forces acting on the magnets. The distance
between the magnets in the y-direction is 15mm, the allowed dead-band is 2mm.
The bottom magnet is moved in the x-direction and at the the maximum dead-
band distance the x-component of the magnet force should be larger than the
friction.

74



A dead-band of 2mm is seen as acceptable. With an air gap between the to
magnets of 15mm, the result is that the pulling force between the magnets
should be equal to or higher than 15Newton. See figure 28] for a representation
of the described situation. With this force an approximation of the minimally
required magnetic flux density, B, can be determined. Under the assumption
that the field between the two magnets is uniform, the following formula can be
used [48];

B2[T] - A[m?]

FINT = ool 1]

(5)

From this follows that the following also should hold, resulting in the minimally
needed magnetic flux density;

Alm?]
_ \/2 15N -4 - 10-7H/m (6)

Bm¢wwmwmwm

T.0.022m2

= 0.35T

With the use of K&J Magnetics’ calculator [49] that can calculate the magnetic
flux density between two magnets, using a finite element method (FEM), a pair
of magnets has been found that have a flux density at the center of the air gap
of 0.35T between them. A validation test with the same magnets did confirm
that the magnets were stong enough - 3.5N was measured - to overcome the
friction force of 2N. The magnets have a diameter of 20mm, a thickness of
10mm, and are of grade N42 [50]. The grade resembles the maximum energy
product (BH,nq,) and is equal to the maximum value of the flux density, B,
times the field strength, H. It is measured in kilojoule per cubic meter (k.J/m?)
or Mega-Gauss-Oersted (M GOe). So a magnet with grade N42 has a maximum
energy product of 40 — 42M GOe or 318 — 334k.J/m3. In general it can be said
that the higher the maximum energy product is the stronger the magnet is [50].

To make the interaction force between the magnets larger the magnetic field
can be redirected by using high permeability materials, like steel, iron, and
mu-metal. With this redirection of the field also interaction between the two
magnets is better. There will be a higher magnetic flux density between the
magnets and the interaction area is larger. This results in a higher pulling force
between two magnets and a lower dead-band on the arm cart side.
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A small test conducted with the two chosen magnets showed an increase of
maximal horizontal force from 3.5Newton to 6Newton by adding a steel sheet
of 2mm on top of one magnet and below the other (see figure . This is an
increase of 70% in horizontal force.

(a) 3 - 3.5 Newton (b) 4.5 - 5 Newton (c) 6 - 6.5 Newton

Figure 29: The three scenarios that were tested during the magnetic pull test.
In subfigure a) the magnets were free. In subfigure b) both magnets have a
2mm steel sheet attached to them. In subfigure c) one magnet is free and the
other has a 4mm steel sheet attached to it. The maximum horizontal forces
up to the point where the two magnets still had interaction with eachother are
stated underneath each subfigure.

C.3.2 Magnetic field deformation

The shape magnetic field can be changed by creating an easier path for the field
to go through. Different materials have different permeabilities. A material
with a higher permeability means that it is easier for the field to travel through
that material than through materials with a lower permeability. The total
permeability can be stated as:dd

1= pio * fir (7)

With po being the permeability of free space (vacuum) and p, being the relat-
ive permeability of the specific material. Five types of magnetic material can
be distinguished, namely diamagnetic, paramagnetic, ferromagnetic, antiferro-
magnetic, and ferrimagnetic. These types all have their own range of typical
relative permeabilities. Diamagnetic, paramagnetic, and antiferromagnetic ma-
terials have a relative permeability of around 1. Ferrimagnetic materials of 2 to
100, and ferromagnetic materials 5000 to 200 000. [51].

The permeability is also dependent on the flux density and the field strength,
as permeability can also be defined as:
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(8)
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So, the permeability of the material, when subjected to a magnetic field, can
be derived from the manetisation curve. An example of such a magnetisation
curve can be seen in figure [30]
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Figure 30: A typical relation between the relative permeability w, and the
magnetisation of ferromagnetic material [52].

In figure it can be seen that the permeability changes when either the flux
density or the field strength changes up to the point where the material is
magnetically saturated. When the material is saturated the permeability is
equal to zero and additional field won’t go through the material.

From testing with the used magnets, to redirect all magnetic field a steel plate
with a thickness of 5mm is needed. Also see figure for an example of the
difference between field shape and strength of a free magnet and a magnet that
is attached to a bmm thick steel sheet. These figures are made with the FEM
calculator of K&J Magnetics [53] [54].
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Figure 31: The difference in field strength and shape of the field beteen a) a
free magnet and b) a magnet attached to a steel sheet that is thick enough to
redirect all of the field through the sheet material. The colors in a) and b)
correspond to the colors and field strengths in ¢). Pictures are made with K&.J
Magnetics’ FEM calculator

An exploded view of the magnetic interface is shown below (Fig The mag-
netic interface consist of two magnets - one attached to the end effector of the
actuators underneath the table surface and one above it, attached to the arm
cart - and their shielding to make it safe. With this shielding the magnetic field
can be shaped so the interaction between the two magnets is stronger and can be
kept within a small distance (< 25mm) from the magnet center (Fig. [33). The
result is that the risk of attacting large metal objects or damaging electronics
is very low. The only way to collect metal objects with the device is by rolling
over the object itself. Another positive about the magnetic redirection is that
electronics won’t get affected by the device’s magnetic field. Also with the use
of magnets the rotational DOF around the magnets center is released, allowing
rotation of the arm around this point.

