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Introduction

People that miss an upper limb caused by a birth defect, disease or trauma can make use of
an upper-limb prosthesis. There are different types of prostheses, namely passive, externally
powered or body-powered. Passive prostheses are often worn from a cosmetic point of view
and only have passive functions. Externally powered prostheses make use of an external
energy source (e.g. electricity). Body-powered prostheses can be actuated purely mechanical
by body movements.

Feedback is essential for correct prosthetic control as it results in more efficient control
since the user feels what he/she is doing. Body-powered prostheses have an advantage over
externally powered devices, because they provide feedback to the user. However, feedback
can also be added to an external system by adding sensors and/or actuators [3]. In this
article, a design will be presented that will control a prosthesis with body movements and
will be powered externally.

A body-powered prosthesis is often controlled with a figure-of-nine harness (see Figure 1).
When the shoulder moves (elevation and protraction), the Bowden cable pulls a ’switch’ that
will in result open or close the prosthesis, depending on whether the prosthesis is voluntary
opening or voluntary closing. The pulling force on the wire automatically provides physical
feedback to the user.

Figure 1: Example of a figure-of-nine harness, which controls a prosthesis via shoulder movement [1]. The prosthesis is attached
with a Bowden cable to a harness that is placed on the contralateral shoulder. When the shoulder is moved upwards and/or
forwards (elevation and/or protraction), a pulling force will act upon the Bowden cable, forcing the prosthetic hand to open or
close.

Despite the fact that the cables have the advantage of providing feedback, there are also
disadvantages to this design. The cables could irritate and cut the skin, for example at the
armpit. This partly causes the high rejection rate (20-40%) of body-powered prosthetic de-
vices [4]. Another reason for this high rejection rate is the high activation force that is needed
to control the prosthesis, which could lead to fatigue [31]. One other complain is the high
mental load that is needed to control a prosthesis. This could be caused by inappropriate
feedback. There could be a modality mismatch between the feedback and where the feed-
back is provided. The sensory information needs to be perceived at a conscious level. The
Central Nervous System (CNS) now has to match and interpret different information sources
together, which demands a high mental load [3]. These problems show that many more im-
provements need to be made in the field of upper-limb prosthetics.



Problem Statement
As was mentioned before, problems arise when controlling a body-powered prosthesis. The
main problems that occur are:

1. Discomfort (e.g. skin irritation)

2. High activation forces

3. High mental load

Many attempts have been made to improve the design of the body-powered prosthesis
and to reduce/remove the problems mentioned above. Some of these solutions can be found
in Part III: Literature study. However, these solutions did not seem to be sufficient to com-
pletely compensate for the problems. An example of a redesign of the figure-of-nine harness
is invented by Latour [19], see Figure 2. Skin anchors are attached to the scapula. The pros-
thesis is actuated and by shoulder movements. It will still provides proprioceptive feedback,
decreasing the mental load. This design decreases the discomfort for the wearer. Vardy et al.
[35] continued with this design and they were able to decrease the activation forces.

TR

Figure 2: The Ipsilateral Scapular Cutaneous Anchor System designed by Latour [19] [26].

Objective
The main objective of this thesis is:

Design and prototype the control and actuation system of a body-powered prosthesis and
test its usefulness to place this system on the back/shoulder of the user.

The starting point of this new design was the study conducted by Vardy et al. [35]. In
this thesis a proof of principle will be presented. It will be researched whether it is possible
to place the total system (the pneumatic force transducer and displacement measurement
device) on the back, where Vardy et al. [35] still placed the system on the table. A prototype
will be built and tested. The results will be compared with the study of Vardy et al. [35], to
evaluate if this new system performs equally good or even better than the system of Vardy
et al. [35].

Reader’s guide

This thesis report is divided intro three parts. In the first part, the scientific article will be
presented (Part I). Herein the final design will be explained and tested. Experiments were
performed to investigate whether the system provides appropriate proprioceptive feedback
by measuring and calculating the sensitivity. A second experiment was executed to assess
the accuracy of the displacement control (hand opening/closing). The results of these exper-
iments will be discussed and compared with Vardy et al. [35].



The second part will consist of the appendices (Part II). In Chapter 1, an overview of the
appendices will be provided. Chapter 2 will show the analyses that were done on the topic
of this thesis. Before the final design was created, it was needed to perform small-scale
literature studies on different topics, namely on the target group, the forces of the shoulder,
the anatomy and movements of the shoulder, and the biomechanical properties of the skin.

In Chapter 3, the criteria that were set for the final design are shown. Chapter 4 shows
the design phase of this thesis. Results of brainstorm sessions are displayed. Also, the three
final concepts will be explained and presented. A Harris profile and weighted criteria were
used to choose the final concept.

The concept proposal of the final design is presented in Chapter 5. All main components
of the system are discussed in detail.

Chapter 6 presents more elaborate information on the research design and methods of
the experiments. Also, extra information about the results will be presented (see Chapter
7). The biggest challenges of the design are presented in Chapter 8. In Part I (Article), some
recommendations will be mentioned, but a more extensive list will be presented in Chapter
9.

To provide all the information on the final design, SolidWorks drawings are included in
Chapter 10. The data of the experiments were analysed with the program Matlab. The code
written for these analyses can be seen in Chapter 11.

In Part III, the literature study will be presented. This study was conducted prior to the
experiments that were executed in Part I. In this review, it was researched what kind of pneu-
matic actuators were available and were suitable for the final design in this thesis (Part I). It
was also investigated how physical feedback could be provided by pneumatic actuators.






PART I

Article






Exploring the Accuracy of Sensitivity and Position Control
for a Pneumatic Force Transducer for Upper-limb

Prosthetics
Lambers, J.A.L.
Delft University of Technology

Abstract

Current upper-limb prostheses are often rejected as a result of high activation forces that
are needed for control. Another reason for rejection is the absence of appropriate proprio-
ceptive feedback. In this study, a pneumatic control system was designed that decreased the
activation forces and where proprioceptive feedback was provided. The system was placed
on the back of the user and was actuated by shoulder movements. The design has been
evaluated on two aspects, namely the sensitivity, determined by the Just Noticeable Differ-
ence (JND) and the Weber Fraction (WF), and the displacement (re-)production accuracy (e.g.
opening/closing of the prosthetic hand). Ten healthy, right-handed male subjects performed
both experiments. The sensitivity was assessed by a reminder task where two forces were
compared. Four reference force levels were used: 2, 4, 6, and 8N. This resulted in WF values
of: 18% for 2N, 4% for 4N, 3% for 6N, and 2% for 8N. The results for the three higher forces
agreed with literature. To evaluate the displacement accuracy the Absolute Displacement
Error (ADE), the Relative Displacement Error (RDE), and the Displacement Variability (DV)
were measured for three different reference displacements: Smm, 10mm, and 20mm. The
results show that the control of the system is accurate enough for object manipulation and
the relative error was lower than 1% for each reference displacement. This design may be
the next step in controlling prosthetic hands.

body-powered prosthesis - pneumatics - proprioceptive feedback - sensitivity - displacement accuracy

that forces between 2 and 10N were most
suitable as control forces. Forces below 2N
were considered too low for sufficient control,
and forces above 10N were classified as un-
comfortable.

Introduction

A body-powered hand prosthesis is controlled
by shoulder and/or elbow movements. Users
frequently complain about discomfort when
using a traditional figure-of-eight or figure-
of-nine harness [4] [5]. They also criticize
the high activation forces and high mental
load that are needed to control the prosthe-
sis. The high cognitive effort is caused by the
lack of appropriate feedback [1]. Hence, cur-
rent designs within the field of body-powered
prostheses should be improved. The comfort
for the wearer needs to be increased, con-

In this study, a pneumatic force trans-
ducer and displacement measurement device
was placed on the back and shoulder of the
user. The experiments will serve as a proof
of principle to see whether it is effective to
put the total system on the body of the user.
The system should meet criteria, of which the
most important are:

trol forces shou}d be lgwered, and. the Sys- 1. The system should be able to control the
tem should provide sufficient (proprioceptive) opening and closing of a body-powered
feedback.

prosthetic hand.
2. It should provide proprioceptive force

This article will proceed on existing de-
signs that have attempted to improve the
body-powered control system. Latour [15]
increased comfort by inventing an anchor
system that does not incorporate a figure-of-
eight or figure-of-nine harness. Vardy et al.
[22] enhanced this design, and lowered the
activation forces. From pilot studies per-
formed by Vardy et al. [22] it was concluded

feedback and displacement feedback.

3. The system should be lightweight, max-
imally 400g.

4. The dimensions should be limited and
should not exceed 223x346x50mm [9].

5. The force sensitivity should be sufficient
and should be comparable to the results
of Vardy et al. [22].

6. The displacement accuracy should be



Cross-section side view

Figure 1: A schematic overview of the system is presented in this figure. A. The figure shows how the system is attached to the
back of the user. B. The distance is detected and measured by the laser sensor and is sent to the prosthesis. This distance is
caused by the shoulder movement, causing the piston to move sideways. C. To provide proprioceptive feedback, the pressure
in the air chamber can be increased, such that a resistance is felt by the user when moving his/her shoulder.

satisfactory and the relative displace-
ment error should not exceed 1%.

There are three types of actuators: pneu-
matic, electric and hydraulic. In this study,
a pneumatic actuator is used because it is
lighter than the other two types of actuators
[17]. Electronic systems are heavier due to
their added battery weight. They are also
incompatible with water and other liquids.
Hydraulic systems tend to be heavy due to
the need of a pump to achieve a certain hy-
draulic pressure. Another reason why pneu-
matic systems were chosen is that it is the
safest option. Electronic systems could ig-
nite a spark. Hydraulic systems operate with
a chemical fluid or water. A pneumatic sys-
tem only uses gas or air. If the system leaks,
it is less problematic if gas/air escapes then
leaking chemicals/water [106].

Vardy and Plettenburg [21] determined
what the best control location was to place a
harness for an upper-limb prosthesis. They
resulted in a system that was located on the
scapula and was attached to the skin at the
upper right corner and next to vertebrae. It
is desired that the shoulder movement, that
controls the prosthesis, generates the largest
change in distance between the two attach-
ments. This will create the highest resolution
possible between the shoulder displacement
and hand opening/closing. It was concluded
by Vardy and Plettenburg [21] that shoulder
elevation and protraction yielded the largest
change in distance. The average maximum
distance was 35mm. This control location

and shoulder movement were used in this
prototype.

The design in this article is a master-slave
system where the master system is worn
directly onto the body and is actuated by
shoulder movements. The slave system is
the externally powered prosthesis, which is
a voluntary opening and closing hand, see
Figure 1A. When the shoulder protracts and
elevates, the piston will slide inside the cylin-
der. The displacement of the shoulder is de-
tected and measured by a laser sensor. This
displacement data is sent to the prosthesis,
causing the hand to open or close (see Fig-
ure 1B). Figure 1C shows how proprioceptive
feedback is provided. When a specific force
is measured at the prosthetic hand, the pres-
sure inside the air chamber will be increased.
The pressure is regulated by a proportional
pressure valve. The user now needs to ex-
ert a higher activation force to move his/her
shoulder. This will in turn induce proprio-
ceptive feedback.

In this article, the sensitivity of the shoul-
der was researched. The (re-)production
of the shoulder movement was also investi-
gated. For both these objectives, two separate
research questions were formulated. The re-
search question concerning the first objective
was: ‘What is the sensitivity for the force feed-
back used in this system for prosthetic con-
trol?’. The second objective was researched
by posing the following question: ‘What is the
accuracy of position control, in terms of dis-



placement perception and reproduction for
prosthetic control with this system?’.

Methods

Two experiments were performed. The first
experiment focused on the sensitivity of the
shoulder. The second experiment was per-
formed to investigate the accuracy of position
control. Both experiments were carried out
by moving the right shoulder, namely with
shoulder elevation and protraction. The ex-
periments were completed in a single session
by the same subject separated by a short
break and lasted 1.5 hours in total. Forces
were kept sufficiently low to avoid fatigue.

Participants
Ten healthy right-handed males aged be-
tween 23 and 31 (mean: 26.6) completed both
experiments. It was chosen to only include
male subjects to have a homogeneous group
of participants. The physical capability be-
tween males and females differ, causing vari-
ations in force reproduction [10]. Therefore,
only male subjects were included.

Subjects provided informed consent and
both experiments were approved by the local
ethics committee.

Setup

The same setup was used for both experi-
ments. The setup can be seen in Figure 2.
LabView (2018, V18.0) was used to simulate
the opening/closing of the prosthetic hand.
The program also provided visual feedback to
the subject during the experiments. The data
was stored and analysed in Matlab (R2016b).
The system was attached to the body at two
points. One next to the vertebrae and the
other on the upper right corner of the right
shoulder.

When the subject protracted and ele-
vated his shoulder, the cylinder (1) moved.
The laser (2) (micro-epsilon, optoNCDT 1401)
measured the displacement of the shoulder
and sent it via an AD-converter (placed on the
table) (National instruments, USB6002) to
the computer (placed on the table) (HP, Elite-
book 8570w). A proportional pressure valve
(3) (Festo, VEAA-L-3-D9-Q4-V1-1R1) was at-
tached to the pneumatic piston cylinder (1)
and received signals from the computer (also
via the AD-converter). The air was supplied
by a gas tank where the pressure was set at
6bar. The air was then supplied via the valve
(3) to the air chamber inside the cylinder (1).

Figure 2: The setup for both experiments with 1. Piston cylin-
der, 2. Laser sensor, and 3. Proportional valve.

Before the experiments started, the sub-
ject got familiar with the actuator. When the
subject was accustomed with the system, the
experiments started.

Methods experiment 1: Sensitivity

The sensitivity of the system was investigated
by measuring the Just Noticeable Difference
(JND) and calculating the Weber Fraction
(WF). The JND is the smallest perceivable
difference in intensity. The WF is the ratio
between the JND and the original stimulus
magnitude and provides information about
the level of precision, hence how well a small
change in force is perceived by the subject. A
WF of 0.01 (or 1%) indicates that the subject
can detect a difference in stimulus intensity
of 1% of the original stimulus [11]. A low WF
yields a high level of precision, because it in-
dicates that a small variation in stimulus can
be detected.

To determine the WF, four reference forces
were used, namely 2, 4, 6 and 8N. These
forces were the same as were applied by
Vardy et al. [22] to be able to compare the
results accurately. A reminder task was used
to measure sensitivity when comparing two
stimuli. On each trial, the standard (refer-
ence force) was presented first followed by the
comparison (test force) [14]|. The magnitude
of this test force deviated a fixed percentage
from the reference force, namely +3.5%, 7%,
+10.5%, *14%, and +17.5%. This yields the
forces that can be seen in Table 1.

In Figure 3, the procedure of this first ex-
periment is displayed. In step 1, the subject
was asked to relax his shoulder. In step 2,
the subject was instructed to move his shoul-
der (elevate/protract) and to reach a certain
target displacement. This displacement was



Reference | Test force(N)
force(N)
“A47.5% | -14% | -10.5% | 7% | -3.5% | +3.5% | +7% | +10.5% | +14% | +17.5%
2 1.65 1.72 1.79 1.86 | 1.93 207 | 214 2.21 2.28 2.35
4 3.30 3.44 3.58 3.72 | 3.86 414 | 4.28 442 4.56 4.70
6 4.95 5.16 5.37 558 | 5.79 6.21 6.42 6.63 6.84 7.05
8 6.60 6.88 7.16 744 | 7.72 8.28 | 8.56 8.84 9.12 9.40
Table 1: Reference forces(N) together with their corresponding test forces(N).
Displacement(mm)
Target Reference force Test force
displacement|”
0 3 8 11 16 Ti
step1 ! ol st 4t st el
Relax | |Reach dis- | |Relax | |Reach dis- Was the
placement placement 2md force
Hold for 5s. Hold for 5s.

higher or
lower?

Figure 3: Visual time-line of experiment 1 with the x-axis: time(s) and the y-axis: displacement(mm). After 3seconds, the user
is told to move his shoulder and hold it for 5seconds. After that, the shoulder can be relaxed for 3seconds. This movement is
repeated, but now with the test force applied to the system. At the end, it is asked if the second force was higher or lower.

made visual on the computer screen by show-
ing a ’progress bar’. During this step, the ref-
erence force was applied to the system by in-
creasing the pressure inside the air chamber.
This position was kept constant for Sseconds
(isometric contraction). In step 3, the sub-
ject was asked to relax for 3seconds (depres-
sion and retraction of the shoulder). He then
again needed to move his shoulder to reach
the same target displacement. In this step
(4), the test force was applied to the system
by increasing/decreasing the pressure. After
Sseconds, the subject could relax and needed
to answer the following question: ‘Was the
second force higher or lower than the first
force?’. One trial was now executed for one
reference force and one test force.

Four blocks of the four reference forces
were presented to each subject. The order
of reference forces within these blocks was
randomized within-subjects and between-
subjects. Each block then holds all the four
reference forces, together with their 10 tests
forces. The order of test forces was also
randomized within-subjects and between-

subjects. In total, this yields: 4 (blocks) x
4 (reference forces) x 10 (test forces) = 160
trials.

It was chosen to keep the target displace-
ment constant. This way same-sized objects

were simulated, but with a different stiffness.

Data analysis experiment 1

After the experiment, the number of trials
where the test force was identified as larger
than the reference force was counted per sub-
ject and divided by the number of repetitions,
which was 4. Now, for each reference force
and corresponding test force the average re-
sponse per subject was calculated. This data
was pooled for all the subjects and a logistic
psychophysical curve was fitted for each of
the reference forces. A psychometric function
models the relationship between the change
in physical stimulus and the forced-choice
response of the subject.

The JND was calculated by determining
the relative differences in force (AF) corre-
sponding to 25% and 75% success probabil-
ity in the psychometric graph. The formula
as presented in Equation 1 was used.

(AF(75%) — AF(25%))
- - (1)

To calculate the WF, the JND was divided
by the reference force and multiplied by 100
to receive a percentage, see Equation 2.

JND

JND

WF =

Freference

«100% )
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Displacement{mm)
Target Visual feedback No visual feedback
displacement|”
0 3 8 11 16 Time(s)
Step 1 ? 2? 3 ? 4 ?

Relax ||Reach dis- ||Relax ||Reach dis-
placement placement
Hold for 5s. Hold for 5s.

Figure 4: Visual time-line of experiment 2 with the x-axis: time(s), and the y-axis: displacement(mm). After 3seconds, the user
is told to move his shoulder and hold it for 5seconds. This is repeated without visual feedback.

Methods experiment 2: Accuracy of

position control

In experiment 2, it was researched how well
a subject could reach a certain target dis-
placement with and without visual feedback.
Three reference shoulder displacements were
used namely: Smm, 10mm and 20mm. In
each trial, the subject was instructed to
achieve a certain displacement (step 1), with
visual feedback on the screen where the tar-
get displacement was shown, see Figure 4.
This position needed to be held for Sseconds
(isometric contraction). Then, the subject
could relax for 3seconds (step 2). The sub-
ject was instructed to achieve the same target
displacement, but now without visual feed-
back (step 3). This was repeated 10 times per
reference displacement, resulting in 30 trials
in total. The order of reference positions was
counterbalanced between subjects.