78



Arm cart

- : Magnets

e T L—— Magnetic shield

. - . End effector ‘ Y-table . II

Figure 32: An exploded view of the magnetic interface. At both sides of the
table top - the Arm cart and the Y-table side - there is a magnet with magnetic
shield. With this interface movement of both parts is connected.
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Figure 33: The difference in field between two magnets without and with mag-
netic shield (a & b), and the attractor field shapes of the magnets with shielding
at cener distances of bmm (c), 10mm (d), 15mm (e), and 20mm (f). Colors are

representing the field strengths in Tesla (g). The pictures are generated using
Femmd4.2 [55].
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C.4 Deformations of table components

Here the deformation of some important parts is calculated. These parts are the
spindle and linear guidance who support the Y-table and magnet assembly and
are responsible for movement in the x-direction, the Y-table with the spindle
and linear guidance that supports the magnet assembly and is responsible for
movement in the y-direction, and the table top that supports the arm cart with
the arm. Also if the balls of the arm cart will cause permanent deformation of
the table top is calculated.

C.4.1 Spindle deformation

Due to the weight of the carriege and the magnetic forces the spindles and
the linear guindances for movement in the x- and y-direction will deflect up or
down. In this section an appoximation of how much deformation will occur is
calculated.

The x-direction spindle will experience the weight of the Y-table and the magnet
assembly, and the magnetic pull force of the magnets. The pitch diameter of the
used spindle and diameter of the linear guidance shaft are the same, therefore
it can be said that the second moment of area is the same. Also own weight of
the spindle has influence on the deformation. Figure [34] shows the two types of
bending that are used to calculate the deformation of the x-direction spindle.

F

% Eﬁuuuuug

1 Fi? 1 q*
(@) w= 155 B (b) w= 21 FT

Figure 34: Two types of bending that are used to calculate the deformation of
the spindle and also the linear guidance. (a) shows the deflection due to the
force of the magnet and the weight of the Y-table and magnet assembly.

(b) shows the deflection caused by the spindle’s own weight. The sum of the
two deflections is the total deflection of the spindle.
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F:ZFZ

= 20N — 1.27kg - 9.81m/s* = T.6N

Lspindie = Ishaft = // y?dA (9)

™
= —7’4
4

%54mm4 = 491mm*

1 FB
T 192 ET
1 7.6N - 6393mm?>
~ 192200 000N /mm? - 2 - 491mm?
= 0.053mm
1 ql*
EAETYY o5
1 75-1073N/mm - 639*mm?*
"~ 384 200 000N /mm? - 491mm?*
= 0.033mm
Wy —stage = WF — Wy

= 0.053mm — 0.033mm = 0.020mm

wg

(10)

The maximum total deflection of the x-direction spindle and the linear guidance
is 0.020mm in the upward direction.

The y-direction spindle experience the weight of the magnet assembly and the
magnetic pull force of the magnets. Most deformation occurs when the magnet
is half-way the range of the y-direction spindle. This deformation consists of
two components; the deformation of only the y-direction spindle with the linear
guidance and the total deformation of the y-table.

To determine the deflection of the Y-table, first the neutral axis should be found.
With the neutral axis the bending stiffness of the Y-Table can be calculated (see

81



10mm

; N

50mm

Figure 35: Cross-section of the Y-table, with the spindle and the guidance shaft
being both ¢10mm and the mounting plate below that has dimensions 50mm x
2mm. y represents the distance between the neutral line and the bottom of the
mounting plate.

Y gdA
YT S aA

B 17mm - %102mm2 + 1mm - 50mm - 2mm (11)

1102mm? + 1mm - 50mm - 2mm
= 8.04dmm

nytable = // y2dA

=2 (Lo + Ad})

T b-t3 12
=2 (47" Y+ Aspindie * Aopinaie + o T Asheet - dfheet> (12)
= 2(491mm* + 6 308mm* + 67mm* 4 6 462mm?)

= 26 653mm*

Iy—spindle = 2// deA
(13)

= 2% 4= 2%54mm4 = 982mm*
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With the bending stiffness of the Y-table being determined, the deflections of all
components can be calculated. The bending situations of the complete Y-table
,and the spindle and linear guidance are shown in figure [36] To simplify the
calculation of the total deflection it is assumed that the centre of the Y-table
lines up with the centre of the spindle and linear guidance. The centre is where
the largest deflection should occur. The case is that these two centers lay 20mm
apart from each other. So the simplification will show a higher deflection than
in the real world case.

I (TITTTITT]
A A A A

1 FI3 5 ql*
(a)w—zsﬁ (b)w—@ﬁ
Figure 36: Two types of bending that are used to calculate the deformation of
the spindle and also the linear guidance. (a) shows the deflection due to the force
of the magnet and the weight of the magnet assembly. This is applicable for
both the spindle and linear guidance as for the Y-table deflection calculations.
(b) shows the deflection caused by the spindle’s own weight. The sum of the
deflections is the total deflection of the spindle.

F= Z Fz = Fmagnet — Mmagnetd
= 20N — 0.23kg - 9.81m/s*> = 17.8N
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_ i Flg?;—table
48 ETyy_tabie
1 17.8N - 530°mm?®
~ 48200 000N/mm? - 26 653mm?*

= 0.010mm

Wy —table

1 Flzfspindle

48 E1yy_pindie

1 17.8N - 3973mm?
~ 48200 000N /mm? - 982mm?
= 0.118mm

WF,y—spindle

(15)

Wy smimte = 5 4y spinaie
384 EIy—spindle
5 7.5-107N/mm - 397*mm?*
"~ 385 200 000N /mm? - 982mm?*
= 0.025mm

Wz = Wy—table + WF,y—spindle — Wq,y—spindle

= 0.010mm + 0.118mm — 0.025 = 0.103mm

The maximum total deformation of the Y-table, and the spindle and linear guid-
ance is 0.103mm. The total deflection of the whole X- and Y-stage is 0.123mm
in the upward direction.