Data analysis experiment 2

To remove transition effects between steps,
the first 2.5seconds and the last 0.5seconds
were removed from each trial. The data was
sampled with a frequency of SOHz. The data
was analysed to measure the following fea-
tures:

1. Absolute Displacement Error (ADE),
which is the absolute difference between
the mean of the data and the target dis-
placement.

2. Relative Displacement Error (RDE),
which is the relative difference between
the mean of the data and the target dis-
placement.

3. Displacement Variability (DV), which is
the standard deviation of the produced
error.

This experiment was performed to see how
well a subject could reach a certain displace-
ment and how accurately this displacement

could be reproduced without visual feedback.
The measurement data shows if the control of
the prosthesis will be as intended and if dis-
placements are perceived correctly.

Results

Experiment 1: Sensitivity

Figure 5 shows the psychometric curve of the
pooled data for each reference force. The
curves show the probability of a response
(test force identified as larger than the refer-
ence force) as a function of the relative dif-
ference between the reference force and test
force (test force factor). For the reference
force 2N, the data is extrapolated to cor-
rectly calculate the JND and WF. These re-
sults show JND values of 0.35, 0.15, 0.17,
and 0.15 and WF values of 18%, 4%, 3%,
and 2%. It can be seen that larger differences
in force were detected more frequently than
smaller differences.

Experiment 2: Accuracy of position
control
In Figures 6, 7, and 8 the results of the sec-
ond experiment can be seen. The Figures 6
and 7 show that the absolute (ADE) and rel-
ative (RDE) error is noticeable lower in the
presence of visual feedback compared to the
blind reproduction trials. As can be seen in
Figure 8 there is less variability in the blind
reproductions than for the visual productions
for the displacements Smm and 10mm. How-
ever, this difference is relatively small.
Figure 6 shows the results of the ADE. It
can be seen that these results are to some ex-
tent similar for each displacement. The abso-
lute error does not increase or decrease when
the displacement was increased. However,
when looking at the results of the RDE (see
Figure 7), it can be seen that there is a differ-
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Figure 5: Psychometric curves for the pooled data for all the four reference forces. *The JND and WF for the reference force 2N
were calculated with the extrapolated data. This, because the 25% and 75% success probability were not reached.

ence in relative error between the displace-
ments. Relatively, the 20mm displacement is
performed more accurately than the Smm.
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Figure 7: The Relative Displacement Error (RDE) is presented
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erage of all the subjects together.

Figure 7 displays that there is relatively

less variability in error for the 20mm displace-
ment than in the lower displacements. This
can be seen when looking at the individual
data-points of the subjects.

Figure 8 shows that the results per sub-
ject are quite similar. However, for the 20mm
displacement, there is one outlier for the vi-

1sual production and for the blind reproduc-

tion. This was one subject, that only had dif-
ficulty in the highest displacement, and was
therefore not removed from the data-set.
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| Figure 8: The Displacement Variability (DV) is presented in
| mm for each of the three displacements. The DV is the av-

erage of all the subjects together.

Discussion

Experiment 1: Sensitivity

The goal of the first experiment was to in-
vestigate how well a subject can detect force
variations. The sensitivity was tested for four
reference forces. Results show that differ-
ences in force were less accurately detected
for the reference force 2N than for the other
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three reference forces. A success probability
of 25% and 75% was not reached for the low-
est reference force. Hence, the JND could not
be calculated correctly according to Equation
1. Therefore, the fitted data was extrapolated
to calculate the JND.

High friction values inside the pneumatic
cylinder could cause the poor results of the
2N force. This friction was caused by O-
rings inside the cylinder. The friction for the
2N force was 5.083N, which is 250% of the
reference force. The friction for the 8N was
5.590N, which is 62% of the reference force.
This shows that this friction force was rela-
tively more prominent for the lower reference
force. This could justify why the sensitivity
results were worse for the 2N than for the
higher reference forces. A suggestion is to
decrease O-ring clamping, which in turn will
lower the friction forces. The friction for the
2N could decrease to 3.727N (186% of the ref-
erence force), and could decrease to 4.234N
for the 8N (53% of the reference force).

Another recommendation is to seek for
another valve with a higher pressure range.
When the maximum pressure value in-
creases, the cylinder diameter can be de-
creased, which will in turn lower the friction.

Pressure value inaccuracies, caused by
the pressure regulating valve, were detected.
It was concluded that the analogue output of
the valve did not precisely correspond to the
input. These inaccuracies were not consis-
tent and therefore the pressure levels differed
little between trials. This causes the force to
be variable between trials. However, these
differences were small, namely an average
relative force error of 0.15% for the 2N ref-
erence force, and no error for the 8N. This
however shows that the error has a larger ef-
fect on the lower forces than on the higher
forces. Nevertheless, an error of 0.15% is
truly small and will probably not affect the
results. Therefore, these inaccuracies do not
explain the poor results for the 2N.

There was variability between subjects
with one extreme outlier. One participant
had much difficulty and scored low on all the
four reference forces compared to other sub-
jects. When removing this subject from the
data, it resulted in JND-values of 0.30, 0.15,
0.16, and 0.14, and in WF-values of 15%,
4%, 3%, and 2%. All the results improved

slightly. Nevertheless, there is still a high
JND and WF measured for the reference force
2N. To check if the subject removed from the
dataset was truly an outlier, it is suggested
to repeat the experiment with more subjects,
to see if outliers are naturally filtered out.

Compared to Vardy et al. [22], the refer-
ence force of 2N scored worse. Vardy et al.
[22] had JND and WF values of 0.14 and 7%
for 2N, 0.11 and 3% for 4N, 0.16 and 3% for
6N, and 0.17 and 2% for 8N. The 4N barely
scored worse in this study. The sensitivity for
the reference forces 6N and 8N is comparable
to Vardy et al. [22]. The results show that
the system performs equally good for higher
forces. The aim is to have a sufficient sensi-
tivity for lower forces. This, because a range
with higher forces is not desired, because fa-
tigue is then more likely to occur as the user
needs to withstand higher forces during the
day.

No JND or WF data on the protraction
and elevation of the shoulder was found in
literature. However, some perception experi-
ments with the shoulder were identified. Yet,
it needs to be stated that the JND and WF can
be calculated in different ways. This then var-
ied between articles. This needs to be kept in
mind when comparing results.

Hurmuzlu et al. [13] evaluated the shoul-
der sensitivity and performed an experiment
with the following reference forces: 4.4N,
8.9N, 13.4N, and 17.8N. This resulted in
the following WF-values: 50%, 12.5%, 17%,
and 6%. The high WF-values were probably
caused by the internal friction of the haptic
device. Nevertheless, these values are higher
than found in this article. This suggests that
the system employed in this article yields a
higher sensitivity.

Schmidtler and Kérber [19] showed based
on a literature review, that the lower the ref-
erence force, the higher the Weber Fraction.
They investigated the human perception in
the upper arm and torso while manipulating
a robot. This does agree with the results in
this article.

It was encountered that stick-and-slip oc-
curred at high pressures. This agrees with
an article from Belforte et al. [3]. He showed
that with increasing pressure, the average



friction force also increases. Stick-and-slip
behaviour will be explained later in detail.

Debats et al. [8] investigated how percep-
tual precision is dependent on neural noise.
The absolute noise determines motor preci-
sion. It was concluded that the absolute
noise increased with the reference force. The
higher the absolute noise, the lower the mo-
tor precision. However, concluded by Debats
et al. [8] perceptual precision does not depend
on absolute noise but on the relative noise.
This agrees with the results found in this ar-
ticle. The WF decreases when the reference
force increased, suggesting that the relative
noise also decreased.

Experiment 2: Accuracy of position

control

The second experiment was designed to in-
vestigate how well a user can control the
opening/closing of their prosthetic hand. It
was also researched if visual feedback is es-
sential in position control. The results show
that precise movements were harder to con-
trol. It further demonstrates that visual
feedback was needed to control the open-
ing/closing of the hand. Visual feedback had
a relative larger effect on smaller displace-
ments when looking at the RDE. However, it
needs to be stated that possibly a learning
curve will occur. This could result in better
blind reproduction results [6] [12]. Nonethe-
less, this hypothesis needs to be tested in
future research.

The results demonstrate that the absolute
displacement for the visual production for all
the three displacements was around 0.6mm
(with Standard Deviation (SD): 0.5mm) and
around 2.6mm (with SD: 1.1mm) for the blind
reproduction. This shows that position con-
trol is reasonably accurate. However, to see if
the control is accurate enough for object ma-
nipulation, experiments should be performed
while handling a prosthesis performing daily
life activities.

Stick-and-slip behaviour was observed
during the position control of precise move-
ments. This could be caused by high static
friction values and could explain why smaller
displacements were relatively harder to con-
trol. Just before the piston moves, static
friction is established on the contact surface
of the pneumatic cylinder. When the ex-
erted force on the system (by the subjects’

shoulder) exceeds the static force, the pis-
ton starts to move. The friction force quickly
decreases due to the Stribeck effect. The
Stribeck friction is a non-linear low-velocity
friction that contributes to the stick-and-slip
behaviour [2]. This effect causes the fric-
tion coefficient to promptly decline when the
static force is exceeded, causing the piston to
rapidly accelerate creating a ‘slipping’ over-
shoot [23]. Subjects carefully and slowly pro-
tracted/elevated their shoulder to reach the
smallest target displacement. When an over-
shoot took place, subjects wanted to com-
pensate for this error by again slowly moving
their shoulder, exciting once more the stick-
and-slip behaviour.

Thompson and Robbins [20] likewise
showed that there is a drop in static fric-
tion as the velocity increases. To check this
statement, the average speed was calculated
per subject and then pooled together to cal-
culate the total average speed for the Smm
displacement and the 20mm displacement.
The speed for the Smm displacement was
3.75mm/s, while the velocity was 11.91mm/s
for the 20mm displacement. This shows that
the velocity was lower for the smallest dis-
placement, which could explain why stick-
and-slip was more apparent in those trials.

There are several approaches to decrease
stick-and-slip behaviour. To decrease this
behavior at low velocities, the static force
should be lowered. This could be done by ap-
plying lubrication to the system [7] [20]. In
this prototype, a silicone based lubrication
was used to decrease the friction. However,
in the future, perhaps more research should
be conducted on the use of lubrication.

Another option to decrease the sticking
behavior is by optimizing the pneumatic
cylinder. In this design, it is chosen to
clamp the O-rings with 10% of their thick-
ness. However, according to Plettenburg [18],
this clamping could be decreased, namely to
8+2%. This will decrease the static forces at
all velocities. In this design, the static fric-
tion at maximum pressure was 5.843N. With
O-ring clamping of 6%, the friction will be
4.378N. This is a decrease of approximately
1.5N. However, decreasing the O-ring clamp-
ing will increase the chance of leakage. It
is therefore recommended to optimize this O-
ring clamping, and repeat the experiments to
see if leakage occurs.

As was also mentioned before, it is also
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possible to increase the maximum pressure,
which would decrease the size of the cylin-
der diameter. Hence, the static friction will
be lowered.

Summary discussion

Many recommendations for future research
have been proposed. The design of the cylin-
der should be improved to reduce stick-and-
slip behaviour. Another valve with higher
maximum pressures should be used. The
cylinder diameter could then decrease, caus-
ing the friction to also decrease. This could
presumably improve the sensitivity of lower
reference forces and the displacement accu-
racy of smaller displacements.

Furthermore, it is suggested to perform
more experiments, to see if these is a high in-
between subjects variability, to check if learn-
ing effects occur, and to see if the systems
works accordingly when controlling an actual
hand prosthesis.

Conclusion

The results presented in this article indicate
that with this prototype the reference forces
4N, 6N, and 8N have a comparable sensitiv-
ity as the prototype of Vardy et al. [22]. The
reference force 2N has a lower sensitivity,
causing this force to not provide proper pro-
prioceptive feedback. It is desired to keep the
forces as low as possible, because this results
in a reduced chance on fatigue. However, as
stated in the discussion, some aspects of the
prototype need to be investigated in future
research to fully conclude that a force of 2N
is not applicable.

There is appropriate position control and
the system is accurate for object manipula-
tion. A criterion was set that the relative dis-
placement error should not exceed 1%. The
results in this article show that this value is
not exceeded. However, in future research
the system should be tested with the user
clamping objects to see if these displacement
errors are low enough.

This interface for haptic control may be
the next step in controlling prosthetic hands.
This study provided a proof of principle and
is a first step in the right direction. More re-
search should be conducted on the system,
especially on the lower forces, and the design
should be optimized.
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Introduction

In this Part, the Appendix will be presented. All the steps of the design cycle will be pre-
sented, as can be seen in Figure 1.1. First, small-scale literature studies were performed to
provide the reader with supplementary background information. This will be presented in
Chapter 2: Analysis. Chapter 3 shows the criteria that were set for the prototype and for the
final design. These criteria were then translated to ideas and concepts, see Chapter 4. Ideas
will be presented, from which concepts were developed. With the use of a Harris profile and
a weighted criteria method, the final concept is chosen. This design is explained in detail
in Chapter 5 (Concept Proposal). All the specifications of the design will be discussed here.
Chapter 6 shows additional information on the research design. In Part I (Article) the test
setup was already discussed. However, in Chapter 6 extra material about the experiments
will be presented if the reader desires more information. This is also the case with the results,
which are presented in Chapter 7. The most important results were discussed in the Article.
Yet, extra information is presented in this chapter as well as all the calculations. Chapter 8
will present the two main challenges that were encoutered during the experiments. Chapter
9 will present recommendations made for future research. Chapter 10 shows all the Solid-
Works drawings of the prototype. In Chapter 11, the Matlab code will be provided.

ANALYSE — DEVELOP — CREATE |—|EVALUATE

Analysis (Ch. 2) Design ideas (Ch. Concept proposal Methods{Ch. 6)

Criteria (Ch. 3) 4) (Ch. 5) Results (Ch. 7)
Biggest challenges
(Ch. 8)
Recommendations
(Ch. 9)
SolidWorks (Ch.
10)
Matlab {Ch. 11)

Figure 1.1: An overview of the design cycle that was followed during this master’s thesis.
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Analysis

As mentioned in the introduction of this thesis, the objective was to design and prototype the
control and actuation system of a body-powered prosthesis and test its usefulness to place
this system on the back/shoulder of the user. In this chapter, the scope of this assignment is
specified by defining the target group. Also, some topics of interest will be mentioned. Some
of these topics were analysed further in other sections of this chapter.

2.1. Scope

First, the target group will be specified. This group is based on the targeted subjects for the
experiment. The following criteria for the target group were set:

1. ADL (activities of daily living)
A force of 35N should be reached when controlling the prosthesis. This maximum force
is set based on the ADL tasks and based on the pinch force needed to pull up a sock
[11].

2. Gender
The prototype in this thesis is only developed for male subjects. Eventually it would be
the goal to design the system for both genders. However, this makes the design more
intricate, because there are differences between the genders when it comes down to
maximum force and maximum displacement. Men can exert higher maximum forces
than females. However, in the daily life tasks that were set in this thesis, maximum
forces are not needed. However, this difference in maximum force creates another con-
trast between male and female concerning the muscle fatigue according to Hicks et al.
[12]. This is caused by the fact that females have a lower muscle mass, which requires
them to use less 0, during contraction than men. This is supported by other articles
that state that males have a greater muscle fatigue, when exerting the same relative
force (% of maximum force) ([8], [16]). Females have a lower maximum force, which
causes the relative force of males to be higher. Men have a higher muscle mass, which
causes them to activate more mass to achieve the same relative force as females. This
provokes larger intramuscular pressures and greater occlusion of blood flow, causing
women to be able to sustain a contraction for a longer duration, especially for lower
contraction intensities [8].
Monod [24] showed that 20% of the maximum voluntary force can be applied without
fatigue. This is called the critical force. A force higher than this 20% causes fatigue,
which is generated by ischaemia inside the muscle. Ischaemia is a lack of oxygen in the
muscles. This critical force increases when the muscle does not need to exert a force
for a long period of time. The shorter the contraction time, the higher the critical force.
Hichert [11] also states that a fatigue free force for females and males is between 15-
20% of their maximum force. This yields a fatigue free force for females of 38N, while
for males it is 66N.

3. 20-30 years of age

23
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The system will be designed for users aged between 20 and 30 years. This is done,
because there are differences in physical capacity when concerning age. Maximum
physical capacity is between the age of 20 and 30 years. Muscle strength declines
after the 30th life year. After the age of 50, this decline will accelerate. However, some
articles state that this accelerated decline already starts at the age of 40 [14]. Therefore,
it is chosen to keep the age of the target group between 20-30 to make sure that the
accelerated decline has not started yet.

2.2. Interesting topics

In this section, some interesting topics will be mentioned and discussed.

1. Available pneumatic systems
It needs to be researched what the available pneumatic systems were. This is widely
discussed in the Literature study in Part III. It is discussed which systems are applicable
for the design in this masters thesis.

2. Shoulder forces
It is also of importance to know how much force a shoulder can provide. This makes
it essential to investigate where the system should be attached to. It needs to be re-
searched what the best control locations on the shoulder are.

3. Proprioceptive feedback
It is important to understand the biology that determines how humans sense. How does
it work? What kind of sensors play a role in proprioceptive feedback? How can these
be of use in the design of the system? This will be discussed in section 2.4.1.

4. Movements of the shoulder
It is of importance to know which muscles are used during protraction and elevation of
the shoulder. Also, the anatomy of the muscles is of interest.

S. Biomechanical properties of the skin
In the system of Latour et al. [18] stickers are used to attach the system to the body.
However, are stickers the only option? What are the other possibilities? How does the
skin react to stretch?

6. Sensitivity of the shoulder
This is of importance, because of the feedback that will be provided by the system. How
well does a user feel the difference between forces? And what is the range of these
forces? This topic will be investigated in experiment 1.

7. Accuracy of position control
It is essential to know if the position control of the prosthesis is accurate enough. Can
the user control the opening and closing of the hand precisely without any visual feed-
back? This topic will be investigated in experiment 2.

2.3. Forces

Sufficient forces to operate an externally powered prosthesis are between 2 and 10N, while
maintaining a sufficient level of proprioceptive feedback [35]. This shows that there are
no high actication forces needed to achieve appropriate proprioceptive feedback. However,
there is a trade-off between low activation forces and the accuracy of sensation. L.A. and
Hunter [17] stated that smaller forces (% of Maximum Voluntary Contraction (MVC)) were
overestimated. At 50% MVC forces were most accurately estimated. It is desired to keep the
operational forces as low as possible to not induce fatigue. However, the lower the forces,
the less accurate the estimate of forces. Therefore, in this article, it is researched if forces
varying from 2-10N are sufficient for accurate proprioceptive feedback.

Forces will not only be presented to the shoulder muscles, but also on the skin. These
forces are dependent on the biomechanical properties of the skin. These will be discussed in
paragraph 2.4.3.
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2.4. Shoulder

In this section, proprioceptive control will be discussed. This background information is
required to fully comprehend how the feedback mechanisms work. Then, the possible move-
ments of the shoulder were analysed. At last, the biomechanical properties of the skin were
investigated. This, because the system will be directly attached to the skin.

2.4.1. Proprioceptive control

Proprioceptors are position sense receptors and occur in skeletal muscles, tendons, joints,
ligaments and in connective tissue coverings of bones and ligaments [21]. There are several
proprioceptive receptors of which golgi tendon organs and muscle spindles are the most im-
portant. Golgi tendon organs are located in the tendons and they measure tension. Spindles
are located in the muscles and measure muscle length. Signals from these receptors are
sent to the the primary somatosensory cortex in the brain. Neurons in the brain are able to
identify the body regions that are stimulated. This is called spatial discrimination [21].

According to Feyzabadi et al. [10], the shoulder has a better force discrimination (lower
Weber Fraction) than the wrist and elbow joints. This possibly can be explained by the fact
that the shoulder has more muscles, which can help in the proprioception. All the shoulder
muscles contain tendons, which contain golgi tendon organs [21]. This could support the
assumption of Feyzabadi et al. [10] that the shoulder has a better proprioception. More mus-
cles means more golgi tendon organs, which in turn means more receptors to signal back to
the brain where neurons will convert this signal into a spatial discrimination. However this
is not further tested yet. A higher number of muscles involved could perhaps improve the
ability to discriminate forces.

Salles et al. [29] states that muscle spindles are better in position detection when the
muscles are trained. Strength training causes them to become more sensitive [27]. Physi-
cal exercise does not change the number of mechanoreceptors, but induces morphological
adaptations in the muscle spindle. This could result in an increased accuracy of position
detection.

Fatigue decreases the level of accurate proprioception in the shoulder [7]. Fatigue should
therefore be avoided and forces should be kept below 40N [11]. However, this is the case in
the experiments performed in this thesis where forces are kept below 10N.

2.4.2. Movements of the shoulder

There are several motions the shoulder can make. Vardy and Plettenburg [34] identified loca-
tions on the shoulder that exhibit a large relative displacement during shoulder movement.
They performed the experiments with five different shoulder motions, namely: elevation, de-
pression, protraction, retraction and a combination of elevation and protraction. In the pro-
totype of this thesis, this shoulder displacement is translated to the opening/closing of the
hand prosthesis. Therefore, a larger relative displacement could afford a higher resolution
for position control. The subject will control the prosthetic hand with shoulder motion. From
the study of Vardy and Plettenburg [34] it was concluded that a combination of protraction
and elevation was most effective for this type of control. The highest average displacement
could be reached, namely 35mm. Shoulder protraction is also used in the traditional harness
design control.

There are many muscles in the posterior thorax that will create the movements of the
shoulder and scapula. The muscles that stabilize and control the protraction and elevation
motion are shown in Table 2.1. The function of these muscles are in short mentioned in this
table. The anatomy of the shoulder muscles is presented in Figure 2.1, where the muscles
of Table 2.1 are visualized.
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Muscle Function

m. trapezius stabilizes, elevates, retracts and rotates scapula

m. levator scapulae | elevates/adducts scapula

mm. rhomboids stabilize scapula, elevation of the scapula

m. serratus anterior | small elevation (upper fibers), protraction (lower fibers)

m. supraspinatus protraction, and stabilizes humerus

m. deltoideus protraction (middle fibers), and stabilizes (front and back fibers)

Table 2.1: Most important posterior shoulder muscles and their function [15] [21].
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Figure 2.1: Anatomy of the shoulder with all the muscles presented from Table 2.1 [20].

For future designs, it could be possible to use both shoulder blades for control. One
shoulder could then control the hand opening/closing, and the other shoulder could control
flexion /extension or pronation/supination.

2.4.3. Biomechanical properties of the skin

As mentioned before, the forces on the skin are dependent on the biomechanical properties
of the skin. The most important structural components of the dermis (skin) are collagen,
elastin and ground substance [13]. Collagen has high tensile strength, is stiff and lacks
extensibility. The component elastin is responsible for the ability of the skin to come back to
its original shape after deformation.

The elasticity and stretch-ability of the skin is not equal for everyone and changes over
time. These properties diminish after the age of 30, causing the skin to be more stiff [2]. The
Young’s Modulus for younger people is around 4.2x10°Nm™2 and for the older people around
8.5x10°Nm~2. However, these values differ quite much between studies (sometimes with a
factor of 3000) [6]. Therefore, this property is difficult to estimate and analyse.

Skin thickness also influences the biomechanical properties of the skin. The thickness
varies with location, age and sex [13]. Elderly often have a thinner skin because less collagen
and ground substance are synthesized in the dermis. The thickness of the skin declines with
6% per decade. The elastin and collagen networks degenerate, which decreases the skin’s
ability to recover from stress [28]. This causes the skin to be more stiff. The thickness
is typically greater in men than in woman for any given location, because it has a greater
collagen content.



Criteria

Two lists of criteria that the actuator should meet were set. The first list contains the criteria
that were set for the prototype in this article. The second list contains the criteria which the
final system should meet in the future. The first list of criteria is as follows:

1.

2.
3.
4.

The system should function as the control system of a body-powered hand prosthesis
and should be able to control the opening and closing of a prosthetic hand.

The actuator should provide proprioceptive force feedback.

The actuator should be pneumatically driven.

The actuator should be safe to operate as no places where clothing can get stuck are
allowed.

. The actuator should not physically harm the user.
. The part of the system that is placed on the back should weigh maximally 400g.
. The actuator should be maximally 223x346mm in width and height. The thickness

should be limited and should not be more than S0Omm [5].

. The design should have round edges to not harm the user.
9.
10.

The material of the device should not irritate the skin.
The attachment to the skin should be disposable.

As mentioned before, the second list of criteria is set for a final design. These criteria can
be seen as recommendations for future research. The second list of requirements is:

4.

10.
11.
12.
13.

14.
15.

1. The system should have a wireless connection with the prosthesis.
2.
3. The actuator should be easy to apply, donning and doffing should be done within

The actuator should consist of a soft material.

120seconds.
The actuator should be practical in use. It should not stand in the way of daily life
activities, for example it should not interfere with the back of a chair when sitting down.

. The system should be able to be used for a whole day, without the need of changing the

air supply.

. The system needs to be cleaned easily. It needs to be handily brushed with an alcohol

wipe.

. The system should be able to sustain friction from clothing.
. The system should be able to endure a temperature of 30 degrees Celsius.
. The latency time of the system (control and feedback) should be maximally 300ms in

order to let the prosthesis feel as the users own hand [30].

The actuator should be waterproof, it should sustain perspiration and/or rain.

Easy to operate, the system should be able to be used correctly within 1month.

The actuator should have a long durability.

Behave reliably with no unexpected or jerky movements. Mechanical joints should be
sufficiently lubricated.

The battery must last a whole day (24hours), before recharging.

Gas tank should preferable be placed on the body, such that no long wires are present.
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3. Criteria

The tank should therefore be as small as possible.
16. The device should look appealing to the user.



Design ideas

It is widely discussed in the literature study which kind of pneumatic systems are available
(see Part III). This study was used as a starting point for the design phase. During this phase,
a morphological chart was generated (Figure 4.1) [33]. This chart shows ideas for the func-
tionalities of the system such as: measure displacement, change force/pressure/resistance,
create pressure, change in distance, measure force, and measure change in flow/pressure.
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Figure 4.1: Morphological chart which shows solutions for the following functionalities: measure displacement, change force/-
pressure/resistance, create pressure, change in distance, measure force, and measure change in flow/pressure.
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Another method (How-To’s) was used to come up with design ideas. In this method, ques-
tions on how to realise certain functionalities are posed [33] The results of these first two
questions are shown in Figure 4.2. The questions are:

1. How to send info/signals back and forth?

2. How to create feedback (pneumatically)?
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Figure 4.2: Drawings of the results of the How-To’s questions: 1. How to send info/signals back and forth?, and 2. How to create
feedback (pneumatically)?.
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The third and fourth questions are:

3. How to attach something directly onto the body?
4. How to supply energy/gas?

Figure 4.3 displays the results of the brainstorm session on these questions.
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Figure 4.3: Drawings of the results of the How-To’s questions: 3. How to attach something directly onto the body?, and 4. How
to supply energy/gas?.



32 4. Design ideas

The last two questions that were posed are:

5. How to store energy/gas?
6. How to create motion in the system?

Figure 4.4 shows the results of these last two questions.
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From the results of the morphological chart and the How-To’s, ideas were subtracted and
developed. In Figure 4.5, the first 2 ideas are presented. Idea 1 represents a system with a
Pneumatic Artifical Muscle (PAM) that contracts to provide the force feedback. Sensors are
integrated in the hardware to measure the displacement.

The second idea shows a design with a Pneumatic Balloon Acuator (PBA) that is pressur-
ized to create resistance in the system. This way, the motion of the shoulder is hindered,
which establishes proprioceptive force feedback.

Both ideas can be placed on one shoulder, where the movements protraction and elevation
create the motion in the system. However, both ideas can also be placed on both shoulders.
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Figure 4.5: First ideas. Idea 1: Pneumatic Artificial Muscle (PAM). Idea 2: Pneumatic Balloon Actuator (PBA).

In Figure 4.6 ideas 3 to 7 are presented. The third idea shows a version of a pneumatic load
cell. During protraction, the pressure inside the air chamber changes. The air could escape
through the nozzle of the valve, where a pressure gauge is placed. This gauge measures the
pressure relating it to the distance travelled (caused by the shoulder movement).

Idea 4 presents a design with a ’hook’ incorporated. This hook pulls the valve open to
let air flow into the chamber. A force or flow sensor measures how much air flows into the
system. This is related to the displacement. Idea 5 is a new version of idea 4 where a force
gauge is placed on top of the valve and hook. This gauge measures the force that is exerted
during protraction. The force is related to the displacement.

The next idea (idea 6) shows a flexible active skin. In this skin small Pneumatic Artifi-
cial Muscles (PMAs) are placed that will contract when pressurized to exert force feedback.
Stretch sensors are also integrated into the thin skin to measure the stretch. This stretch is
related to the motion (and thus the displacement) of the shoulder.

The last idea in Figure 4.6 shows a design with a POT-meter. This meter measures the
displacement by rotating during protraction. On the other side of the bar, a PAM is integrated
into the design, to create the proprioceptive feedback.

Figure 4.7 shows the last four ideas. These will be explained on the next page.



34

4. Design ideas
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Idea 8 shows a system with a linear encoder. This encoder can measure the position
based on the serial code that is placed on the rod. During protraction, this rod will move.
Inside the chamber, a PAM is incorporated to provide feedback.

The ninth idea is a combination of the flexible active skin and a rod. The flexible active
skin has small Pneumatic Artificial Muscles that will contract when pressurized. The rod is
attached at both sides of the shoulder. On the ends of the rod, a sensor is placed to measure
the displacement.

Idea 10 shows the combination of a flexible active skin and a hall effect sensor. The hall
effect sensor will measure the displacement based on the strength of a magnetic field.

The last idea (idea 11) is a combination of a linear encoder and a piston-cylinder. The
linear encoder will measure the displacement. The piston-cylinder has a chamber, through
which air can flow. A valve will increase/decrease the pressure to create proprioceptive feed-
back.

Some of these ideas were combined and further developed. Idea 3 was further developed
and can be seen in Figure 4.8. While developing this idea, some questions arose. How large
will the magnet be? What is the minimal/maximal distance of a hall effect sensor? How large
will the gas tank be, and where is it be placed? The answers to these questions need to be
given when this concept is chosen.
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Figure 4.8: Idea 3 further developed. This idea contained a hall effect sensor with flexible active skin.

Figure 4.9 shows a more detailed drawing of idea 9. This idea had a POT-meter that
measured the displacement. The POT-meter rotates when the piston rod moves (caused by
shoulder protraction and elevation). Force feedback is provided by changing the air pressure
inside the chamber. When the air pressure increases, the movement of the shoulder will be
resisted and a higher activation force is needed to protract the shoulder.
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Figure 4.10 shows how idea 10 was further developed and will be explained below the
figure.
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Figure 4.9: Idea 9 further developed. This idea contained a POT-meter that measures the displacement. The pressure in the air
chamber is controlled via the opening/closing of the valve, creating a higher/lower pressure in the chamber.

FIEXIBLE ACTIVE SEN

\. W FoT METER

“ | S\pE VeV
/| T |
|| ~ p

f = — -

-
PROTRACTION

ARDL IN) O

\. Mp;\MS

\\A & B
i T 1
RIS

9
AR GHANMEL P where * how Large

T — . AR sopeLY

Figure 4.10: Idea 10 further developed. This idea included a POT-meter and a flexible active skin

The design in Figure 4.10 had a POT-meter that was rotated by the rod. This rod moved
when the shoulder was protracted. An Arduino will function as an AD-converter, by convert-



37

ing the POT-meter input to displacement values. This will then be sent to the prosthesis,
and will control the opening/closing of the hand. The Arduino will also send pressure input
values to the air supply valve. The Arduino will therefore control the force feedback provided
by the system. When air is supplied to the air channels, the MPAMS (miniature PAMs) will
inflate and contract.

In Figure 4.11 it can be seen how idea 11 was detailed. This design measured the displace-
ment via a linear encoder. A serial code was placed on the piston rod. The linear encoder
will read this code and will relate it to the displacement of the shoulder. This information
is converted in the Arduino and sent to the prosthesis. The Arduino also controls the air
pressure inside the air chamber.
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Figure 4.11: Idea 11 further developed. This system contained a linear encoder together with a pressure chamber.

Three final concepts were realized. The first concept can be seen in Figure 4.12. This
concept has a linear encoder to measure the displacement and a PAM to create force feedback.
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Figure 4.12: Concept 1, with a linear encoder to measure the displacement and a PAM to create force feedback.
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The second concept is presented in Figure 4.13. A hall effect sensor will measure the
distance and a pneumatic piston-cylinder will create feedback.
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Figure 4.13: Concept 2, with a hall effect sensor to measure the displacement and a pneumatic piston-cylinder to create force
feedback.

Figure 4.14 shows the final design of the third concept. This concept has a flexible active
skin with MPAMs incorporated. A hall effect sensor will measure the displacement.
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To determine which of these concepts will be chosen and further developed into a proto-
type, two decision methods were combined and used, namely a Harris profile and a weighted
criteria method [33]. For these methods, both criteria lists were used. This, because even-
tually this system needs to be optimized to fulfill all the criteria in the long run. The result
can be seen in Figure 4.15. Eventually concept 2 is chosen even though concept 3 has more
points. This is because concept 3 is a very difficult new, innovative design, which will take
more time than is stated for this project. However, it is recommended for future research to
also develop, built and test a prototype of concept 3.
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Concept Proposal

5.1. Changes made in concept

Some changes are made to the design of the concept. After a meeting with Jos van Driel, I
came to the conclusion that a hall effect sensor is not applicable in this design, because a
hall effect sensor measures distances of micrometers, and not millimeters. The displacement
that will be reached in this design (maximally 35mm) is therefore too high to measure for a
hall effect sensor. Hence, a laser sensor will be used.

It was intended to use an Arduino as an AD-converter in the design. However, an Arduino
is less compatible with LabView (a visual coding program). An AD-converter of the brand
National Instruments was more compatible with Labview. That is why this AD-converter will
be used in the prototype.

5.2. Final design

First, the final design will be presented briefly. In Figure 5.1, the design can be seen. In
Figure 5.2 a cross-section of the design is shown. The components of the system are now
more visible. All the components will be discussed in the next section.

Figure 5.1: Two side-views of the total system with the different main components visible.
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5. Concept Proposal

Figure 5.2: A SolidWorks render of a cross-section of the system.

A usage scenario was developed to demonstrate how the system works. In the scenario,

the user lifts an imaginary object. Some relationships between variables will be mentioned,
but will not be explained in detail. This will be done later on in this chapter.

1. The user wants to pick up an object that has a width of 20mm. Hence the prosthetic

hand should close with 50mm, because the maximum opening of the hand is 70mm.

2. The user protracts and elevates the shoulder joint with a displacement of 25mm. The

prosthesis will now close with 50mm, leaving an opening of 20mm. This, because the re-
lation between the prosthesis closing and displacement of the shoulder is the following:
70mm:35mm, which is the same as: 2mm:1mm. This means that 1mm displacement of
the shoulder means 2mm of hand opening/closing.

3. The prosthetic hand closes and the object is lifted. The object has a weight of 2.04kg,

which results in a force of 20N.

4. This force should be fed back to the user by exerting a force on the shoulder joint. As

will be explained later on, the relation between the force at the prosthesis and the force
at the shoulder joint is the following: 35N:10N. This results in a force of % = 5.7N. This
force should be exerted by the force transducer on the shoulder joint.

S. This force will be fed back to the shoulder by increasing the pressure inside the air

chamber of the piston-cylinder. With the formula shown in Equation 5.1 the pressure
(in bar) will be calculated in Equation 5.2. The formula will be explained in detail later
on in this chapter.

F(N)
p(bar) = W x 10 (51)
5.7
p= ~ x 10 ~ 2.68 (5.2)

ITx62-C2x3
4 4

This resulted in a pressure of approximately 2.68bar.

6. This pressure signal is sent via the AD-converter to the valve which will control and

regulate the pressure inside the air chamber.

7. Now the user feels a force acting on the shoulder joint, providing the proprioceptive force

feedback.

8. When the object is released, the force reduces to ON. The pressure will also reduce.

This will be done by opening the exhaust, causing the pressure to drop to atmospheric
pressure, which is 1013.25mbar.



5.3. Components 43

5.3. Components

In this section, all main components of the system will be discussed. In Table 5.1, the
components can be seen, together with the brand and a short explanation of their function.

Component Brand Function

Piston-cylinder Customized Facilitating movement

O-rings Supplied by the TU Delft Seal, avoiding leakage

Air supply Supplied by the TU Delft Makes it possible to create a certain
pressure

AD-converter National instruments Controlling the input and output signals

Valve including pressure | Festo Regulating air pressure

sensor

Laser sensor AE sensors Measuring the displacement

Base Customized All parts are attached to this base

Table 5.1: All the components of the system, together with their brand and function.

5.3.1. Piston-cylinder

A circular piston-cylinder was designed for this system. The piston is kept as small as pos-
sible to limit the total thickness, which was set as a criteria. The dimensions of the piston-
cylinder can be seen in Appendix Chapter 10. All the SolidWorks drawings are presented in
that chapter.

The piston-cylinder needs two seals, to create a non-leaking system. In a schematic cross-
section of the piston-cylinder in Figure 5.3, it can be seen where these two seals will be
located. Two O-rings will be used of which one has dimensions of 4x1mm, with 4mm being
the internal diameter and 1mm being the cord thickness. This creates a total diameter of
omm. The other O-ring has dimensions of 3x1mm.

O-ring (4x1mm)
Cylinder O-ring (3x1mm)

|
S Piston rod

O-ring cap

Piston Cylinder cap

Figure 5.3: Schematic cross-section drawing of the O-rings placed inside the piston-cylinder. Two O-rings are used, namely one
of 4x1mm and 3x1mm.

5.3.2. Air supply

Optimal gas supply pressure is invariable with the cycle time, with the length of the pipeline,
and with the loading conditions according to Plettenburg [25]. This optimal gas supply was
set at 1.25MPa. However, the proportional valve was a limitation in this prototype. This
valve has a maximum pressure of 6bar, which is 0.6MPa. Therefore, this optimal gas supply
pressure cannot be reached and the maximum pressure will be 6bar.

The air supply was provided by a gas tank that was located at the TU Delft. The pressure
at this tank could be set at a certain level, which was 6bar in this case.