C.4.2 Table top deformation

To see how much the table top will bend under the given load, a calculation
under the worst case situation will be done. The worst case situation is when the
cart is at the middle of the table. To calculate how much deformation occurs the
Kirchhoff-Love method for thin plate bending will be used. The total deflection
consists of deformation caused by a load and deformation caused by own weight.

The used material is High Pressure Laminate (HPL) which is a highly com-
pressed plastic. Manufacturers guarantee a Young’s modulus of > 9 000N /mm?
[56) 57, 58]. The dimension of the used HPL plate is 800mm x 610mm x 10mm
(Ly x Ly x t). The poisson ration (v) of HPL is approximately 0.32 [59] and the
terms used in x- and y-direction (m and n) for numerical solving the equation
are both 32.
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It is assumed that the load, that is distributed through four ball transfer units,
acts like a point load. The table top is simply supported at all four edges by a
frame that consists of three 27mm wide beams and one 18mm wide beam. See
figure |37| for the bending situation. The deformation, w, can be calculated as
seen in equation |16| [60].

A7 F
rF Y )S
L4 Y "
q A
Ly
S o(X..Y;)
Z X
— > —

Lx

Figure 37: The situation of bending under the weight of the arm plus cart
and the magnet force. ’'F’ represents the total force of the previous stated
components. All four edges are simply supported.

AF 0 0 bln(m%;o) 51n< T )bll’l( " )5111(72—7;”)
S (16)

w(z,y) =

Where D, the flexural modulus, is;

3
D_ Et
12(1 —v?)
200 000N/mm? - 103mm3 (17)
N 12(1 —0.322)

=18.57- 10 Nmm
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The largest deflection is at the middle of the plate, position (zg,yo) = (% Ly)
and is equal to 0.41mm;

w(wo,yo) = 7TLL ii <m)sm (L )

{7}

300N sin® (7)) sin® (&F
Z Z ( ) sin” (%)

= 7.62- 104Nmm3 N 212
e =ln=1 {(746mm) (M) }

(18)

_|_

= 0.413mm

The deformation caused by the HPL plate’s own weight can be calculated as in
equation [16] [6I] and the bending situation can be seen in figure
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Figure 38: The situation of bending under own weight. All four edges are simply
supported. 'q’ represents the own weigth of the HPL plate.
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Where q is the distributed load, which is equal to the plate’s weight per square
meter, 14.0kg/m? [56], times the gravitational acceleration, 9.81m/s?, and the
flexural rigidity D is the same as with the point load.

32 32 gj L nmTyo
16(] bln( L. )bln( L, )

) Z Z 2 2) 2
m_ln_lmn{(}z) +(Lly) }

_ 22-10°N/mm? i i sin (“2F) sin (%)
1.79 - 101Nmm 4= £~ m”{(74gfnm)2 n (565%"1)2}2

w($07yo) =

(20)

=0.110mm

The total maximum deformation is the sum of both types of deformation and
is equal to 0.52mm at the centre of the table top.

C.4.3 Rolling of the table top

With the arm resting in the cart and the magnets pulling towards each other,
there will be calculated if the ball of the ball transfer units will cause local
deformation of the table top. The cart has four ball transfer units distributing
the forces of the arm and the magnets. The mass of the arm supported by the
cart is maximally around 5kg, the mass of the cart is 0.5kg and the magnets
attract each other with approximately 20N. The total force acting on the table
is 75N, ~ 19N/ball. Most seen ball material groups are carbon steel, stainless
steel, glass, and plastic. The principle of table top rolling is shown for one ball
transfer unit in figure 39}
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RITAHESIT A

Figure 39: The left ball transfer unit represents the non-deformed situation.
The right ball transfer unit the deformed state when a force (depicted by a red
arrow) is applied. The deformation of the ball is exaggerated with respect to
the real deformation to make the deformation visible. It can be seen that when
a force is applied the contact point becomes a contact area.

To make the calculation easier it is assumed that the table top has a much higher
Young’s modulus than the ball material of the used ball transfer units, only the
balls will deform the table top will not deform locally when the calculated stress
stays below the yield stress.

The following balance should apply;

FIN]

o[N/mm?] = A

= E[N/mm?] €[1] (21)

Because it is assumed that only the ball deforms, the contact area of the ball
with the table is only dependent on the ball’s radius and €. Therefore the contact
area can be expressed as a function of e. Where € is equal to;

Lo—L
€= ——
Lg
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Figure 40: All the different parameters that are used in the derivation of the
contact area formula.

The parameters used in equation 20| to derive the contact area as a function of
the ball’s radius and € are shown in figure

A =rc?
=7(r® —b?)
=7(r?’ = (r—[Ly— L])?
0~ (Lo~ LIF) o
=m(r‘—(r—e-Lp)”)
=7(r® — (r—2¢-7)?)
= 47me(1 — €)r?
From equations 4 and 5 also the following should hold;
F
E =c-A
= e(4me(1 — e)r?) (24)

= 4mr?(? — €°)
Because ¢ is in the range of 0-0.02, the € can be discarted. This gives a lower
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calculated stress of around 0.2% for plastics (E = 2500N/mm?) and a smaller
devitation for stiffer materials like glass and steel. By discarting €2, e will be
equal to;

F 1
d7r? F

(25)

With Hooke’s law the table top stress can be calculated as a function of the size
of the ball, the force per ball applied to the table, and the Young’s modulus of
the ball material. The table top stress function is equal to;

OTableTop = el

F 1
47?2 E

E

i

OTableTop = A2

When this equation is plotted as table top stress against the Young’s modulus
of the ball transfer unit’s ball material, the following relation can be seen.