5.3.3. AD-converter
The AD-converter will control the input and output signals of the system, see the block-
scheme in Figure 5.4. It will receive an input signal from the computer. This input signal
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will contain the force (reference force or test force) that needs to be reached. This force signal
will be converted to a voltage, that will be sent to the valve. This voltage signal is directly
related to the pressure that needs to be reached inside the air chamber for that certain force.

The AD-converter also receives an input signal from the laser sensor, containing informa-
tion about the personal displacement of the subject. This signal will be sent to the computer,
which will display this personal displacement on the computer screen.

Voltage (pressure)

Force(N) (see eq. 6.3-6.5)
{reference or test)

I AD-converter I

Personal
displacement(mm)

Voltage (displacement)
(see eq. 6.6-6.9)

l Laser sensor ]

Figure 5.4: Simplified block scheme of the AD-converter. The AD-converter will receive information from the computer about the
force. This value is converted to a voltage and will be sent to the valve. The AD-converter also receives displacement information
form the laser sensor, which will be sent to the computer.

As could be seen in Figure 5.4, the AD-converter receives an input signal from the com-
puter to send an output signal to the valve. This input signal will be the test force or reference
force in Newton. This force then needs to be converted to a pressure value, see Equation 5.3.

F

With F = force (N), and A = effective area (mm?). The pressure is multiplied by 10 to get a unit
of bar instead of MPa.
The area of the piston-cylinder is calculated as presented in Equation 5.4.

T 2 T[ 2
A21X6 —ZX3 (54)

The area of the piston is 6mm? and the area of the piston rod is 3mm?2.

With equation 5.3 and 5.4 the pressure value in bar can be calculated. The pressure now
has to be converted to a voltage value, which will be send to the valve as an input signal.
The valve has a range of 0-6bar and the valve has a range of 0-10V. This results in that 1bar

equals to % V. Therefore, to translate the pressure value to a voltage value it needs to be

multiplied by %), see Equation 5.5.

10
Pressure(involtage) = p X 3 (5.5)
The pressure is now converted to a voltage signal. The valve will now regulate and control
the pressure inside the air chamber.

As was explained, the laser will also send an input signal to the AD-converter. The AD-
convert can only receive a voltage signal. Therefore this voltage signal is first converted to a
current.

= (5.6)



5.3. Components 45

With U = Voltage input signal and R = resistance in k). The resistance in this laser sensor
is 0.469kQ. The current is in mA (Equation 5.7).

U

I'= 0469 (5.7)

The current of the laser sensor has a range of 4-20mA. Therefore, an offset of 4mA is
subtracted from the calculated current, see Equation 5.8.

I=1—-4 (5.8)

Now we have a range of 0-16mA, that needs to be converted to a distance. The laser
sensor has a measurement range of 50mm. The current therefore needs to be multiplied by

%, which equals to 3.125 (see Equation 5.9).

Displacement = I X 3.125 (5.9)

5.3.4. Valve

The proportional pressure valve will regulate and control the pressure inside the air chamber.
The valve that will be used is a VEAA piezo-valve from Festo [9]. This because it is the small-
est valve that was found at the moment. Another advantage of this valve is that a pressure
sensor is already incorporated and thus no separate sensor is needed. The pressure in the
air chamber should be measured to regulate and control the pressure inside the chamber,
such that it reaches the set-point value.

Some of the specifications of the valve can be seen in Table 5.2. It shows that the valve
has a pressure range of 0-6bar, which is enough because a maximum pressure of 4.4bar is
reached in the experiments. The set-point input signal range is 0-10V, which was already
explained in detail in Section 5.3.3 (AD-converter).

Dimensions 15x54.5x85mm

Standard nominal flow rate 7-13L/min

Actuation type Electrical with piezo-element
Product weight 55g

Nominal operating voltage 24V DC

Set-point input signal 0-10v

Accuracy of analogue output | 2%

Pressure range 0-6bar

Table 5.2: Specifications of the 3 way proportional valve (VEAA-L-3-D9-Q4-V1-1R1) [9].

A piezo-valve is a bending actuator with a ceramic piezo-element. This element is polarised
in a strong electric field during a polarisation process. This causes the electric field to be
directed to one side. When a voltage is applied to the material after this process, it will
deform along the electric field lines. When the material bends, the valve will open as can be
seen in Figure 5.5 [36].

Contraction

OFf / Leaf spring On
< oy - . -
Piezo ceramic I ; T Bending
Power supply —— . i ]
Pazsive, conductive L
||

- \ substrate

Seal

Figure 5.5: Schematic drawing of the function of a piezo-valve [36]. When a voltage is applied to the piezo ceramic material it
will bent causing the valve to open.
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In Figure 5.6 the functionality of the valve can be seen. Port 1 is for the compressed air,
port 2 the working air and port 3 the exhaust air. When port 1 and 2 are connected, the
compressed air will flow into the air chamber (via port 2). When the pressure needs to be
decreased, port 2 and 3 will be connected causing the air to exhaust. Other symbols are
explained in the figure itself.

Measures the actual
output pressure

2 Q
P Actual pressure is
/ 4 compared to the
< .
~ set-point pressure

/
1 | | 3 0-10Vor
4-20mA

Figure 5.6: Schematic drawing of the valve showing the functionality. Port 1: Compressed air. Port 2: Working air. Port 3:
Exhaust air.

5.3.5. Laser sensor

To measure the displacement, a laser sensor was incorporated. Figure 5.7 shows how the
laser sensor works. The laser has a measuring range of 50mm, but has an offset of 45mm.
This causes to start the measuring range at 45mm and end at 95mm.

Laser sensor

Offset

45mm

Measuring \ / 70mm
range v
95mm

Figure 5.7: Schematic drawing of the working principle of the laser sensor.

Table 5.3 shows some specifications of the laser sensor. As was already mentioned before
in Section 6.3.3 (AD-converter), the output signal range is 4-20mA or 1-10V.

Dimensions 50x65x20mm

Measuring range 50mm

Linearity 10.2%

Measuring rate 1kHz

Laser safety class class 2 IEC 60825-2 2001 11
Product weight 100g

Nominal operating voltage | 24V DC

Output signal (mA) 4-20mA

Output signal (V) 1-10V

Table 5.3: Specifications of the laser sensor [23].
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The laser can measure a distance between 0-50mm, which is desired in this prototype. As
was mentioned before, Vardy and Plettenburg [34] determined that on average a maximum
displacement of 35mm is made with protraction and elevation of the shoulder. According
to Smit et al. [32] the maximum hand opening/closing is 70mm. This holds a relationship
as can be seen in Figure 5.8 between the displacement of the shoulder and opening/closing
of the hand (displacement prosthesis). This causes a displacement of 1mm at the shoulder
(input signal) to be 2mm at the prosthesis (output signal), assuming that there is a linear
relation between the displacement at the shoulder and displacement at the prosthesis. It is
investigated if there could be a non-linear relation between the two variables. This means
that for example it will require more effort to close the hand when it is almost closed already,
than for example closing the hand with a few mm from maximum opening. However, such
relation was not found in literature and it is therefore assumed that the relation is linear.

Displacement prosthesis(mm)
70 prmmmmmmmm e

35

0 35 Displacement shoulder(mm)

Figure 5.8: Graph showing the relation between the displacement at the prosthetic hand(mm) and the displacement at the
shoulder(mm).

5.3.6. Base

The laser sensor and valve need to be placed on top of a base, such that they are in exactly
the same place for each subject. For this reason, a base is designed. In this section, the
base of the system will be explained. Two versions of this base were made. These two will be
explained in Chapter 8. In this Chapter, only the final version will be presented.

The base can be seen in Figure 5.9. The cylinder is fixed inside a block, that is attached
to the base via a hinge joint. The block (with the cylinder) can now rotate, and move along
with the curvature of the shoulder (see Figure 5.10).

Figure 5.9: Base showing that the cylinder is fixed inside a block, but is able to to rotate because of the hinge joint.
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Figure 5.10: Base showing that the cylinder is fixed inside a block, but is able to to rotate because of the hinge joint as can be
seen in this side-view.

5.3.7. Attachment to the skin

The complete system is attached to the skin. Latour [19] attached her Anchor system with
special double-sided wig tape. This tape is on one side attached to the skin and on the other
side to the system. The base is made of polyethylene on which the tape is adhered. The tape
is removable, such that is can be replaced after each subject for hygienic reasons.

The system is attached to the skin at two places, as can be seen in Figure 5.11; one next
to the vertebrae and the other on the upper right corner of the right shoulder.

Sides where the system is attached to the back with the double-sided tape are
presented with the blue lines.

Figure 5.11: This Figure shows where the system is attached to the body. It is attached with special double-sided tape. The blue
lines represent the places where the double-sided tape is attached to.

5.4. Forces

Pilot studies from Vardy [35] reveal that static forces up to 10N were most comfortable and
forces below 2N were regarded too low for accurate control. Therefore, this range of forces
was also adopted in the research experiment in this article.

As was mentioned before, the reference/test force is an input signal from the computer to
the AD-converter. The force that needs to be reached for ADL tasks is 35N [11]. This force
should be fed back to the shoulder. As was also mentioned is that the forces on the shoulder
will maximally be 10N [35]. This holds the following relation: 35N:10N. This means that 1N
at the shoulder equals a force of 3.5N at the prosthetic hand. This relation is presented in a
graph in Figure 5.12.
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Figure 5.12: Graph of the relationship between the force at the prosthetic hand and the force at the shoulder.

5.5. Dimensions

The total dimensions of the system are 155x85x50.5mm. The system was made as small
as possible, but is still quite large. However, the size of the system is essentially caused by
the size of the sensors. As a consequence of the laser, the plate, attached at the upper right
shoulder, has a height of 50.5mm (see Chapter 10 for the SolidWorks drawing). This, because
otherwise the laser could not correctly measure the distance. The height of the plate was even
extended, to be sure that the laser was always able to measure the distance correctly.

The valve determines the width of the system (85mm). This shows that both sensors are
fairly large.

As will be mentioned later on in Chapter 9 (Recommendations), the design needs to be
optimized to decrease the size.

All the dimensions of all the components can be seen in Chapter 10. For each part, a 2D
SolidWorks drawing is presented.

5.6. Material and total weight

In Table 5.4 the material for the most important parts can be found. All the materials for
each sub-component can be found in Chapter 10. The materials are provided in the bill of
materials on the 2D SolidWorks drawings.

Component Material

Cylinder Aluminium

Piston-rod Stainless steel

O-rings Rubber

Valve including the pressure sensor | Fibre-reinforced plastic
Base Polyethylene

Table 5.4: The materials of the main components.

The total weight of the system is 272g.

5.7. Criteria

To check if the system met all the criteria set at the start of this research, a table is presented
(see Table 5.5). The Table shows that the system fulfills almost all the criteria. Only the
limited size was not met. The thickness was limited to 50mm. However, the thickness in
the system was 50.5mm. As was already explained in Section 5.5 (Dimensions), the design
should be optimized to lower the thickness and size of the system.

The results in Table 5.5 also show that the system is light enough. However, 272g on
your back during the whole day will presumably too much. This could therefore be improved
in the future.
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Criteria +/- | Comment

Control system +

Proprioceptive force feedback + | With increasing pressure inside the air chamber.

Pneumatically driven +

Safe + | The design was approved by the local ethics com-
mittee.

Maximum weight: 400g + | Systemis 272g.

Maximum size: 223x346x50mm | +/- | The size is now: 155x85x50.5mm, which is slightly
too thick.

Round edges +

Not irritate the skin + | Minimally, only a little bit of red skin but was gone af-
ter a few minutes. Special removal spray was used
to dissolve the glue of the tape. This decreased irri-
tation.

Disposable attachment + | The tape could be removed after each experiment.

Table 5.5: This table shows if the system checks all the criteria that were set at the beginning of this thesis.



Methods

In this Chapter, an elaborate overview of the research design for both experiments will be pre-
sented. Figure 6.1 shows the test design and how the system is placed on the back/shoulder
of the subject. The numbers in Figure 6.1 represent the following:

1. Piston-cylinder, which slides when the shoulder protracts/elevates.
2. Laser sensor, which measures the displacement.
3. Valve, which controls and regulates the pressure inside the air chamber.

a) Closed system. Shoulder is at rest. b) Open system. Shoulder is protracted and
elevated.

Figure 6.1: An overview of the test setup that was used during both experiments. The components that are displayed are: 1.
Piston-cylinder, 2. Laser sensor, 3. Valve.

Attached to the laser sensor and the valve is the AD-converter. As already explained in
Chapter 5, this converter receives input signals from the laser sensor and computer, and
sends signals to the valve. The wiring of the AD-converter can be seen in Figure 6.2.

51
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Figure 6.2: The wiring of the AD-converter (National Instruments). The laser sensor and valve are connected to the AD-converter.

The air supply gas tank was provided by the TU Delft and can be seen in Figure 6.3.
The compressed air is set at 6bar. The maximum pressure that will be reached during the
experiment is 4.4bar.

Figure 6.3: Air supply gas tank that was provided by the TU Delft. The compressed air was set at 6bar.

6.1. Experiment 1: Sensitivity

During this experiment, subjects had to sense the difference between the reference force and
test force. A schematic overview of this test design can be seen in Figure 6.4. One trial is
performed when one reference force is compared to one test force. In total, 10 trials will
be executed per reference force. This will be done for each reference force. When all the
reference forces are tested, one block is executed. This block will be repeated four times.

Test force
Reference forces percentages
-17.5% trial
-14%
-10.5%
block 7%
-3.5%
e
2N +3.5%
+7%
+10.5%
+14%
4N +17.5%
ON
8N
repeat

Figure 6.4: A schematic overview of the test design. One trial is performed when one reference force is compared to one test
force. All the reference forces together form one block. This block is repeated four times.
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A LabView simulation was programmed for each experiment. Figure 6.5 shows the screen
the subject sees during the first experiment. Progress bars were displayed to show the tar-
get displacement and the personal displacement. The subject needed to reach the target
displacement.

The two buttons next to the displacement bars needed to be clicked after one trial was
performed. The subject needed to determine whether the second force was higher or lower
than the first force.

After 10 trials, one reference force block was performed. Four blocks were executed. Then,
the subject had a break for 5 minutes. During this break, the bar (with the text break above
it) would count down the seconds that were still left.

A stop-button was also implemented. If the subject felt uncomfortable, the experiment
could be aborted by pressing the stop-button.

The progress of the experiment was presented on the lower right corner. The number of
trials, forces and repeats were shown.

Path Name
C:\DataL abview\Subject!\ExpT\ biect] | [r———

Status
init

Target displacement Personal displacement - START
2nd force higher BREAK

300
g sToP
200
280
B sToP

START

2nd force lower  2o-

207

B Run Force  Repeat
200- 0 0 0
180=

Figure 6.5: A screenshot of the LabView program for experiment 1.

6.1.1. Psychometric curve

In this section, it will be explained how the psychometric curve in the results needs to be
interpreted. A psychometric curve models the relationship between the change in force and
the forced-choice responses of the subjects.

As can be seen in Figure 6.6, the y-axis shows the response when the test force was stated
to be larger than the reference force by the subjects. To the right of the Point of Subjective
Equality (PSE) the graphs shows how well the subjects correctly indicated the test force to
be larger than the reference force. The positive fest factor indicates that the test force was
indeed higher than the reference force.

On the left of the PSE, the graph shows how many the subjects detected the test force
as higher than the reference force. However, here the subjects are wrong. The test factor is
negative, resulting in a lower test force than reference force. Thus, this percentage represents
the incorrect responses of subjects.
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75%

25%

Response
test force > reference
force

= Test force factor

Begative factor  positive factor

Figure 6.6: Explanation of a psychometric curve, showing the Point of Subjective Equality (PSE), the 25% and 75% success
probability and the JND’s.

As was mentioned in the Article (Part I), the JND was calculated as provided in Equation
6.1.

(AF (75%) — AF (25%))
2

JND = (6.1)

Together with Figure 6.6, Equation 6.1 can be explained. This equation takes the JND
of the positive test factor (75%) and the JND of the negative test factor (25%), and divides
them by 2 to get the average JND. The 25% success probability in this graph actually shows
the result when 75% of the subjects corresponded correctly, because 25% of the subjects
indicated that the test force was higher than the reference force (which is incorrect).

The reason why the 25% success probability is subtracted from the 75% success proba-
bility is because the test force factor at the 25% is negative. However, we want to add the test
force factors and divide them by 2 to receive the JND, and thus the values are subtracted
from each other, resulting in a summation.

6.2. Experiment 2: Accuracy of position control

Figure 6.7 shows the screen of the LabView simulation for experiment 2. In this experiment
the subject needed to reproduce the target displacement with and without visual feedback.

When the subject received visual feedback, the target displacement bar showed the target
and the personal displacement bar shows the movement of the subject. The user needed
to reach the target. When visual feedback was switched off, both bars were not presenting
the displacements. Hence, the user truly needed to reproduce the displacement on his own
sensation.

A stop-button was also integrated in this experiment, such that the experiment could be
terminated at all times.

The data in Experiment 2 was sampled with a frequency of 50Hz. This number was based
on how many times a human-being can open and close his/her hand in one second. This
was assumed to be 5 times. Therefore, a sampling frequency of 50Hz would be sufficient.
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Path Name Extention
| C:\DataL abview\SubjectT\Exp2\ ubjectt et
Status

init, relax and click OK

Target displacement Personal displacement

START

Figure 6.7: A screenshot of the LabView program for experiment 2.






Results

The main results were presented in the article (Part I). In this chapter, more elaborate results
will be presented.

7.1. Experiment 1: Sensitivity

As was mentioned in Part I (Article), the sensitivity of the shoulder was investigated. In this
section, the variability between subjects will be discussed. The design and clamping of the
O-rings will also be mentioned and the inaccuracy of the proportional valve will be shown.

7.1.1. Variability between subjects

It was stated in the article that there was a high variability between subjects. This is shown
in Figures 7.1, 7.2, 7.3, and 7.4. Figure 7.1 displays the variability for the reference force
2N. It shows that when comparing this figure to the figures of the other three forces, the
variability is higher. This variability seems to be larger for higher positive test force factors
than for higher negative test forces.

Psychometric curve per subject for reference force: 2N
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Figure 7.1: Results for the sensitivity experiment for the reference force 2N for all the subjects.
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The psychometric curves for the reference force 4N show less variability (see Figure 7.2)
than for the 2N. The curves of all the subjects in 4N have the same shape. For the 6N and 8N
the shapes become even more similar (see Figure 7.3 and 7.4). This suggests that for each
subject a larger difference in force was better felt than smaller differences.

; Psychometric curve per subject for reference force: 4N
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Figure 7.2: Results for the sensitivity experiment for the reference force 4N for all the subjects.
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Figure 7.3: Results for the sensitivity experiment for the reference force 6N for all the subjects.
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Figure 7.4: Results for the sensitivity experiment for the reference force 8N for all the subjects.

In Part I (Article), it was discussed that subject 3 was removed from the data as he was
considered to be an outlier. As can be seen in Figure 7.1 this subject scored very low on
all the test force factors for the 2N reference force. The non-fitted results of this subject
can be seen in Table 7.1. It shows that he scored a bit higher for some test factor forces
than presented in Figure 7.1. However, these higher results were compensated by other bad
results, resulting in a bad score in total when the curve was fitted through these data-points.