80 Surface stress with different ball materials

701 3

40F 1
30F 1

Surface stress [MPa)

O L L L L L L L
0 25 50 75 100 125 150 175 200
Youngs modulus [GPa]

Figure 41: The stress at the table top surface for different materials

The table top stress should stay below the yield stress of HPL. Manufacturers
only state the ultimate tensile strength of the material, which is > 70N/mm?2.
When looked at other plastics it can be said that in general the yield stress of
plastics is about 50% to 60% of their tensile strength. Applying this to HPL,

90



the table top stress should stay below 35 —40N/mm?. It can be seen that from
the available ball material groups only plastic balls - Young’s modulii between
0.1GPa and 6GPa - satisfy with the stress requirement.

C.5 Controller
C.5.1 Model of the plant

To be able to design a basic P(I)D controller, a simple model of the plant needs
to be made. This P(I)D controller can be tuned later on with the real prototype.
With this model the frequency response function is determined and therefore
the eigenfrequency and the rigid body mode are roughly known. The model is
undamped and uses ideal components (figure . The transfer function is from
the motor torque to the position of the X-manipulator.

91



marm+cart

kmagnet
mmanipulator
1 1
1 1
2.pi
1 lead
m spindle
J spindle
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M frame J .
motor
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Figure 42: An ideal model of the plant

This model can be simplified to a 2DOF model. With such a model reduction
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only the lowest mode of vibration of the plant remains. When a stiffness is 10
times stiffer than the lowest stiffness, it can be considered rigid. When a mass is
10 times less than the next lowest mass, it can be considered as zero mass. The
transmission can be omitted by multiplying the inertia and stiffness with the
inverse ratio squared, and the torque with the inverse ratio. With the known
parameters (table [3]) this results in one of the standard classes, i.e. the flexible
transmission (figure [43)).

Table 3: The parameters and values of the modelled plant

Parameter Formula Value
Marm+-cart - 4 kg
Mmanipulator - 1.5 kg
kmagnet - 1000 N/m
Jspindle - 1.5- 10_5]{59 . m2
Kspindle  lepindte 138.1 Nm/rad
Mspindle - 0.55 kg
Kazial stif fness 2ETA 50.6 - ].06 N/m
Jmotor - 9- 10_7]€g . m2
M frame - 20 kg
. 2-pi
i Ze 2094.4

m arm-cart

k magnet

m equivalent

F_ 2.pi

~ lead %

Figure 43: A simplified ideal model of the plant. The final model complies with
the 'flexible transmission’ model.
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Where meguivaient is equal to;

Jspindl J,
pindle motor
Mequivalent = Mmanipulator + ( o )2 + ( o )2

lead lead
9-1077  1.5-107° (27)

(3355 (355=)?

= 1.5kg +

= 1.5kg

Now the reduced model is known the frequency response function can be de-
termined. In this case we have two modes, i.e. one rigid body mode and one
mode of vibration.

The plant’s frequency response function is equal to;

w? s +w?

wz% (maTercaTt + mequivalent) 52(32 + Wz)
(28)

T X —manipulator

(s) = P(s) =

Fmotor

Where;

kma k
gnet magnet
We = \/ —+

marm-i—cart mequivalent

kmagnet

marercart

This results in the following Bode diagram;
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Figure 44: The Bode diagram of the reduced plant model of the XY-table.
Both the rigid body mode and the mode of vibration can be seen clearly. In the
magnitude plot the rigid body mode is the downward peak at 16.9 rad/s, the
vibration mode the upward peak at 28 rad/s.

C.5.2 Controller
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Figure 45: The control schematic of the final controller used for the XY-table.
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C.5.3 Filtering the input

The EMG input signal is a noisy signal and is not usable as a raw input for the
controller. Therefore filtering needs to be done to get a useful steering signal
for the controller. The mains will cause some noise at 50Hz or 60Hz (depending
on mains frequency). This will be filtered by a notch filter at the frequency of
the mains. After the notch filter the right envelope needs to be taken. This is
done by highpass filtering at 20Hz to remove the static offset, rectifying that
signal, and lowpass filtering at 3Hz to get a smoother signal . The filters
are implemented digitally.

An 2% order Notch filter in the discrete form looks like:
Y(z)  bo+0b1 szl g 272

Hpote = = 29
t h(Z) X(Z) 1—@1'2_1—CE2'2_2 ( )
In the usefull form (timestep) for the controller this results in;
n)=a;-yn—1)+az-y(n—2
y(n) = ai-y(n = 1) +az-y(n - 2) (30)

+bo-x(n)+b-ax(n—1)+by x(n—2)

Where:

x(m) is the input at timestep m

y(m) is the output at timestep m

ay =2r- 005(277%)
2

ag =T

bp =1 .
by =-2- cos(27r%)
by =1

fn is the frequency to be filtered in Hz

fs is the sampling frequency in Hz

r usually .95 < r < .99 to ensure stability of the filter, defines the width of the
notch.

The frequency that needs to be filtered is 50Hz and the sampling frequency used
is 250Hz. For r a value of 0.95 is chosen.

y(n) = 0.5871-y(n—1)+0.9025-y(n—2)+x(n)—0.6180-2(n—1)+x(n—2) (31)

A general form of a 2"? order highpass Butterworth filter in the Laplace domain
is:
Y(s) 52
Hyighpass(S) = = 32
Highp ( ) X(S) 52 + \@OJCS + Wg ( )
To use this in the controller, which is in the discrete time domain, the filter needs
to be discretized. Discretization will be done into the Infinite Integral Response
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(IIR) shape (i.e. s =L L_Z,l , where T' is the sampling time). For this bilinear
transformation the crossover frequency in the analogue domain also needs to be
converted into the discrete cossover frequency. The used sampling frequency is
250Hz, resulting in a sampling time of 4 milliseconds. The crossover frequency
(we) is 20Hz converted into the shape of w, = #a. This results in the following

filter;

221,712
HHighpass(Z) _ Y(Z) _ . T 1+z1
X(z) %2 T+ %2\/§a1+z—1 +7 Yo (33)
1—-2271
= 0.705 e

1-1.3212"1 4 0.499z—2

This results in the IIR equation;
y(n) = 0.705 -x(n)—1.410-2(n—1)+0.705-2(n—2)+1.321-y(n—1)—0.499-y(n—2)

The same will be done for the 2? order lowpass Butterworth filter. The cros-
sover frequency for the lowpass filter is 3Hz.

owpass S) =
Lowp X(s) 52 + /2wes + w?
2
Y(z) 272
HLowpass(Z) — 2 _12 ‘s 2 (34)
X(Z) % iﬁ*l \[a1+z 1 + 7 o
122714272
= 1.347¢—3 vtz

1—1.894271 +0.89922

This results in the IIR equation;
y(n) = 1.347e—3 - z(n) + 2.695e—3 - x(n — 1) + 1.347e—3 -x(n —2) + 1.894 -
y(n—1)—0.899 - y(n — 2)
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Results of the filtering sequence
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Figure 46: A typical result of EMG filtering. The peaks in the EMG graph are
caused by muscle contractions.

C.5.4 Admittance model

The admittance model is there to smoothen the signal coming from the force
sensor. It consists of a virtual mass and a virtual damper. Depending on the
desired control signal, e.g. a velocity signal or a position signal, it has one or two
integration actions. Values for the virtual mass and damper are chosen arbitrary
to get a smooth signal. The virtual mass has chosen to be 2kg, the virtual



damping to be 10Ns/m. To control the stepper motor a desired prosition is
needed. Therefore an admittance model with two integration actions is needed.
The transfer function of the admittance model in the Laplace domain is;

Haam(s) = F(s) " ms? + bs (35)

To use this in the digital controller, the admittance model needs to be discretized
in the same way as is done with the EMG input. Velocity is the desired output
of the admittance model.

X(s) s 1
Ha m = = =
am(5) F(s) ms?2+bs ms+b
X(2) 1
Hadm(z) = = -1 (36)
F(Z) m% }—i-z*l +b
B 1 T(1+271)
- Tbh—2m . —
2m+Tb1 + 2m+2sz 1
In the IIR form this is:
T T 2m —Tb
= —F —F(n—-1 P —— —1 37
o) = s - U e m ) B7)

Where;

F(m) is the estimated force at timestep m
v(m) is the output at timestep m

T is the sample time

m is the virtual mass

b is the virtual damping

C.5.5 Additional control actions

Limiting the maximum velocity

In the admittance controller the velocity can be limited. This can be done by
dividing the X- and Y-velocity with the norm of the resulting velocity vector
above certain speeds.

Also there is a possiblity to set a maximum velocity of the motor in the control-
ler. This is just a limit without taking a norm or similar. It can be seen as a
second safety feature for limiting the velocity. Limiting the velocity by dividing
wih the norm of the velocity vector is the first velocity safety.

99



Limiting the maximum motor torque

The pulse width modulation(PWM) signal, i.e. the output signal from the
controller to the stepper motors, controls the power of the signal and therefore
the voltage and the current.

Also by hardware the current can be lowered. This can be done by changing
the resistance by the potentiometer on the stepper driver board. The lowered
current obviously results in a lowered output torque by stepper motor.

Limiting the position

The position of the cart will be limited by software near the ends of the spindles.
To be sure that the sofware endstop is not acting like a stiff environment which
could case instability issues more damping will be added when the cart is near a
software boundary. The mechanical endstops are an extra safety feature to com-
pletely stop movement. This only come into action when the software endstop
failes to work.
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D Validation

D.1 EMG Filtering

EMG signals are filtered at 50Hz with a Notch filter to remove the noise intro-
duced by the mains. After that it is filtered at 20Hz with a digital 2"¢ order
high pass Butterworth filter and rectified. Last the signal is filtered with a 2"¢
order low pass Butterworth filter at 3Hz (Fig. .
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Results of the filtering sequence
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Figure 47: The filtered EMG signal from the raw input to the smoothed control
signal.
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The design is validated by measuring how much EMG signal is needed to move
the arm of the user (Fig. . This validation was done with a healthy subject,
and setting the proportional gain very high to simulate the volutairy force of a
person with DMD. The normalized EMG signals of the subject wes measured.
Targets were set at positions 250mm and 400mm. Normalized EMG signals
below 0.3 are easy to perform. It can be seen that the normalized EMG signals
stay below 0.1 most of the time. A maximum speed was set at 15mm/s.

D.2 Haptic performance parameters

To validate the working of the designed assistive device the performance needs to
be determined. This can be done by measuring the relevant performance para-
meters stated by Hayward and Astley [62]. To measure the haptic performance
of the designed device to following indicators are measured: Workspace, play
at the arm cuff, stiffness, maximal force, maximum velocity, maximum acceler-
ation and deceleration, frequency response, and static friction of the arm cart.
Next to these performance measures also the software set workspace boundaries,
velocity limits, and changing damping near the boundaries are checked.

D.2.1 Workspace

The workspace is the 2dimensional space the centre of the cart can reach. It
will be measured in a way that it is independant of orientation. The maximum
workspace of the device is 409mm x 260mm (Fig. . The workspace can be
limited in software.
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Figure 48: The result of the validation. Plotted are the position of the end
effector (top) and the normalized EMG signal, MVIC (bottom). Targets were
at 250mm and 400mm.
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D.2.2 Stiffness

The stiffness will be measured at the cart side of the device and at 5 different
positions on the table in different direction (see Fig. .

(239,373) (648,373)
° °
13 3,3
(443,243)
°
2,2
ol o
(239,113) (648,113)

Figure 50: Positions of the measurement named ‘1,1’,’1,3",2,2",’3,1°,’3,3’ with
the representing position in mm, i.e. (x[mm],y[mm]). Left bottom is the origin
(0,0) and the top right (800,610).