Test factor force | Score
-0.175 0.75
-0.14 0.25
-0.105 0.25
-0.07 0.50
-0.035 0.75
+0.035 0.75
+0.07 0.50
+0.105 0.25
+0.14 0.25
+0.175 0.5

Table 7.1: The data for subject 3 for the reference force 2N.

As a result of the removal of one subject from the dataset, the psychometric curve for
all the fitted data was different, as can be seen in Figure 7.5. It shows that the JND and
WF values were improved. Table 7.2 illustrates the difference between the data with all the
subjects and the data with one subject removed. The coordinates show the percentages of
when the reference force was marked as higher than the test force. It can be seen that when
all the subjects were included, only the reference force of 2N did not reach the 75% success
probability. Reference force 6N is very close to 75%. When the one subject is removed, all
the reference forces, except the 2N reach the 75%, as is also the case for the 25%.
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Figure 7.5: The psychometric curve of experiment 1 with one subject removed.

Reference Test force > refer- | Test force > refer-
force(N) ence force at first | ence force at last
datapoint(%) datapoint(%)
2 33.57 60.20
\ 4 22.42 77.58
All subjects 6 21.98 74.27
8 20.01 78.02
2 31.46 62.23
. 4 20.95 78.17
One subject removed 6 20.93 75 44
8 19.08 78.32

Table 7.2: Comparison of the results when all the subjects were used to fit a psychometric curve on and when one subject was
removed. The first and last data-point were compared.

It was also stated that the JND and WF were calculated with the fitted data. They can also
be calculated with the data-points that were measured. However, as mentioned before, not
all reference forces reached the 75% and/or 25% success probability. When this is the case,
the closest value to these percentages was chosen. In Table 7.3 a comparison can be seen
between the JND and WF calculated from the fitted data and calculated using the measured
data-points. The results in the table show that this difference in calculation only influences
the reference force 2N. This is caused by the fact that the 2N reference force did not reach a
success probability of 25% and 75%.

Reference force(N) | JND(N) and WF(%) cal- | JND(N) and WF(%) cal-
culated from the fitted | culated with the mea-
data sured data-points

2 0.3507 - 17.54 0.1750 - 8.75

4 0.1548 - 3.87 0.1547 - 3.87

6 0.1652 - 2.75 0.1624 - 2.71

8 0.1450 - 1.81 0.1452 - 1.81

Table 7.3: Comparing the JND(N) and WF(%) from the fitted data and when the first and last data-points were taken.
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7.1.2. O-ring
As was mentioned in the article (Part I) the O-rings caused friction inside the cylinder. There
are two O-rings inside the cylinder as was explained in Chapter 5.3.1. The friction force
for both O-rings will be calculated. The friction force of the O-ring can be calculated as in
Equation 7.1 [25].

Fr=fcXL+fr XA (7.1)

Fr = O-ring friction force (N)
fc = friction factor due to O-ring compression (N/mm)
L = length of seal rubbing surface = m X D,
5, = friction factor due to fluid pressure (N/mm?)
A = projected area of seal = % X (Dc)? = (Dy)?
D, = cylinder bore diameter (mm)
D, = piston groove diameter (mm)
The values of the variables were determined from graphs provided by Plettenburg [25].
If all variables are substituted by the sub-formulas, the O-ring friction force is calculated
with the formula provided in Equation 7.2.

Fr = fo X (% Do) + fu X (5 X (D) = (D)) (7.2)

When all the values are entered in the formula, it results in the O-ring friction force(N),
see Equation 7.5. The maximum friction factor due to fluid pressure is taken. This means
that a situation is calculated when the pressure is maximized.

T
Fr=012Xxmx6+0.07 x Ve (62 —4.2%) (7.3)
Fy ~ 2.262 + 1.009 (7.4)
F ~ 3270 (7.5)

The first O-ring causes a friction force of 3.270N. The 2.262N is the friction force when
the cylinder is not pressurized. This friction force is increased with 1.009N when maximally
pressurized. However, there is also a second O-ring. This one was was placed to seal the air
chamber completely. This O-ring also has a friction force that can be seen in Equation 7.8.

Fr =012 X 1 X 479 + 0.07 X % X (4.792 — 32) (7.6)
Fr ~ 1.806 + 0.767 (7.7)
Fr ~ 2.573 (7.8)

The second O-ring results in a friction force of 2.573N.

In total, the friction force when maximally pressurized is 5.843N. When no pressure is
applied to the system the total O-ring friction force is 4.068N.

The variable f. was the friction factor due to O-ring compression. The higher the com-
pression, the higher this factor, and thus the higher the friction. In the prototype, it was
chosen to clamp the O-ring with a percentage of 10%. However, stated by Plettenburg [25],
the compression could be around 8% +2%.

A compression of 8% will results in an f. of 0.1. When the compression even decreases
more until 6% the f,. is 0.08. This would result in a friction force for the first O-ring of
2.517N (1.508N without pressure, 1.009N addition when pressurized) and a friction force for
the second O-ring of 1.861N (1.204N without pressure, 0.657N addition when pressurized).
This results in a total friction force of 4.378N. The total force decreases with almost 1.5N
when pressurized. The total O-ring friction when no pressure is applied to the system is now
2.712N, which is a decrease of approximately 1.3N.

It is therefore strongly recommended to decrease the O-ring compression in order to re-
duce the friction force. However, there is a trade-off between O-ring friction and leakage. The
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lower the O-ring compression (the lower the O-ring friction), but the higher chance on leak-
age. Plettenburg [25] mentions that with zero O-ring squeeze could result in zero leakage.
However, O-ring clamping becomes more important at lower pressures, which is the case in
this design. Therefore, the clamping could probably not be decreased to 0%.

7.1.3. Static friction for 2N and 8N

As was explained in Part I (Article), high static frictions are acting on the cylinder. These
static frictions could explain why the results for the 2N reference force were worse than for
the 8N reference force. These static frictions were calculated with the O-ring friction, as was
done in the paragraph 7.1.2. In this paragraph, the static friction for the reference forces 2N
and 8N will be calculated and compared. Also, the friction forces will be calculated for both
reference forces when O-ring clamping is decreased to 6%.

Static friction 2N
First, the maximum pressure will be calculated as in Equation 7.17 and 7.10.

F

2
=———=—XxX10~= 094 7.10
P T X 62— 7 x 32 (7.10)

A force of 2N results in a pressure of approximately 0.94bar. This value will determine the
friction factor due to fluid pressure. This factor is read from a graph provided by Plettenburg
[25].

The Equations 7.1 and 7.2 will be used in this paragraph to calculate the static friction
of the two O-rings.

Ff=0.12><7'[><6+0.04><%><(62—4.22) (7.11)
F; ~ 2262 + 0.577 (7.12)
Fy ~ 2.839 (7.13)

The first O-ring causes a friction force of 2.839N. The static friction caused by the second
O-ring will be calculated in Equations 7.14, 7.15, and 7.16.

Fy = 0.12 X X 4.79 + 0.04 X % X (4.792 — 32) (7.14)
Fr ~ 1.806 + 0.438 (7.15)
Fr ~ 2.244 (7.16)

The second O-ring causes a static friction of 2.244N. The total static friction force for the
reference force 2N is then: Fr = 2.839 + 2.244 = 5.083N. This is a approximately 2.5 times the
reference force (250%).

When the O-ring clamping is reduced to 6%, it will decrease the friction. It will result in
a friction force of 2.085N for the first O-ring (2.085N without pressure, 0.577N addition with
pressure). The second O-ring causes a friction force of 1.642N (1.204N without pressure,
0.438N addition with pressure). This results in a total friction force of 3.727N. This is
approximately 186% of the reference force. This value is still quite high, however is a quite
large decrease (from 250% to 186%).
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Static friction 8N
First, the maximum pressure will be calculated as in Equation 7.18.

F
p=7x10 (7.17)

p= 5 X 10 = 3.77 (7.18)

Ix62-"x3
4 4

A force of 8N results in a pressure of approximately 3.77bar. This results in a friction factor
due to fluid pressure of 0.06N/mm?. The results of the calculations for the static friction of
both O-rings can be seen in Equations 7.21 and 7.24.

s
Fr =012 X7 X 6+0.06 X - X (67 — 4.22) (7.19)
Fy ~ 2.262 + 0.865 (7.20)
Fy ~ 3.127 (7.21)

The first O-ring causes a friction force of 3.127N.

Fy = 0.12 X 7 X 4.79 + 0.06 X % X (4.792 — 32) (7.22)
Fr ~ 1.806 + 0.657 (7.23)
Fy ~ 2.463 (7.24)

The second O-ring causes a friction force of 2.463N. This results in a total friction force
of 5.590N when the reference force of 8N needs to be applied to the system. This is 62% of
the reference force.

When the O-ring clamping is reduced to 6%, it will decrease the friction. It will result in
a friction force of 2.373N for the first O-ring (1.508N without pressure, 0.865N addition with
pressure). The second O-ring causes a friction force of 1.861N (1.204N without pressure,
0.657N addition with pressure). This results in a total friction force of 4.234N. This is ap-
proximately 53% of the reference force. This is a decline of approximately 11%.

Table 7.4 is provided to compare the results between the friction of both reference forces.
This shows that the friction for both reference forces do not differ a large amount. However,
this causes the friction force to be relatively larger for the lower reference force (2N) than
for the higher reference force (8N). It could explain why the 2N sensitivity results are less
accurate than the sensitivity for the 8N.

Reference Reference 2N with 6% | 8N with 6%
force: 2N force: 8N clamping clamping
Pressure (bar) 0.94 3.77 0.94 3.77
Friction (N) 5.083 5.590 3.727 4.234
Percentage of reference | 250 62 186 53
force (%)

Table 7.4: Results of calculations of the O-ring friction for the two reference forces 2N and 8N.

7.1.4. Inaccuracy valve

As was mentioned in the Article (Part I), the valve is slightly inaccurate. The output voltage
does not fully comply with the actual measured voltage of the valve. This suggests that the
pressure is not consistent. To show how large this inaccuracy is, some pressure values were
compared. Table 7.5 shows the results of different trials from one subject to present the
inaccuracy of the valve. It shows that the inaccuracy is larger for the 2N reference force than
for the 8N reference force, namely an average relative error of 0.15% for the 2N reference force,



64 7. Results

and on average almost no error for the 8N reference force. This shows that this inaccuracy
has a larger effect on the lower forces than on the higher forces. However, an error of 0.15%
is very small and will probably not affect the results. It also needs to be stated that these
relative error values are determined based on these 4 trials. To fully capture the inaccuracy
of the valve, all data-points should be analysed.

Reference| Actual | Difference | Test Actual | Difference | Difference | Difference

ouT ref. ref. and | OUT test test and | ref. and | act. ref.
ouT act.(%) ouT act.(%) test and

OUT(%) act. test

OUT(%)
1 p(bar) | 0.094 0.095 1.1 0.0910 | 0.0914 | 0.40 -3.50 -3.61
F(N) 2.000 2.010 0.50 1.930 | 1.938 | 0.41 -3.50 -3.61
2 p(bar) | 0.094 0.095 1.1 0.0778 | 0.078 | 0.26 -17.5 -17.7
F(N) 2.000 2.010 0.5 1.650 | 1.654 | 0.24 -17.5 -17.7
3 p(bar) | 0.377 0.377 0.0 0.3641| 0.3642 | 0.03 -3.5 -3.5
F(N) 8.001 8.004 0.04 7721 | 7.723 | 0.03 -3.50 -3.51
4 p(bar) | 0.377 0.378 0.27 0.311 | 0.312 | 0.32 -17.51 -17.46
F(N) 8.001 8.007 0.07 6.600 | 6.611 | 0.17 -17.51 -17.43

Table 7.5: Some of the output and actual data values of the pressure valve. It shows 4 trials. 1. Test factor force -3.5% for the
reference force 2N. 2. Test factor force -17.5% for the reference force 2N. 3. Test factor force -3.5% for the reference force 8N.
4. Test factor force -17.5% for the reference force 8N. This table compares the inaccuracies of the valve.

7.2. Experiment 2: Accuracy of position control

In this section, more elaborate results of experiment 2 will be shown. First, the precise values
for the measurements (ADE, RDE and DV) will be presented. After that, the velocity values
for the Smm and 20mm displacement per subject are presented.

7.2.1. ADE, RDE and DV

In the Article (Part I), only the graphs for the second experiment were provided and no data
values from the results were presented. In Table 7.6 the results are presented for all the three
measurements and all the three displacements for both the visual and blind experiment. For
the ADE and RDE, also the Standard Deviation (SD) is provided to show in what range the
individual subject values scatter. It shows the variability between subjects.

Table 7.6 show that the Absolute Displacement Error (ADE) is comparable for all the three
displacements for both visual and blind. It shows that absolutely the 10mm was performed
best for the visual production. However, relatively the 20mm scored better. There is less
variability for the larger displacement than for the lower displacement. This can be seen
from the SD-values, which provide information about the dispersion of the data-points.

The Displacement Variability (DV) is the highest for the largest displacement, and also
higher for the blind reproduction than for the visual production.

ADE(mm) RDE(%) DV(mm)
Visual | SD | Blind | SD | Visual SD Blind SD Visual | Blind
5mm 0.73 | 059 | 249 | 116 | 1453 | 11.88 | 49.71 | 23.22 | 0.38 0.21
10mm | 058 |0.32| 2.79 | 1.08 | 5.79 3.17 | 2792 | 10.75 | 0.33 0.25
20mm | 063 | 048 | 2.62 | 1.04 | 2.87 232 | 13.85 | 5.59 0.48 0.68

Table 7.6: Results for all the three measurements (ADE, RDE, and DV) for both the visual production and blind reproduction. The
SD for the ADE and RDE results is also provided, to show variability. These results are provided for all the three displacements
(5mm, 10mm, and 20mm).

To investigate how well this data-set of ten participants represent the total target group,
the Standard Error (SE) is calculated. This will provide information on how precise and
accurate the measurement is. The SE is calculated for each measurement and for each
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displacement. The results can be seen in Table 7.7. With these SE values, we can calculate
the 95% confidence interval [22]. The lower limit of this interval is calculated as provided
in Equation 7.25 and the upper limit is calculated as in Equation 7.26. The mean of the
data-sets can be found in Table 7.6.

Upperlimit = mean + (SE X 1.96) (7.25)

Lowerlimit = mean — (SE X 1.96) (7.26)

Combining Equation 7.25 and 7.26 with the results presented in Table 7.7, the 95% confi-
dence interval can be calculated. These intervals are presented in Table 7.8. These intervals
show that the values could still differ quite much. The width of the intervals is the largest
for the smallest displacement (5mm), especially the blind reproduction intervals. It is also
presented that for each measurement and each displacement, the blind reproduction trials
have the largest intervals, suggesting that the results of the total population could differ quite
much. To create more reliable results, more participants should conduct the experiments.

ADE(mm) RDE(%) DV(mm)

Visual SE | Blind SE | Visual SE | Blind SE | Visual SE | Blind SE
5mm 0.19 0.37 3.76 7.34 0.08 0.05
10mm | 0.10 0.34 1.01 3.40 0.07 0.08
10mm | 0.15 0.33 0.73 1.88 0.25 0.41

Table 7.7: Results of the Standard Error (SE) for all the three measurements (ADE, RDE, and DV) for both the visual production
and blind reproduction. The STD for the ADE and RDE results is also provided, to show how correct these measurements were.
These results are provided for all the three displacements (5mm, 10mm, and 20mm).

ADE(mm) RDE(%) DV(mm)

Visual Blind Visual Blind Visual Blind
5mm | [0.36;1.10] | [1.76;3.22] | [7.16;21.90] | [35.32;64.10] | [0.22;0.54] | [0.11;0.31]
10mm | [0.38;0.78] | [2.12;3.46] | [3.81;7.95] | [21.26;34.58] | [0.19;0.47] | [0.09;0.41]
20mm | [0.34;0.92] | [1.97;3.27] | [1.44;4.30] | [10.17;17.53] | [0.00;0.97] | [0.00;1.48]

Table 7.8: The 95% confidene interval for all the three measurements (ADE, RDE, and DV). The intervals are provided for each
of the three displacements (5mm, 10mm, and 20mm).

7.2.2. Velocity per subject for 5mm and 20mm displacement
As was mentioned in the Article (Part I), there was a difference in speed(mm/s) for the Smm
displacement and the 20mm displacement, see Table 7.9.

Subject | Speed(mm/s) for the 5mm displacement | Speed(mm/s) for the 20mm displacement
1 2.79 16.89
2 1.72 8.44
3 3.16 18.55
4 8.45 19.58
5 3.86 12.85
6 1.31 5.94
7 3.92 4.76
8 7.27 19.48
9 2.95 7.30
10 2.04 11.31

Average | 3.75 \ 11.91

Table 7.9: Results for the velocity for the 5mm displacement and 20mm displacement for all the subjects.

This difference in speed could explain why stick-and-slip behaviour was more apparent
for the smallest displacement. A low velocity could induce sticking behaviour. It was stated
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in the Article that the average speed was 3.75mm/s for Smm displacement, and 11.91mm/s
for 20mm displacement. The individual values per subject are provided in Table 7.9. It shows
that there is variability between the subjects for both displacements. However, every subject
had a higher velocity for the larger displacement.



Biggest challenges

During the design process, some problems and challenges arose. The two main challenges
for this design were the elasticity of the skin and the curvature of the shoulder. At first, the
base was a rigid structure in which the cylinder was fixed, as can be seen in Figure 8.1. The
problem that arose with this first version of the base was that when the shoulder moved back
(from maximal protraction) the piston did not slide back inside the cylinder. This problem is
illustrated in Figure 8.3. In this version, a protrusion is also added, because the curvature
of the shoulder was too large for the system to overcome because of its rigid nature.

Figure 8.1: Base version 1 showing that the cylinder is fixed on a rigid structure.

Figure 8.2: Base version 2 showing that the cylinder is fixed inside a block, but is able to to rotate because of the hinge joint.

As can be seen in Figure 8.3, the force of the shoulder is not in the linear direction of
the piston. Therefore, the piston will try to go in sideways. This causes a high resistance
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force at the inner surface of the cylinder. This inner friction was apparently higher than the
skin resistance (see Figure 8.3). This was concluded from pilot experiments. For all pilot
subjects, the piston did not move and the skin stretched. This problem caused the system
to work inappropriate, so a redesign was made.

A protrusion was
added, otherwise the
system would loosen
from the skin.

pushes back.

Curvature shoulder

Force when shoulder

_——
Causes force inside

cylinder to not be

straight.

Skin resistance is lower than
resistance in piston-cylinder.
Resulting in skin stretch,
when moving the shoulder
back. The piston-cylinder
does not move.

Force causes high
resistance inside the
piston-cylinder.

Curvature shoulder

Figure 8.3: A schematic drawing of the forces that act on the system for the first version of the base.

This redesign can be seen in Figure 8.2. When the shoulder protracts, the hinge joint
causes the total system to rotate. When the shoulder is now moved retracted, the pushing
force is in the direction of the piston-cylinder, see Figure 8.4. This design showed to be
success full. It will function appropriately when the curvature of the subject’s shoulder is
different from another subject.

Force of shoulder is
now almost in the
same direction als the
linear movement of
the piston-cylinder.

Curvature shoulder

The resistance
inside the
chamber is now
lower than the
skin resistance.