It will be measured in the x-direction (i.e. from left to right) and the y-direction
(i.e. forward and backward). This is done to be sure because the manipulator
underneath the table surface has different stiffnesses at different position due to
the asymmetric suspension of the Y-table. In case the stiffness of the magnetic
interface is lowest, stiffness will be approximately the same of the entire table
surface.

Results of the stiffness measurement are given in Tabldd] & [5] and Fig[51]
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Table 4: The measured stiffnesses of the XY-table prototype

Position Direction  Distance [mm)] Force [N] Stiffness
[N/mm]
0.6 0 -
X 6.7 4.9 0.73
11.1 7.5 0.58
14 8.2 0.27
1.1 0.6 0 -
3.7 4.9 1.33
Y 8.1 6.9 0.45
9.9 7.3 0.22
12.6 7.7 0.15
0.6 0 -
5.7 4.9 0.86
X 8.0 5.9 0.43
10.5 6.9 0.39
1.3 14.3 7.1 0.05
0.6 0 -
v 5.4 4.9 0.91
7.5 5.9 0.47
11.2 6.9 0.27
0.6 0 -
4.2 3.9 0.93
X 5.9 4.9 0.58
7.6 5.9 0.58
9.9 6.9 0.43
12.8 7.2 0.17
2.2 0.6 0 -
4.1 3.9 0.96
v 5.8 4.9 0.58
7.4 5.9 0.61
10.1 6.9 0.36
12.3 7.4 0.13
0.6 0 -
X 5.2 4.9 0.94
8.8 6.9 0.55
12.6 7.3 0.10
3.1 0.6 0 -
v 5.0 4.9 0.98
9.1 6.9 0.48
12.0 7.3 0.14
0.6 0 R
5.7 3.9 0.69
X 7.7 4.9 0.49
9.9 5.9 0.45
14.8 6.3 0.08
3.3 0.6 0 -
54 106 3.9 0.70
Y 7.5 4.9 0.49
7.5 5.9 0.49
11.2 6.3 0.15




Table 5: The control measurements of the stiffnesses of the XY-table prototype.
This is done in a random direction in the planar surface

Position Distance Force [N] Stiffness
[mm] [N/mm]
0.6 0 -
1.5 1.0 0.67
2.2 2.0 1.40
3.2 2.9 1.46
Control w\ load (near 2.2) 4.0 39 1.23
5.1 4.9 0.93
6.6 5.9 0.65
9.2 6.9 0.37
13.7 7.7 0.17
0.3 0 -
14 2.0 1.40
24 3.9 1.96
. 3.3 4.9 1.15
Control with load (near 2.2) 70 6.9 0.55
7.9 7.4 0.46
9.4 7.8 0.33
12.3 8.3 0.17

Scatter of Magnetic Stiffness points
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Figure 51: Scatter plot of all the stiffness at the different positions in the X and
Y direction. Measured without a load in the cart
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Stiffness of magnetic interface
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Figure 52: Lines of the stiffness with and without a load in the cart

D.2.3 Maximum force

Maximum force is an important measure for this device because this will de-
termine if the supported arm will move and this will also determine what the
maximum acceleration and velocity are. The maximum force Should be meas-
ured at the cart side with a long term and a short term test. This will be done
because in the short term test heat losses will not have affected the maximum
force that can be delivered. At the long term test a thermal equilibrium will be
reached and a lower peak force is expected because the higher thermal losses.

Because of the issues with the stepper motor driver, which gets hot after 20sec -
30sec, only a short term test is done. This is done by hooking a spring balance
to the cart and a fixed point. Then the end effector will move at a slow speed
(i.e. ¢lem/s) up to the point where the arm cart gets disconnected. At this
point the maximum force is reached. The maximum force is measured multiple
with and without a weight of 2kg in the arm cart. The maximum force of the
unloaded cart was measured to be 7.4+ 1N, and with a load at 7.84+0.8N (Table

).
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Table 6: Maximum force measured at the arm cart

No. Force[N] w\ load Force[N] with load
1 8.2 8.0
2 7.7 7.8
3 7.1 7.0
4 6.9 7.6
5 7.2 8.3
6 7.4 7.4
7 7.3 7.9
8 7.3 8.6
9 6.3 7.9
10 6.3 8.3
11 7.7 7.7
Avg. 7.2 7.8

Next to the maximum force the static friction of the arm cart with the table
surface also has been determined. The static friction without a load in the cart
is determened to be approximately 0.1N. The static friction with a load of 2kg
in the cart is determened to be approximately 0.8N

D.2.4 Maximum acceleration

If the inertia and the maximum force are known a maximum acceleration could
theoretically be determined. Maximum acceleration is important to make sure
that the reference set by the user is reached quickly and does feel natural. Max-
imum acceleration can be measured with accelerometers. Only the position
sensors were available for measurements. This data was collected through the
microcontroller and processed afterwards. The position during acceleration of
the cart was fitted and a second order derivative was taken from that to determ-
ine the acceleration. The maximum measured acceleration in the X-direction
was 72.2mm/s? (Fig. . The maximum measured acceleration in the Y-
direction was 76.4mm/s? (Fig. . These accelerations were taken without a
load in the arm cart. With a load of 2kg in the arm cart only the measurement
in the Y-direction gave a reliable result, which was an acceleration of 50mm /s>

(Fig. [65).
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Figure 53: Maximum acceleration data of the X-direction. The polynomial fit

line is for the position. This fit line needs to be integrated twice to get the
acceleration. Measurement without load in the cart.
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Figure 54: Maximum acceleration data of the Y-direction. The polynomial fit

line is for the position. This fit line needs to be integrated twice to get the
acceleration. Measurement without load in the cart.

110



Acceleration Profile
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Figure 55: Maximum acceleration data of the Y-direction. The polynomial fit
line is for the position. This fit line needs to be integrated twice to get the
acceleration. Measurement with a load of 2kg in the cart.

D.2.5 Maximum deceleration

As with acceleration, the maximum deceleration is also important. An example
where deceleration is important are the software set boundaries, that are simu-
lated to be stiff walls. The maximum deceleration is measured in the same way
as with the maximum acceleration. Three situations were measured, namely
stopping by setting the force to 0, stopping by using the “stepper.stop()” com-
mand of the Accelstepper library, and deceleration by reversing the force. The
last of the situation gave the quickest deceleration during normal useage. This
deceleration was equal to 90mm/s? in the X-direction (Fig. and 93.5mm /s>
in the Y-direction (Fig. . These decelerations were measured without a load
in the arm cart. With a load of 2kg in the arm cart only the measurement in
the Y-direction gave a reliable result, which was an acceleration of 83.4mm/s?

(Fig. [58).
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Deceleration Profile
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Figure 56: Maximum deceleration data of the X-direction. The polynomial fit

line is for the position. This fit line needs to be integrated twice to get the
deceleration. Measurement without load in the cart.
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Figure 57: Maximum deceleration data of the Y-direction. The polynomial fit

line is for the position. This fit line needs to be integrated twice to get the
deceleration. Measurement without load in the cart.
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Deceleration Profile
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Figure 58: Maximum deceleration data of the Y-direction. The polynomial fit
line is for the position. This fit line needs to be integrated twice to get the
deceleration. Measurement with a load of 2kg in the cart.

D.2.6 Maximum velocity

Maximum velocity is tested in both the X- and Y-direction. This is done by
setting the gain of the speed to the point where the motors cannot follow the
steps properly and start to have jerky motion. The position data aqcuired
through the position sensors is line fitted. From this line the derivative is taken
to determine the velocity. The stepper motors were operated in half step mode
because operation in full step mode (which is potentially twice as fast) did not
work well. In full step mode jerky motion of the stepper motor was present
at lower speeds than at operation in half step mode. The maximum measured
velocity in the X-direction is 17mm/s. This was without a load in the arm cart.
With a load of 2kg in the arm cart results were incosistant. The maximum
measured velocity in the Y-direction without a load in the arm cart was equal
to 28.8mm/s. With a load of 2kg in the arm cart consistant results were at half
of that velocity, i.e. 14.4mm/s.

D.2.7 Frequncy Response Function

The frequency response functions (FRF) will be determined in both the direc-
tions of the manipulator. The frequency response function will be the open loop
function from the estimated force input to the output velocity/position.
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= |25 o

Where i represents the direction of the movement, Ug,;(w) is the estimated
force input comming from the EMG signals from the muscle pair, v;(w) is the
measured velocity, and w is the frequency of the input.

The force input will be set in software as an oscillation starting at 0.1Hz and
ending at 10Hz. The amplitude of the oscillating force is chosen to be constant
over the entire frequency range and has a value of 5. The output velocity is
measured by differentiation of the measured position that are measured with
the position sensors. This is done for both the X- and Y-direction without a
load in the arm cart. With a load in the arm cart results were very inconsistent.
Bandwith of the velocity controller is around 3Hz for both directions (Fig. [59).
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Figure 59: The frequency responses of the manipulator in the X- and Y-direction
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F Bill of Materials

Table 7: BOM list for the XY-Table prototype

Material Dimensions Amount
Oak sheet 800x610x5.5mm 1
HPL sheet 800x610x10mm 1
Spruce beam 44x18x800mm 1
Spruce beam 44x27x800mm 1
Spruce beam 44x27x565mm 2
Stepper motor Oriental motor PKP223D15A-L 2
NMB Radial ball DDR-1970ZZRA1P25LY121 6
bearing

Ball transfer unit Alwayse Engineering 515-0-14 4
Closed plain linear IGUS GSM-1012-10 4
bearing

Lead spindle Tr12x3, 1=685mm 1
Lead spindle Tr12x3, 1=430mm 1
Bronze lead nut Tr12x3, SLW19, 1=24mm 4
Potentiometer Spectra Symbol SP-L-0400-103-3%-ST 1
Potentiometer Spectra Symbol SP-L-0500-103-3%-ST 1
Wiper Spectra Symbol WP-M6-01-03-014-DI 2
NdFeB disc magnet Supermagnete S-20-10-N 2
pPVC 30x30x10mm 6
pPVvC 30x30x4mm 2
PVC 110x30x10mm 2
Aluminium sheet 525x150x3mm 1
Stainless steel shaft ©10mm, 1=410mm 1
Stainless steel shaft ©10mm, 1=25mm 2
Steel C45 round bar  @40mm, 1=5mm 2
Woodscrews PK3.5x50mm 8
Nail PK1x16mm 40
Screw M2.5x20mm 8
Screw M3x6mm 16
Screw M3x20mm 22
Screw M3x25mm 8
Nut M3 28
Stepper motor driver  Big Easy Driver v1.2 2
Microcontroller Arduino Mega2560 1
EMG Shield Olimex shield-EKG-EMG 2
EMG Shield cables Olimex shield-EKG-EMG-PRO 2
sEMG electrodes Disposable push button gel electrodes  6/time
Electric wires 1=1000mm 9
Electric wires 1=250mm 9
DC-DC converter 24V-10V 1
AC-DC adapter 230VAC-24VDC 1
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Preamble

In the preamble used libraries are included, fixed parameter values are set, and type and begin
values of the variables are set.