Figure 8.4: A schematic drawing of the forces that act on the system for the second version of the base.



Recommendations

The main recommendations were already mentioned in the Article (Part I). However, some
more recommendations for future research could be made.

It was mentioned that the average maximum shoulder displacement for elevation and pro-
traction was 35mm. The highest target displacement in the experiment was 20mm. However,
some participants mentioned that this 20mm displacement already felt as their maximum.
This shows the variability between subjects. It is therefore suggested design a system with
an adjustable maximum displacement, or to customize each design in the future.

As an AD-converter, a quite large National Instruments was implemented. This converter
was too large to place on the back of the user. Therefore, in the future it is recommended
to design a Printed Circuit Board (PCB). This PCB can be specially designed for this system,
such that no unnecessary additional functionalities are implemented. This will probably rad-
ically decrease the size.

The laser sensor used in this design was quite large. Possibly, this could be designed
much smaller. Perhaps it is possible to integrate a laser inside the base of the system. It
would thus be suggested to develop these ideas more in the future. This will decrease the
total size of the system as perhaps not such a high plate is needed anymore.

Three concepts were developed during this thesis. One concept was very promising, but
was deemed to difficult for a thesis project. This deign was the flexible active skin with the
miniature PAMs integrated. Nevertheless, this design still sounds very promising, and it is
therefore recommended to further develop this idea.

In this design, it was assumed that there was a linear relation between the displacement
of the prosthesis (opening/closing) and the displacement of the shoulder. However, it could
be interesting to consider a non-linear relation. This could result in easier control for precise
movements. When the hand needs to be closed almost maximally, 1 mm at the shoulder
could maybe also mean 1mm at the prosthesis. This would make control more precise and
accurate. However, when the range of the shoulder displacement is still 0-35mm, control will
be less precise at the start of closing the hand.
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10

SolidWorks

In this Chapter, all the SolidWorks 2D drawings will be presented. In Table 10.1 it is pre-
sented which SolidWorks drawings are shown in this Chapter. It is also provided on which
page a certain drawing can be found.

Drawing number Component Figure number | Page
1 Plate 10.1 72
2 Rod 10.2 73
3 Cylinder 10.3 74
4 Cap cylinder 104 75
5 Cap O-ring 10.5 76
6 Piston 10.6 77
7 Assembly part 1 10.7 78
8 Assembly part 2 10.8 79
9 Total assembly (part 1+2) 10.9 80
10 Base version 1 10.10 81
11 Base version 2 plate 10.11 82
12 Base version 2 block 10.12 83
13 Assembly base version 2 10.13 84
14 Assembly with base version 1 10.14 85
15 Assembly with base version 2 10.15 86

Table 10.1: Overview of all the SolidWorks drawings of the components. This Table shows where all the drawings can be found
in this Chapter.
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Figure 10.1: SolidWorks drawing of component number 1: Plate.
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Figure 10.2: SolidWorks drawing of component number 2: Rod.
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Figure 10.3: SolidWorks drawing of component number 3: Cylinder.
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Figure 10.4: SolidWorks drawing of component number 4: Cap cylinder.
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Figure 10.5: SolidWorks drawing of component number 5: Cap O-ring.
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Figure 10.6: SolidWorks drawing of component number 6: Piston.
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Figure 10.7: SolidWorks drawing of the assembly of part 1, containing the piston, rod and plate.
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Figure 10.8: SolidWorks drawing of the assembly of part 2, containing the cylinder, cap cylinder, and cap O-ring.
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Figure 10.9: SolidWorks drawing of the total assembly (part 1 + part 2).
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Figure 10.10: SolidWorks drawing of the base version 1.
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Figure 10.12: SolidWorks drawing of the block of base version 2.
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Figure 10.14: SolidWorks drawing of the total assembly with base version 1.
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Figure 10.15: SolidWorks drawing of the total assembly with base version 2.
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Matlab code

As was explained before Matlab (R2016b) was used to store and analyse the data. Two
separate files were created for the experiments. Section 11.1 shows the files for experiment
1, and Section 11.2 will provide the code for experiment 2.

For the second experiment, it is chosen to only show the code for one subject, because

the code was relatively long. The first steps (step 1-3) will only show the code for one subject.
The data is then later pooled together for all subjects in step 4. From this point, all the code
is presented.

11.1. Experiment 1

© ©® N O oA W N

%% Results experiment 1: Sensitivity

% Jorrinde Lambers (4307283)

% Experiments took place: 8/7/2019 — 17/7/2019

clear all

close all

clc

%% Procedure of this code

% 1. Load all the txt files per subject, per test force and trial. This

% results in 4x4 = 16 files per subject, and in total 16x10=160 files.

% 2. Create a matrix of the data per reference force per testsubject

% 3. Count the times when the test force was identified as larger than

% the reference force and divide the count by the number of trials.

% 4. Fit a psychometric curve onto each subjects data, to be able to calculate the JND ...
per subject

% 5. Calculate the JND per reference force per subject

% 6. Pool all the data together

% 7. Create the scattered data points

% 8. Create the psychometric function plot

% 9. Extrapolate the data

% 10. Calculate the JND and WF per reference force for the fitted curve

% 11. Plot psychometric fitted curves

% 12. Psychometric curves per reference force (to show variability between subjects)

%% Step 1: Load in the txt files

% put it into one big cell 3dimensions, participants x forces x repetitions

% =10 x 4 x 4

NumberOfParticipants = 10;

NumberOfRepetitions 4;

Forces = 2:2:8;

NumberOfForces = 4;

DataMatrix = cell (NumberOfParticipants,length (Forces) ,NumberOfRepetitions) ;

for nParticipant = 1 : NumberOfParticipants

k = 1;
for Force = Forces
for nRepetitions = 1 : NumberOfRepetitions
FileName = strcat('subject',num2str(nParticipant),'ref' {'
'}, 'force_ ' ,num2str(Force),' ' ,num2str(nRepetitions), ' .txt");
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TempOpenString = string (FileName) ;
TempOpen = fopen (TempOpenString) ;
TempData = textscan (TempOpen, '%f% %% % %% (%%t ', ' CollectOutput ' ,1);
DataMatrix (nParticipant ,k,nRepetitions) = TempData;

end

k=k+ 1;

end
end

9% STEP 2: Create matrices of the data per reference force per subject
DataSubjectl_F2 = ...

cell2mat ([DataMatrix(1,1,1) ; DataMatrix(1,1,2) ; DataMatrix(1,1,3) ; DataMatrix(1,1,4)]);
DataSubjectl_F4 = ...

cell2mat ([DataMatrix (1,2,1) ; DataMatrix(1,2,2) ; DataMatrix(1,2,3) ; DataMatrix(1,2,4)]) ;
DataSubjectl_ F6 = ...

cell2mat ([ DataMatrix(1,3,1) ; DataMatrix(1,3,2) ; DataMatrix(1,3,3) ; DataMatrix(1,3,4)]) ;
DataSubjectl F8 = ...

cell2mat ([ DataMatrix (1,4,1) ; DataMatrix (1,4 ,2) ; DataMatrix(1,4,3) ; DataMatrix(1,4,4)]) ;
%DataSubjectl = [DataSubjectl_F2;DataSubjectl_F4;DataSubjectl F6;DataSubjectl_ F8]

DataSubject2_ F2 = ...

cell2mat ([ DataMatrix (2,1,1) ; DataMatrix (2,1,2) ; DataMatrix (2,1,3) ; DataMatrix (2,1,4)]) ;
DataSubject2__F4 = ...

cell2mat ([ DataMatrix (2,2,1) ; DataMatrix (2,2,2) ; DataMatrix (2,2,3) ; DataMatrix (2,2,4)]) ;
DataSubject2_F6 = ...

cell2mat ([ DataMatrix (2,3,1) ; DataMatrix (2,3,2) ; DataMatrix (2,3,3) ; DataMatrix (2,3,4)]) ;
DataSubject2_ F8 = ...

cell2mat ([DataMatrix (2,4,1) ; DataMatrix (2,4 ,2) ; DataMatrix (2,4,3) ; DataMatrix (2,4,4)]) ;

DataSubject3_F2 = ...

cell2mat ([ DataMatrix (3,1,1) ; DataMatrix(3,1,2) ; DataMatrix (3,1,3) ; DataMatrix(3,1,4)]) ;
DataSubject3_F4 = ...

cell2mat ([ DataMatrix (3,2,1) ; DataMatrix (3,2,2) ; DataMatrix (3,2,3) ; DataMatrix (3,2,4)]) ;
DataSubject3__F6 = ...

cell2mat ([ DataMatrix (3,3,1) ; DataMatrix (3,3,2) ; DataMatrix (3,3,3) ; DataMatrix (3,3,4)]) ;
DataSubject3_F8 = ...

cell2mat ([ DataMatrix (3,4,1) ; DataMatrix (3,4 ,2) ; DataMatrix (3,4,3) ; DataMatrix (3,4,4)]) ;

DataSubjectd_F2 = ...

cell2mat ([ DataMatrix (4,1,1) ; DataMatrix (4,1,2) ; DataMatrix (4,1,3) ; DataMatrix (4,1,4)]) ;
DataSubject4d_F4 = ...

cell2mat ([ DataMatrix (4,2,1) ; DataMatrix (4,2,2) ; DataMatrix (4,2,3) ; DataMatrix (4,2,4)]) ;
DataSubjectd_F6 = ...

cell2mat ([DataMatrix (4,3,1) ; DataMatrix (4,3,2) ; DataMatrix (4 ,3,3) ; DataMatrix (4,3,4)]) ;
DataSubjectd_F8 = ...

cell2mat ([ DataMatrix (4,4,1) ; DataMatrix (4,4 ,2) ; DataMatrix (4,4 ,3) ; DataMatrix (4,4 ,4)]) ;

DataSubject5_F2 = ...

cell2mat ([ DataMatrix (5,1,1) ; DataMatrix (5,1,2) ; DataMatrix (5,1,3) ; DataMatrix (5,1,4)]) ;
DataSubjects_F4 = ...

cell2mat ([ DataMatrix (5,2,1) ; DataMatrix (5,2,2) ; DataMatrix (5,2,3) ; DataMatrix (5,2,4)]) ;
DataSubject5_F6 = ...

cell2mat ([DataMatrix (5,3,1) ; DataMatrix (5,3,2) ; DataMatrix (5,3,3) ; DataMatrix (5,3,4)]) ;
DataSubject5_F8 = ...

cell2mat ([ DataMatrix (5,4 ,1) ; DataMatrix (5,4 ,2) ; DataMatrix (5,4 ,3) ; DataMatrix (5,4 ,4)]) ;

DataSubject6_F2 = ...

cell2mat ([DataMatrix (6,1,1) ; DataMatrix (6,1,2) ; DataMatrix (6 ,1,3) ; DataMatrix (6,1,4)]) ;
DataSubject6__F4 = ...

cell2mat ([ DataMatrix (6 ,2,1) ; DataMatrix (6,2,2) ; DataMatrix (6 ,2,3) ; DataMatrix (6,2,4)]) ;
DataSubject6_F6 = ...

cell2mat ([ DataMatrix (6,3,1) ; DataMatrix (6,3 ,2) ; DataMatrix (6,3 ,3) ; DataMatrix (6 ,3,4)]) ;
DataSubject6_F8 = ...

cell2mat ([ DataMatrix (6 ,4,1) ; DataMatrix (6 ,4,2) ; DataMatrix (6,4 ,3) ; DataMatrix (6 ,4,4)]) ;

DataSubject7_F2 = ...

cell2mat ([DataMatrix (7,1,1) ; DataMatrix (7,1,2) ; DataMatrix (7,1,3) ; DataMatrix (7,1,4)]) ;
DataSubject7_F4 = ...

cell2mat ([ DataMatrix (7,2,1) ; DataMatrix (7,2,2) ; DataMatrix (7,2 ,3) ; DataMatrix (7,2,4)]) ;
DataSubject7_F6 = ...

cell2mat ([ DataMatrix (7,3,1) ; DataMatrix (7,3 ,2) ; DataMatrix (7,3 ,3) ; DataMatrix (7,3,4)]) ;
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DataSubject7_F8 = ...
cell2mat ([ DataMatrix (7,4 ,1) ; DataMatrix (7,4 ,2) ; DataMatrix (7,4 ,3) ; DataMatrix (7,4 ,4)]) ;

DataSubject8_F2 = ...

cell2mat ([ DataMatrix (8,1,1) ; DataMatrix (8,1,2) ; DataMatrix (8,1,3) ; DataMatrix (8,1,4)]) ;
DataSubject8_F4 = ...

cell2mat ([ DataMatrix (8,2,1) ; DataMatrix (8,2,2) ; DataMatrix (8,2,3) ; DataMatrix (8,2,4)]) ;
DataSubject8_F6 =

cell2mat ([ DataMatrix (8,3,1) ; DataMatrix (8,3 ,2) ; DataMatrix (8,3 ,3) ; DataMatrix (8,3,4)]) ;
DataSubject8_F8 = ...

cell2mat ([ DataMatrix (8,4 ,1) ; DataMatrix (8,4 ,2) ; DataMatrix (8,4 ,3) ; DataMatrix (8,4 ,4)]) ;

DataSubject9_F2 = ...

cell2mat ([DataMatrix (9,1,1) ; DataMatrix (9,1,2) ; DataMatrix(9,1,3) ; DataMatrix (9,1,4)]) ;
DataSubject9_F4 =

cell2mat ([ DataMatrix (9,2,1) ; DataMatrix (9,2,2) ; DataMatrix (9,2 ,3) ; DataMatrix(9,2,4)]) ;
DataSubject9_F6 = ...

cell2mat ([ DataMatrix (9,3 ,1) ; DataMatrix (9,3 ,2) ; DataMatrix (9,3 ,3) ; DataMatrix (9,3 ,4)]) ;
DataSubject9 F8 = ...

cell2mat ([DataMatrix (9 ,4,1) ; DataMatrix (9,4 ,2) ; DataMatrix (9,4 ,3) ; DataMatrix (9,4 ,4)]) ;

DataSubject10_F2 =

cell2mat ([ DataMatrix (10,1,1) ; DataMatrix(10,1,2) ; DataMatrix(10,1,3) ; DataMatrix (10,1,4) ]
DataSubject10_F4 = ...

cell2mat ([ DataMatrix (10,2,1) ; DataMatrix(10,2,2) ; DataMatrix (10,2,3) ; DataMatrix (10,2,4) ]
DataSubject1l0_F6 = ...

cell2mat ([ DataMatrix(10,3,1) ; DataMatrix (10,3,2) ; DataMatrix (10,3 ,3) ; DataMatrix (10,3 ,4) ]
DataSubject10_F8 = ...

cell2mat ([ DataMatrix(10,4,1) ; DataMatrix (10,4,2) ; DataMatrix (10,4 ,3) ; DataMatrix (10,4 ,4) ]

9% STEP 3: Count the times when the test force was identified as larger than the ...
reference force

FactorsMatrix = [-0.175;-0.14;-0.105;-0.07;-0.035;0.035;0.07;0.105;0.14;0.175];

Matrix = length (FactorsMatrix);

% Create zeros matrices
SubjectlF2 = zeros(10,1);
Subject1lF4 = zeros(10,1);
Subject1lF6 = zeros(10,1);
Subject1lF8 = zeros(10,1);
Subject2F2 = zeros(10,1);
Subject2F4 = zeros(10,1);
Subject2F6 = zeros(10,1);
Subject2F8 = zeros(10,1);
Subject3F2 = zeros(10,1);
Subject3F4 = zeros(10,1);
Subject3F6 = zeros ( );
Subject3F8 = zeros ( )3
SubjectdF2 = zeros(10,1);
Subject4dF4 = zeros(10,1);
SubjectdF6 = zeros(10,1);
SubjectdF8 = zeros(10,1);
Subject5F2 = zeros(10,1);
SubjectbF4 = zeros (10, 1),
( )
( )
( )
( )i
(10,1);
(10,1);
(10,1);
( )
( )
( )
( )i
(10,1);
(10,1);
(10,1);
( )
( )i
( )

)

)

101
10,1

Subject5F6 = zeros(10,1);
Subject5F8 = zeros(10,1);
Subject6F2 = zeros(10,1);
Subject6F4 = zeros(10,1);
Subject6F6 = zeros
Subject6F8 = zeros
Subject7F2 = zeros
Subject7F4 = zeros(10,1);
Subject7F6 = zeros(10,1);
Subject7F8 = zeros(10,1);
Subject8F2 = zeros(10,1);
Subject8F4 = zeros
Subject8F6 = zeros
Subject8F8 = zeros (10, 1 ;
Subject9F2 = zeros(10,1);
10,1
10,1

101

)

Subject9F4 = zeros
Subject9F6 = zeros

)

)
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Subject9F8 = zeros(10,1);
Subject10F2 = zeros(10,1)
Subject10F4 = zeros(10,1)
Subject10F6 = zeros(10,1)
Subject10F8 = zeros(10,1)

5
5
5
5
% Calculate the count for each factor

% Subject 1
for i = 1 : Matrix

Subject1lF2(i,1) = sum(DataSubjectl F2(:,2)==1 & ...

DataSubjectl F2(:,3)=—FactorsMatrix(i,:));

Subject1lF4(i,1) = sum(DataSubjectl F4(:,2)==1 & ...

DataSubjectl F4(:,3)=—=FactorsMatrix(i,:));

Subject1lF6(i,1) = sum(DataSubjectl F6(:,2)==1 & ...

DataSubjectl_F6 (:,3)=—FactorsMatrix (i,:));

Subject1F8(i,1) = sum(DataSubjectl F8(:,2)==1 & ...

DataSubjectl F8(:,3)=—FactorsMatrix(i,:));
end

% divide the count by the number of trials.
yF2_S1 = Subject1F2/4;
yF4_S1 = Subject1F4/4;
yF6_S1 Subject1F6 /4;
yF8_S1 = Subject1F8/4;

% Subject 2
for i = 1 : Matrix

Subject2F2(i,1) = sum(DataSubject2 F2(:,2)==1 & ...

DataSubject2 F2(:,3)=—FactorsMatrix(i,:));

Subject2F4(i,1) = sum(DataSubject2_ F4(:,2)==1 & ...

DataSubject2__F4 (:,3)=—FactorsMatrix (i,:));

Subject2F6(i,1) = sum(DataSubject2_ F6(:,2)==1 & ...

DataSubject2 F6(:,3)=—FactorsMatrix(i,:));

Subject2F8(i,1) = sum(DataSubject2 F8(:,2)==1 & ...

DataSubject2_F8(:,3)=—=FactorsMatrix(i,:));
end

% Divide the count by the number of trials.
yF2_S2 = Subject2F2/4;
yF4_S2 = Subject2F4 /4;
yF6_S2 = Subject2F6 /4;
yF8_S2 = Subject2F8/4;

% Subject 3
for i = 1 : Matrix

Subject3F2(i,1) = sum(DataSubject3_F2(:,2)==1 & ...

DataSubject3_F2(:,3)=—FactorsMatrix(i,:));

Subject3F4(i,1) = sum(DataSubject3_F4(:,2)==1 & ...

DataSubject3_F4(:,3)=—FactorsMatrix(i,:));

Subject3F6(i,1) = sum(DataSubject3_F6(:,2)==1 & ...