//Define high and low bits for the ADC clock

#ifndef cbi

#define cbi(sfr, bit) ( SFR BYTE(sfr) &= ~ BV (bit))
#endif

#ifndef sbi

#define sbi(sfr, bit) ( SFR BYTE(sfr) |= BV(bit))
#endif

//include libraries and other files
#include <AccelStepper.h>
#include "MilliTimer.h"
#include "parameters.h"

//set variables

//set frequency of loop
MilliTimer Hz100;

//tell Accelstepper library we are using a stepper motor driver and
to which pins it is connected
AccelStepper stepper(l, motorStepPin, motorDirPin);

Void setup()

The void setup() runs one time at the beginning. ADC clock speed is set, microstep resolution is set,
maximum step speed is set (extra safety limit), and the initialisation of the EMG filter and Position
sensors are run.

void setup () {

/*set ADC clock speed with prescaler, standard = 128
single conversion takes 13 ADC clock cycles

This results in a sampling rate of 9600Hz (=125kHz/13)
taking one sample takes 1s/9600Hz = 104us

for 10bit resolution clock speed needs to be in range 50kHz-200kHz
to have optimal performance

only prescale factor of 128 can be used

Resolution is 5V/1023 = 4.9mv

but Atmel datasheet says that up to 1MHz clock speed, accuracy will
not degrade much

so we can give it a try (http://www.atmel.com/Images/doc2559.pdf
p.10 $5$2.8)



ADPS2 ADPS1 ADPSO devision factor clock speed
0 0 0 2 16 MHz / 2 = 8 MHz
0 0 1 2 -
0 1 0 4 16 MHz / 4 = 4 MHz
0 1 1 8 16 MHz / 8 = 2 MHz
1 0 0 16 16 MHz / 16 = 1 MHz
1 0 1 32 16 MHz / 32 = 500 kHz
1 1 0 64 16 MHz / 64 = 250 kHz
1 1 1 128 16 MHz / 128 = 125 kHz
*/
sbi (ADCSRA,ADPS2); //sbi is high(1l), cbi is low(0)
sbi (ADCSRA, ADPS1) ;
cbi (ADCSRA,ADPSO) ;
//set extra limit on stepper speed of stepper motor
stepper.setMaxSpeed (6000) ;
//stepper motors, see below for microstepping resolution
pinMode (MS1, OUTPUT) ; //set MS1 as output
pinMode (MS2, OUTPUT) ; //set MS2 as output
pinMode (MS3, OUTPUT) ; //set MS3 as output
digitalWrite (MS1, HIGH); //set value to high(l, 5V) or low(0, 0V)
digitalWrite (MS2, LOW); //set value to high(l, 5V) or low(0, 0V)
digitalWrite (MS3, LOW); //set value to high(l, 5V) or low (0, 0V)
// For microstepping MS pins need to be set high or low
// Microsteps MS1 MS2 MS3
/= o
// Full Step(200st/rev) low low low
// 1/2 Step high low low
// 1/4 Step low high low
// 1/8 Step high high low
// 1/16 Step (Default) high high high
emg init();
pos_init();
}
\\emg init ()
pinMode (emgPin bic, INPUT); //set as input

4

INPUT
INPUT
INPUT

pinMode (emgPin tri,
pinMode (emgPin_ pec,
pinMode (emgPin_ tra,

’

—_ — — ~—

’

\\pos_ init ()
pinMode (PosPinX, INPUT) ;
pinMode (PosPinX, INPUT) ;
digitalWrite (PosPinY, HIGH) ;
digitalWrite (PosPinY, HIGH)

//set

as input

//enable pullup resistor



Void loop()

To keep it simple only one direction will be given. Within the loop another loop is called every 0.01s.
This loop gets the filtered EMG steering signal and sends it through the admittance model. It also
gets the position and checks this with the set position boundaries.

void loop () {
1if(Hz100.poll (10)) {
getEMG bic();
getEMG tri();

EMGy = EMG bic-EMG tri;
//Admittance model
speedY = 0.0024*EMGy + 0.0024*EMGy old + 0.95*speed¥Y old;
//set stepper speed
stepper.setSpeed (4000*speedy) ;
//Read Position (0-1023)
PosY = analogRead (PosPinY);

//Check boundaries
if (posY <= bound¥Y up && EMGy < 0) {
EMGy = 0;
}
else if (posY >= boundY low && EMGy > 0) {
EMGy = 0;
}
else/{
EMGy = EMGy;
}

//hold old speed & force
speedy old=speedY;
EMGy old = EMGy;

} //end 100Hz loop

//Call as much as possible to ensure smooth running
//Every call is one step

//Is fixed speed mode with no accelerations

//Start with slow speed when using this
stepper.runSpeed() ;

} //end of void loop()



EMG Filter loop for one muscle

void loop () {
//read EMG signal from Olimex EMG shield
EMG = analogRead (emgPin) ;

//notch filter input @ 50Hz to eliminate noise from mains
EMG2= EMG; //input n
NF2= (EMG2 - 2*EMGl + EMGO + 2*NF1 + NF0)/3.821598301; //output n

EMGO= EMG1; //input n-2
EMG1l= CA*EMG2; //input n-1
NFO= ALPHA2*NF1; //output n-2
NF1l= ALPHA*CA*NF2; //output n- 1

//get envelope of EMG signal

//high pass filter (2nd order Butterworth) @ 20Hz to eliminate
//static offset/drift

HP2 = ((0.6997743165180 * NF2) + (-0.4918122372 * HPO) +
(1.3072850288 * HP1));//1.515247108; //250Hz filter

HP3 = (HPO + HP2 - 2*HP1);

HPO = HP1;
HP1 = HP2;

//rectify signal
HP3 = abs (HP3);

//low pass filter (2st order Butterworth) @ 3Hz

LP2 = ((0.001348711948 * HP3) + (1.8934641464 * LP1) + (-
0.8988589942 * LPO));

EMG = (LPO + LP2 + 2*LP1)-OFFSET BI;

LPO = LP1;

LP1 = LP2;
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