DataSubject3_F6 (:,3)=—FactorsMatrix(i,:));

Subject3F8(i,1) = sum(DataSubject3 F8(:,2)==1 & ...

DataSubject3_F8(:,3)==FactorsMatrix(i,:));
end

% Divide the count by the number of trials.
yF2_S3 = Subject3F2/4;
yF4_S3 Subject3F4 /4;
yF6_S3 = Subject3F6/4;
yF8_S3 = Subject3F8/4;

% Subject 4
for i = 1 : Matrix

Subject4F2(i,1) = sum(DataSubjectd F2(:,2)==1 & ...

DataSubject4d F2(:,3)=—=FactorsMatrix(i,:));

Subject4dF4(i,1) = sum(DataSubjectd F4(:,2)==1 & ...

DataSubject4d F4(:,3)=—=FactorsMatrix(i,:));

Subject4dF6(i,1) = sum(DataSubjectd F6(:,2)=—=1 & ...

DataSubject4_F6 (:,3)=—FactorsMatrix (i,:));

Subject4dF8(i,1) = sum(DataSubjectd_F8(:,2)=—1 & ...

DataSubject4 F8(:,3)=—FactorsMatrix (i,:));
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end

% Divide the count by the number of trials.
yF2_S4 = SubjectdF2/4;
yF4_S4 = SubjectdF4 /4;
yF6_S4 = SubjectdF6 /4;
yF8_ S4 = Subject4F8/4;

% Subject 5
for i =1 : Matrix
SubjectbF2(i,1) = sum(DataSubjects F2(:,2)==1 & ...
DataSubject5_ F2(:,3)=—=FactorsMatrix(i,:));
SubjectbF4(i,1) = sum(DataSubjects F4(:,2)==1 & ...
DataSubject5_F4(:,3)==FactorsMatrix(i,:));
Subject5F6(i,1) = sum(DataSubjects_F6(:,2)=—=1 & ...
DataSubject5_F6 (: ,3)=—FactorsMatrix (i,:));
Subject5F8(i,1) = sum(DataSubjects F8(:,2)==1 & ...
DataSubject5_F8(:,3)=—FactorsMatrix (i,:));
end

% divide the count by the number of trials.
yF2_S5 = SubjectbF2/4;
yF4_S5 SubjectbF4 /4;
yF6_S5 = Subject5F6 /4;
yF8 S5 = Subject5F8/4;

% Subject 6
for i =1 : Matrix
Subject6F2(i,1) = sum(DataSubject6 F2(:,2)=—=1 & ...
DataSubject6_F2(:,3)==FactorsMatrix(i,:));
Subject6F4(i,1) = sum(DataSubject6_F4(:,2)=—=1 & ...
DataSubject6__F4 (:,3)=FactorsMatrix (i,:));
Subject6F6(i,1) = sum(DataSubject6 F6(:,2)==1 & ...
DataSubject6_F6 (: ,3)=—FactorsMatrix (i,:));
Subject6F8(i,1) = sum(DataSubject6_F8(:,2)==1 & ...
DataSubject6_F8(:,3)=—=FactorsMatrix (i,:));
end

% divide the count by the number of trials.
yF2_S6 = Subject6F2/4;
yF4 S6 = Subject6F4 /4;
yF6_S6 = Subject6F6 /4;
yF8 S6 = Subject6F8/4;

% Subject 7
for i =1 : Matrix
Subject7F2(i,1) = sum(DataSubject7_F2(:,2)=—1 & ...
DataSubject7_F2(:,3)=FactorsMatrix (i,:));
Subject7F4(i,1) = sum(DataSubject7_ F4(:,2)==1 & ...
DataSubject7_F4(:,3)=—=FactorsMatrix (i,:));
Subject7F6(i,1) = sum(DataSubject7_F6(:,2)==1 & ...
DataSubject7_ F6 (:,3)=—=FactorsMatrix(i,:));
Subject7F8(i,1) = sum(DataSubject7_F8(:,2)==1 & ...
DataSubject7_F8(:,3)=—FactorsMatrix (i,:));
end

% divide the count by the number of trials.
yF2_S7 = Subject7F2/4;
yF4 S7 = Subject7F4 /4;
yF6_S7 = Subject7F6 /4;
yF8_S7 = Subject7F8/4;

% Subject 8
for i =1 : Matrix
Subject8F2(i,1) = sum(DataSubject8 F2(:,2)==1 & ...
DataSubject8 F2(:,3)=—FactorsMatrix(i,:));
Subject8F4(i,1) = sum(DataSubject8 F4(:,2)==1 & ...
DataSubject8 F4(:,3)=—FactorsMatrix(i,:));
Subject8F6(i,1) = sum(DataSubject8 F6(:,2)==1 & ...
DataSubject8__F6 (: ,3)=—FactorsMatrix (i,:));
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Subject8F8(i,1) = sum(DataSubject8_F8(:,2)=—=1 & ...
DataSubject8 F8(:,3)=—FactorsMatrix(i,:));
end

% divide the count by the number of trials.
yF2_S8 = Subject8F2/4;
yF4 S8 = Subject8F4 /4;
yF6_S8 = Subject8F6 /4;
yF8 S8 Subject8F8/4;

% Subject 9
for i =1 : Matrix
Subject9F2(i,1) = sum(DataSubject9 F2(:,2)==1 & ...
DataSubject9_F2(:,3)==FactorsMatrix(i,:));
Subject9F4(i,1) = sum(DataSubject9_F4(:,2)=—=1 & ...
DataSubject9_F4(:,3)=—FactorsMatrix (i,:));
Subject9F6(i,1) = sum(DataSubjectd F6(:,2)==1 & ...
DataSubject9_F6 (:,3)=—FactorsMatrix (i,:));
Subject9F8(i,1) = sum(DataSubjectd F8(:,2)==1 & ...
DataSubject9 F8(:,3)=—=FactorsMatrix (i,:));
end

% divide the count by the number of trials.
yF2_S9 = Subject9F2/4;
yF4 S9 = Subject9F4 /4;
yF6_S9 = Subject9F6 /4;
yF8 89 = Subject9F8/4;

% Subject 10
for i =1 : Matrix
Subject10F2(i,1) = sum(DataSubject10_F2(:,2)=—=1 & ...
DataSubject10_F2(:,3)=FactorsMatrix (i,:));
Subject10F4(i,1) = sum(DataSubjectl0 F4(:,2)==1 & ...
DataSubject10_F4(:,3)=—=FactorsMatrix (i,:));
Subject1l0F6(i,1) = sum(DataSubjectl0_F6(:,2)==1 & ...
DataSubject10_ F6(:,3)=—=FactorsMatrix(i,:));
Subject10F8(i,1) = sum(DataSubjectl0_F8(:,2)==1 & ...
DataSubject10_ F8(:,3)=—FactorsMatrix(i,:));
end

% divide the count by the number of trials.
yF2_S10 = Subject10F2/4;
yF4 S10 = Subject10F4 /4;
yF6_S10 = Subject10F6/4;
yF8 S10 = Subject10F8/4;

9% STEP 4: Fit a psychometric curve onto each subjects data, to be able to calculate ...

the JND per subject
x=[-0.175, —0.140, -0.105, —-0.070, —0.035, 0.035, 0.070, 0.105, 0.140, 0.175]
targets = [0.25, 0.5, 0.75]; % 25%, 50% and 75% performance
weights = omnes(1,length(x)); % No weighting

% SUBJECT 1

% Reference force 2N

[coeffsF2S1, =, curveF2S1, thresholdF2S1] = ...
FitPsycheCurveLogit (x, yF2_S1, weights, targets);
% Reference force 4N

[coeffsF4S1, =, curveF4S1, thresholdF4S1] = ...
FitPsycheCurveLogit (x, yF4 S1, weights, targets);
% Reference force 6N

[coeffsF6S1, =, curveF6S1, thresholdF6S1] = ...
FitPsycheCurveLogit (x, yF6_S1, weights, targets);
% Reference force 8N

[coeffsF8S1, =, curveF8S1, thresholdF8S1] = ...
FitPsycheCurveLogit (x, yF8_S1, weights, targets);

% SUBJECT 2

[coeffsF2S2, =, curveF2S2, thresholdF2S2] = ...
FitPsycheCurveLogit (x, yF2_S2, weights, targets);
[coeffsF4S2, =, curveF4S2, thresholdF4S2] = ...
FitPsycheCurveLogit (x, yF4 S2, weights, targets);

)
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[coeffsF6S2, =, curveF6S2, thresholdF6S2] = ...
FitPsycheCurveLogit (x, yF6_S2, weights, targets);
[coeffsF8S2, =, curveF8S2, thresholdF8S2] = ...
FitPsycheCurveLogit (x, yF8 S2, weights, targets);

% SUBJECT 3

[coeffsF2S3, =, curveF2S3, thresholdF2S3] = ...
FitPsycheCurveLogit (x, yF2_S3, weights, targets);
[coeffsF4S3, =, curveF4S3, thresholdF4S3] = ...
FitPsycheCurveLogit (x, yF4_S3, weights, targets);
[coeffsF6S3, =, curveF6S3, thresholdF6S3] = ...
FitPsycheCurveLogit (x, yF6_S3, weights, targets);
[coeffsF8S3, =, curveF8S3, thresholdF8S3] = ...
FitPsycheCurveLogit (x, yF8_ S3, weights, targets);

% SUBJECT 4

[coeffsF2S4, =, curveF2S4, thresholdF2S4] = ...
FitPsycheCurveLogit (x, yF2_S4, weights, targets);
[coeffsF4S4 , =, curveF4S4, thresholdF4S4] = ...
FitPsycheCurveLogit (x, yF4 S4, weights, targets);
[coeffsF6S4, =, curveF6S4, thresholdF6S4] = ...
FitPsycheCurveLogit (x, yF6_S4, weights, targets);
[coeffsF8S4, =, curveF8S4, thresholdF8S4] = ...
FitPsycheCurveLogit (x, yF8_S4, weights, targets);

% SUBJECT 5

[coeffsF2S5, =, curveF2S5, thresholdF2S5] = ...
FitPsycheCurveLogit (x, yF2_S5, weights, targets);
[coeffsF4S5, =, curveF4S5, thresholdF4S5] = ...
FitPsycheCurveLogit (x, yF4_S5, weights, targets);
[coeffsF6S5, =, curveF6S5, thresholdF6S5] = ...
FitPsycheCurveLogit (x, yF6_S5, weights, targets);
[coeffsF8S5, =, curveF8S5, thresholdF8S5] = ...
FitPsycheCurveLogit (x, yF8 S5, weights, targets);

% SUBJECT 6

[coeffsF2S6, =, curveF2S6, thresholdF2S6] = ...
FitPsycheCurveLogit (x, yF2_S6, weights, targets);
[coeffsF4S6, =, curveF4S6, thresholdF4S6] = ...
FitPsycheCurveLogit (x, yF4_S6, weights, targets);
[coeffsF6S6, =, curveF6S6, thresholdF6S6] = ...
FitPsycheCurveLogit (x, yF6_S6, weights, targets);
[coeffsF8S6, =, curveF8S6, thresholdF8S6] = ...
FitPsycheCurveLogit (x, yF8_ S6, weights, targets);

% SUBJECT 7

[coeffsF2ST7, =, curveF2S7, thresholdF2S7] = ...
FitPsycheCurveLogit (x, yF2_S7, weights, targets);
[coeffsF4S7, =, curveF4S7, thresholdF4S7] = ...
FitPsycheCurveLogit (x, yF4 S7, weights, targets);
[coeffsF6S7, =, curveF6S7, thresholdF6S7] = ...
FitPsycheCurveLogit (x, yF6_ S7, weights, targets);
[coeffsF8S7, =, curveF8S7, thresholdF8S7] = ...
FitPsycheCurveLogit (x, yF8_S7, weights, targets);

% SUBJECT 8

[coeffsF2S8 , =, curveF2S8, thresholdF2S8] = ...
FitPsycheCurveLogit (x, yF2_S8, weights, targets);
[coeffsF4S8, =, curveF4S8, thresholdF4S8] = ...
FitPsycheCurveLogit (x, yF4_ S8, weights, targets);
[coeffsF6S8, =, curveF6S8, thresholdF6S8] = ...
FitPsycheCurveLogit (x, yF6_S8, weights, targets);
[coeffsF8S8, =, curveF8S8, thresholdF8S8] = ...
FitPsycheCurveLogit (x, yF8 S8, weights, targets);

% SUBJECT 9

[coeffsF2S9, =, curveF2S9, thresholdF2S9] = ...
FitPsycheCurveLogit(x, yF2 S9, weights, targets);
[coeffsF4S9, =, curveF4S9, thresholdF4S9] = ...
FitPsycheCurveLogit (x, yF4_S9, weights, targets);
[coeffsF6S9, =, curveF6S9, thresholdF6S9] = ...
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s79  FitPsycheCurveLogit(x, yF6_S9, weights, targets);

30 [coeffsF8S9, =, curveF8S9, thresholdF8S9] =

31 FitPsycheCurveLogit(x, yF8_S9, weights, targets);

382

33 % SUBJECT 10

384 [coeffsF2S10, =, curveF2S10, thresholdF2S10] = ...

35 FitPsycheCurveLogit(x, yF2_ S10, weights, targets);

3 [coeffsF4510, =, curveF4S10, thresholdF4S10] = ...

37 FitPsycheCurveLogit(x, yF4 S10, weights, targets);

38 [coeffsF6S10, =, curveF6S10, thresholdF6S10] = ...

39 FitPsycheCurveLogit(x, yF6_S10, weights, targets);

300 [coeffsF8S10, =, curveF8S10, thresholdF8S10] = ...

391 FitPsycheCurveLogit(x, yF8 S10, weights, targets);

392

393 %% STEP 5: Calculate the JND per reference force per subject
394 % REFERENCE FORCE 2N

35 JND_F2T = zeros(10,1);

396 JND_FAT = zeros(10,1); % reference force 4N

ss7 JND_F6T = zeros(10,1);

38 JND_F8T = zeros(10,1);

399 JND_F2 = zeros(10,1);

40 JND_F4 = zeros(10,1);

401 JND_F6 = zeros(10,1);

42 JND_F8 = zeros(10,1);

403

404 F2=2;

405 F4d=4;

406 F6=06;

407 F8=S8,;

408

400 for i = 1: length (JND F2T)

410 JND_F2T(1,1) = (thresholdF2S1(1,3)—thresholdF2S1(1,1))/2;
411 JND _F2T(2,1) = (thresholdF2S2(1,3)—thresholdF252(1,1))/2;
412 JND_F2T(3,1) = (thresholdF2S3(1,3)—thresholdF2S3(1,1))/2;
413 JND_F2T(4,1) = (thresholdF2S4(1,3)—thresholdF2S4(1, 1))/2
414 JND_F2T(5,1) = (thresholdF2S5(1,3)—thresholdF2S5(1,1))/2;
415 JND_F2T(6,1) = (thresholdF2S6(1,3)—thresholdF2S6(1,1))/2;
416 JND _F2T(7,1) = (thresholdF2S7(1,3)—thresholdF2S7(1,1))/2;
417 JND_F2T(8,1) = (thresholdF2S8(1,3)—thresholdF2S8(1,1))/2;
418 JND _F2T(9,1) = (thresholdF2S9(1,3)—thresholdF25S9(1,1))/2;
419 JND_F2T(10,1) = (thresholdFQSlO(l 3)—thresholdF2S10(1,1))/2;

420
421
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449

end

for i = length (JND_F2)

JND_F2(1,1) = (curveF2S1(500,1)—curveF2S1(1,1))/2;
JND_F2(2,1) = (curveF252(330,1)—curveF2S2(1,1))/2;
JND _F2(3,1) = (curveF2S3(1,1)— CurveF253(500 1))/2;
JND_F2(4,1) = (curveF2S4(500 1)—curveF2S4(1,1))/2;
JND _F2(5,1) = (curveF2S5(500,1)—curveF2S5(25,1))/2;
JND_F2(6,1) = (curveF2S6(500,1)—curveF2S6(1,1))/2;
JND_F2(7,1) = (curveF2S4(453,1)— curveF2$7(48 1))/2;
JND _F2(8,1) = (curveF2S8(1,1)—curveF2S8(500,1))/2;
JND_F2(9,1) = (curveF289(392 1)—curveF259(1,1))/2;
JND_F2(10,1) = (curveF2510(500,1)—curveF2810 (66,1))/2;

end

% REFERENCE FORCE 4N
for i = 1: length (JND_F4T)

JND_F4T(1,1) = (thresholdF4S1(1,3)—thresholdF4S1(1,1))/2;
JND_F4T(2,1) = (thresholdF4S2(1,3)—thresholdF4S52(1,1))/2;
JND_F4T(3,1) = (thresholdF4S3(1,3)—thresholdF4S3(1,1))/2;
JND_F4T(4,1) = (thresholdF4S4(1,3)—thresholdF4S4(1,1))/2;
JND _F4T(5,1) = (thresholdF4S5(1,3)—thresholdF4S5(1,1))/2;
JND_F4T(6,1) = (thresholdF4S6(1,3)—thresholdF4S6(1,1))/2;
JND_F4T(7,1) = (thresholdF4S7(1,3)—thresholdF4S7(1,1))/2;
JND_F4T(8,1) = (thresholdF4S8(1,3)—thresholdF4S8(1,1))/2;
JND_F4T(9,1) = (thresholdF4S9(1,3)—thresholdF4S9(1,1))/2;
JND_FAT(10,1) — (thresholdF4S10(1,3)—thresholdF4S10(1,1))/2;

end

for i = length (JND_F4)
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450 JND F4(1,1) = (curveF4S1(401,1)—curveF4S1(198,1))/2;

451 JND_F4(2,1) = (curveF4S2(500,1)—curveF4S2(1,1))/2;

452 JND F4(3,1) = (curveF4S3(1,1)— curch4S3(500 1))/2;

453 JND_F4(4,1) = (CurveF4S4(500 1)—curveF4S84(1,1))/2;

454 JND _F4(5,1) = (curveF4S5(425,1)— curveF4S5(114 1))/2;

455 JND _F4(6,1) = (curveF4S6(482,1)—curveF4S6(139,1))/2;

456 JND_F4(7,1) = (curveF4S4(500,1)—curveF4S7(89,1))/2;

457 JND F4(8,1) = (curveF4S8(305,1)—curveF4S8(10,1))/2;

458 JND_F4(9,1) = (curveF4S9(273,1)—curveF4S9(1,1))/2;

459 JND_F4(10,1) = (curveF4S10(407,1)—curveF4S10(94,1))/2;

460 end

461

462 % REFERENCE FORCE 6N

43 for i = 1: length (JND_F6T)

464 JND _F6T(1,1) = (thresholdF6S1(1,3)—thresholdF6S1(1,1))/2;
465 JND_F6T(2,1) = (thresholdF6S2(1,3)—thresholdF6S2(1,1))/2;
466 JND _F6T(3,1) = (thresholdF6S3(1,3)—thresholdF6S3(1,1))/2;
467 JND_F6T(4,1) = (thresholdF6S4(1,3)—thresholdF6S4 (1 71))/2;
468 JND_F6T(5,1) = (thresholdF6S5(1,3)—thresholdF6S5(1,1))/2;
469 JND_F6T(6,1) = (thresholdF6S6(1,3)—thresholdF6S6(1,1))/2;
470 JND_F6T(7,1) = (thresholdF6S7(1,3)—thresholdF6S7(1,1))/2;
471 JND_F6T(8,1) = (thresholdF6S8(1,3)—thresholdF6S8(1,1))/2;
472 JND_F6T(9,1) = (thresholdF6S9(1,3)—thresholdF6S9(1,1))/2;
473 JND_F6T(10,1) = (thresholdFGSlO(l,3)—thresh01dF6510(1,1))/2;

474 end
475
476 for i = length (JND_F6)

417 JND_F6(1,1) = (curveF6S1(435,1)—curveF6S1(140,1))/2;
478 JND _F6(2,1) = (curveF6S2(444,1)—curveF6S2(57,1))/2;
479 JND_F6(3,1) = (curveF6S3(500,1)—curveF6S3(1,1))/2;
480 JND_F6(4,1) = (curveFGS4(393,1)—curveFGS4(69 1))/2;
481 JND_F6(5,1) = (curveF6S5(472,1)—curveF6S5(29,1))/2;
482 JND F6(6,1) = (curveF6S6(500,1)—curveF6S6(215,1))/2;
483 JND_F6(7,1) = (curveF654(500,1)—curveF6S7(1,1))/2;
484 JND_F6(8,1) = (curveF6S8(488,1)—curveF6S8(6,1))/2;
485 JND_F6(9,1) = (curveF6S9(325,1)—curveF6S9(1, 1))/2
486 JND_F6(10,1) = (curveF6S10(500,1)—curveF6510(108,1))/2;
487 end

488
489 % REFERENCE FORCE 8N
490 for i = 1: length (JND_FS8T)

491 JND _F8T(1,1) = (thresholdF8S1(1,3)—thresholdF8S1(1,1))/2;
492 JND_F8T(2,1) = (thresholdF8S2(1,3)—thresholdF8S2(1,1))/2;
493 JND_F8T(3,1) = (thresholdF8S3(1,3)—thresholdF8S3(1,1))/2;
494 JND _F8T(4,1) = (thresholdF8S4(1,3)—thresholdF8S4(1,1))/2;
495 JND_F8T(5,1) = (thresholdF8S5(1,3)—thresholdF8S5(1,1))/2;
496 JND_F8T(6,1) = (thresholdF8S6(1,3)—thresholdF8S6(1,1))/2;
497 JND_F8T(7,1) = (thresholdF8S7(1,3)—thresholdF8S7(1,1))/2;
498 JND_F8T(8,1) = (thresholdF8S8(1,3)—thresholdF8S8(1,1))/2;
499 JND_F8T(9,1) = (thresholdF8S9(1,3)—thresholdF8S9(1,1))/2;
500 JND_F8T(10,1) = (thresholdFBSlO(l,3)—thresh01dF8810(1,1))/2,
501 end

502
503 for i = length (JND_F8)

504 JND_F8(1,1) = (curveF8S1(393,1)—curveF8S1(69,1))/2;
505 JND F8(2,1) = (curveF8S2(361,1)—curveF8S2(66,1))/2;
506 JND_F8(3,1) = (curveF8S3(493,1)—curveF8S3(1,1))/2;
507 JND F8(4,1) = (curveF8S4(407,1)— CurveFBS4(94 1))/2;
508 JND_F8(5,1) = (curveF8S5(500,1)—curveF8S5(112,1))/2;
509 JND _F8(6,1) = (curveF8S6(500,1)—curveF8S6(69,1))/2;
510 IND_F8(7,1) = (curveF8S4(500,1)—curveF8S7(159,1))/2;
511 JND_F8(8,1) = (curveF8S8(375,1)—curveF8S8(89,1))/2;
512 JND F8(9,1) = (curveF8S9(379,1)—curveF8S9(1,1))/2;
513 JND_F8(10,1) = (curveF8S10(286,1)—curveF8510(120,1))/2;
514 end

515

st.6 %% STEP 6: Pool all the data together

517 yF2=(yF2_ Sl4+yF2 S24+yF2 S3+yF2 S4+yF2 S5+yF2 S6+yF2 S7HyF2 S8+yF2 SHyF2 S10) /10;
s18 yF4=(yF4_Sl+yF4_ S24+yF4 S3+yF4 S4+yF4 S5+yF4 S6+yF4_ ST+yF4_ S8+yF4 SHyF2 S10) /10;
s19  yF6=(yF6_S1+yF6_S2+yF6_S3+yF6_ S4+yF6_ S5+yF6_S6+yF6_ST+yF6__S8+yF6__S9H+yF2_S10) /10;
520 yF8=(yF8 Sl1+yF8 S2+yF8 S3+yF8 S4+yF8 S5+yF8 S6+yF8 ST+yF8 S8+yF8 SHyF2 S10) /10;
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521

522 %% STEP 7: Create the scattered data points

523 x=[-0.175, -0.140, -0.105, -0.070, —-0.035, 0.035, 0.070, 0.105, 0.140, 0.175] ;
524

525 % Scatter the datapoints per reference force

526 % Reference force 2N

s27  figure, scatter(x,yF2, 'filled', 'r')

528 hold on

529 % Reference force 4N

s30 figure, scatter(x,yF4, 'MarkerEdgeColor',[0 0.7 0], 'MarkerFaceColor',[0 0.7 0])
531 % Reference force 6N

sz figure, scatter(x,yF6, 'MarkerEdgeColor', [0 0.5 1], 'MarkerFaceColor', [0 0.5 1])
533 % Reference force 8N

s figure, scatter(x,yF8, 'filled', 'k')

535 ylabel('Response reference force > test force')

53 xlabel('Test force factor')

537 hold off

538

539 9% STEP 8: Create the psychometric function plot

sa0 % % % % % STEP 7: Fit the psychometric function% % % % % %
541 % Fit psychometric functions

se2 targets = [0.25, 0.5, 0.75]; % 25%, 50% and 75% performance
543 weights = ones(1,length(x)); % No weighting

544

sa5 % Fit per reference force

s46 % Reference force 2N

547 [coeffsF2, =, curveF2, thresholdF2] = ...

s FitPsycheCurveLogit (x, yF2, weights, targets);

549 % Reference force 4N

ss0 [coeffsF4, =, curveF4, thresholdF4] = ...

551 FitPsycheCurveLogit(x, yF4, weights, targets);

ss2 % Reference force 6N

553 [coeffsF6, -, curveF6, thresholdF6] = ...

ss4a  FitPsycheCurveLogit(x, yF6, weights, targets);

555 % Reference force 8N

ss6 [ coeffsF8, =, curveF8, thresholdF8] = ...

ss7  FitPsycheCurveLogit(x, yF8, weights, targets);

558

559 stdcurve=std (curveF2)

560

s61 %% STEP 9: Extrapolate the data

562 xbefore=—0.300:0.0001:-0.175;

563 xafter=0.175:0.0001:0.400;

564

s65 ExtraF2 before=interpl (curveF2(:,1) ,curveF2(:,2) ,xbefore, 'linear', 'extrap');
se6 ExtraF2_ after=interpl (curveF2(:,1),curveF2(:,2) ,xafter, 'linear', 'extrap');
567

s68 %50 STEP 10: Calculate the JND and WF per reference force for the fitted curve
se9 % JND & WE: F2

sto JND_F2 25 = curveF2(1,:);

s71 JND_F2 75 = curveF2(500,:);

572

573 JND_ F2total = (JND_F2 75(:,1)=JND_F2 25(:,1))/2;

s74 JND_F2total T = (thresholdF2(1,3)—thresholdF2(1,1))/2;

575

sz WE_F2=(JND_ F2total /2)*100;

577 WF_F2 T=(JND_ F2total T /2)*100;

578

st9 % JND & WF: F4

ss0 JND_F4 25 = curveF4(30,:);

sst JND_F4 75 = curveF4(471,:);

582

ss3 JND_ Fdtotal=(JND_F4 75(:,1)-JND_F4_25(:,1))/2;

se4 JND_ F4total T = (thresholdF4(1,3)—thresholdF4(1,1))/2;

585

sss WE _F4= (JND_ F4total /4)=%100;

ss7 WF_F4 T=(JND_ F4total T /4)*100;

588

ss9 % JND & WEF: F6

se0 JND_F6 25 = curveF6(37,:);

591

JND_F6 75 = curveF6(500,:);
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JND_ Fétotal = (JND_F6_75(:,1)—JND_F6 25(:,1))/2;
JND_Fé6total T = (thresholdF6(1,3)—thresholdF6(1,1))/2;

WF_F6=(JND_ F6total /6) *100;
WF_F6 T=(JND_ Fétotal_T/6)*100;

% JND & WEF: F8
JND_F8 25 = curveF8(55,:);
JND_F8 75 = curveF8(469,:);

JND_ F8total = (JND_F8 75(:,1)=JND_F8 25(:,1))/2;
JND_F8total T = (thresholdF8(1,3)—thresholdF8(1,1))/2;

WF_F8=(JND_F8total /8) *100;
WF_F8 T=(JND_F8total _T/8)*100;

%% STEP 11: Plot psychometric fitted curves
x0=10;

y0=10;

width=1800;

height=1000;

set (gef, 'position ' ,[x0,y0,width,height])

figure (1)

plot (curveF2(:,1), curveF2(:,2), 'LineStyle', '=', 'Color', 'r','LineWidth',66)

hold on

plot ([xbefore, xafter ] ,[ExtraF2_before, ExtraF2_after], 'LineStyle', '= —='  'Color', ..

'r', 'LineWidth',3)

scatter (x,yF2,100, 'r")

plot (curveF4(:,1), curveF4(:,2), 'LineStyle', '=', '"Color', [0 0.7 0], 'LineWidth',6)

scatter (x,yF4,100, 'MarkerEdgeColor' ,[0 0.7 0])

plot (curveF6 (:,1), curveF6(:,2), 'LineStyle', '=', '"Color', [0 0.5 1], 'LineWidth',6)

scatter (x,yF6,100, 'MarkerEdgeColor', [0 0.5 1])

plot (curveF8(:,1), curveF8(:,2), 'LineStyle', '=', 'Color', 'k', 'LineWidth',66)

scatter (x,yF8,100, 'k')

vlim ([0, 1])

xticks([-0.300,-0.175, -0.140, -0.105, -0.070, —0.035, 0, 0.035, 0.070, 0.105, 0.140,
0.175,0.400])

yticks ([0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1])

ax = gca;

ax.FontSize = 22;

set (gca, 'XTickLabelRotation', 45)

ylabel ( 'Response test force > reference force', 'fontweight', 'bold', 'FontSize',26)

xlabel ('Test force factor', 'fontweight', 'bold', 'FontSize',26)

%title ('{\ bf Psychometric curve of experiment 1}','fontsize',15)

legend ({ '2N fit — JND = 0.35 — WF = 18% ', 'Extrapolated data 2N','Scatter 2N', 4N ..
fit — JND = 0.15 — WF = 4% ', 'Scatter 4N','6N fit — JND = 0.17 — WF = 3% ...
','Scatter 6N','8N fit — JND = 0.15 — WF = 2%"',"'Scatter 8N'}, 'FontSize',17, ...
'Location', 'northwest ') %northwest

hold off

%% STEP 12: Psychometric curves per reference force (to show variability between ...
subjects)
% Reference force 2N

figure (2)

plot (curveF2S1(:,1), curveF2S1(:,2), 'LineStyle', '=', 'Color', 'r','LineWidth',3)

hold on

plot (curveF2S2(:,1), curveF2S2(:,2), 'LineStyle', '=', 'Color', [0 0.7 0], 'LineWidth',3)
plot (curveF2S83(:,1), curveF2S3(:,2), 'LineStyle', '=', 'Color', [0 0.5 1], 'LineWidth',3)
plot (curveF2S4(:,1), curveF2S4(:,2), 'LineStyle', '=', 'Color', 'k','LineWidth',3)

plot (curveF2S5(:,1), curveF2S5(:,2), 'LineStyle', '=', 'Color', 'g', 'LineWidth',3)

plot (curveF2S6(:,1), curveF2S6(:,2), 'LineStyle', '=', 'Color', 'b','LineWidth',3)

plot (curveF2S7(:,1), curveF2S7(:,2), 'LineStyle', '=', 'Color', 'm','LineWidth',3)

plot (curveF2S8(:,1), curveF2S8(:,2), 'LineStyle', '=', 'Color', 'c','LineWidth',3)

plot (curveF2S9(:,1), curveF2S9(:,2), 'LineStyle', '=', 'Color', 'y','LineWidth',3)

plot (curveF2810(:,1), curveF2S10(:,2), 'LineStyle', '=', '"Color', [0.8 0 ...

0.5], 'LineWidth ' ,3)
ylim ([0, 1])
xticks ([-0.175, —0.140, —0.105, —0.070, —0.035 ,
yticks ([0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.
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656 ax = gca;

657 ax.FontSize = 14;

68 set (gef, 'position' | [x0,y0,width, height])

659 ylabel('Response test force > reference force','fontweight', 'bold', 'FontSize',18)

660 xlabel('Test force factor','fontweight', 'bold','FontSize',18)

661 title ('Psychometric curve per subject for reference force: 2N','fontsize',18)

e62 legend ({'Subject 1','Subject 2','Subject 3','Subject 4','Subject 5','Subject ...
6','Subject 7','Subject 8','Subject 9','Subject 10'}, 'FontSize',14, ...
'Location', 'northwest ')

663 hold off

664

665 % Reference force 4N

666 figure (3)

667 plot (curveF4S1(:,1), curveF4S1(:,2), 'LineStyle', '=', '"Color', 'r','LineWidth',3)

668 hold on

669 plot (curveF4S2(:,1), curveF4S2(:,2), 'LineStyle', '=', 'Color', [0 0.7 0], 'LineWidth',3)
670 plot (curveF4S3(:,1), curveF4S3(:,2), 'LineStyle', '=', "Color', [0 0.5 1], 'LineWidth"',3)
671 plot (curveF4S4(:,1), curveF4S4(:,2), 'LineStyle', '=', 'Color', 'k', 'LineWidth',3)

672 plot (curveF4S5(:,1), curveF4S5(:,2), 'LineStyle', '=', '"Color', 'g','LineWidth',3)

673 plot (curveF4S6(:,1), curveF4S6(:,2), 'LineStyle', '=', 'Color', 'b','LineWidth',3)

674 plot (curveF4S7(:,1), curveF4S7(:,2), 'LineStyle', '=', '"Color', 'm','LineWidth',3)

675 plot (curveF4S8(:,1), curveF4S8(:,2), 'LineStyle', '=', '"Color', 'c','LineWidth',3)

676 plot (curveF4S9(:,1), curveF4S9(:,2), 'LineStyle', '=', 'Color', 'y','LineWidth',3)

677 plot (curveF4S10(:,1), curveF4S10(:,2), 'LineStyle', '=', 'Color', [0.8 0 ...

0.5], 'LineWidth',3)

ere  ylim ([0, 1])

670 xticks([-0.175, —-0.140, -0.105, —-0.070, —-0.035, O,

ee0 yticks ([0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,

681 ax = gca;

682 ax.FontSize = 14;

683 set (gef, 'position',[x0,y0,width,height])

684 ylabel('Response test force > reference force', 'fontweight', 'bold', 'FontSize',18)

65 xlabel('Test force factor','fontweight', 'bold','FontSize',18)

686 title ('Psychometric curve per subject for reference force: 4N', 'fontsize',18)

es7 legend ({'Subject 1','Subject 2','Subject 3','Subject 4','Subject 5','Subject ...
6','Subject 7','Subject 8','Subject 9','Subject 10'}, 'FontSize',14, ...
'Location', 'northwest ')

688 hold off

689

60 % Reference force: 6N

691 figure(4)

622 plot (curveF6S1(:,1), curveF6S1(:,2), 'LineStyle', '=', '"Color', 'r','LineWidth',3)

693 hold on

694 plot(curveF6S2(:,1), curveF6S2(:,2), 'LineStyle', '=', '"Color', [0 0.7 0], 'LineWidth',3)
695 plot (curveF6S3(:,1), curveF6S3(:,2), 'LineStyle', '=', '"Color', [0 0.5 1], 'LineWidth',3)
696 plot(curveF6S4(:,1), curveF6S4(:,2), 'LineStyle', '=', 'Color', 'k','LineWidth',3)

697 plot (curveF6S5(:,1), curveF6S5(:,2), 'LineStyle', '=', 'Color', 'g','LineWidth',3)

698 plot (curveF6S6(:,1), curveF6S6(:,2), 'LineStyle', '=', 'Color', 'b','LineWidth',3)

699 plot (curveF6S7(:,1), curveF6S7(:,2), 'LineStyle', '=', '"Color', 'm','LineWidth',3)

700 plot (curveF6S8(:,1), curveF6S8(:,2), 'LineStyle', '=', '"Color', 'c','LineWidth',3)

701 plot (curveF6S9(:,1), curveF6S9(:,2), 'LineStyle', '=', '"Color', 'y','LineWidth',3)

72 plot (curveF6S10(:,1), curveF6S10(:,2), 'LineStyle', '=', 'Color', [0.8 0 ..

0.5], 'LineWidth',3)

703 ylim ([0, 1])

704 xticks([-0.175, -0.140, -0.105, -0.070, -0.035, 0, 0.035, 0.070, 0.105, 0.140, 0.175])
705 yticks ([0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1])

706 ax = gca;

707 ax.FontSize = 14;

708 set(gcf, 'position',[x0,y0,width, height])

709 ylabel('Response test force > reference force', 'fontweight', 'bold','FontSize',18)

70 xlabel('Test force factor','fontweight', 'bold', 'FontSize',18)

711 title ('Psychometric curve per subject for reference force: 6N','fontsize',18)

712 legend ({ 'Subject 1','Subject 2','Subject 3','Subject 4','Subject 5', 'Subject ...
6','Subject 7','Subject 8','Subject 9','Subject 10'},'FontSize',14, ..
'Location', 'northwest ')

713 hold off

714

715 % Reference force: 8N

76 figure (5)

717 plot (curveF8S1(:,1), curveF8S1(:,2), 'LineStyle', '=', '"Color', 'r','LineWidth',3)

716 hold on




11.1. Experiment 1 99

719
720
721
722
723
724
725
726
727

728
729
730
731
732
733
734
735
736
737

738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
77
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786

plot (curveF8S2(:,1), curveF8S2(:,2), 'LineStyle', '=', 'Color', [0 0.7 0], 'LineWidth',3)
plot (curveF8S3(:,1), curveF8S3(:,2), 'LineStyle', '=', 'Color', [0 0.5 1], 'LineWidth',3)
plot (curveF8S4(:,1), curveF8S4(:,2), 'LineStyle', '=', 'Color', 'k', 'LineWidth',3)

plot (curveF8S5(:,1), curveF8S5(:,2), 'LineStyle', '=', 'Color', 'g', 'LineWidth',3)

plot (curveF8S6(:,1), curveF8S6(:,2), 'LineStyle', '=', 'Color', 'b','LineWidth',3)

plot (curveF8S7(:,1), curveF8S7(:,2), 'LineStyle', '=', 'Color', 'm','LineWidth',3)

plot (curveF8S8(:,1), curveF8S8(:,2), 'LineStyle', '=', 'Color', 'c','LineWidth',3)

plot (curveF8S9(:,1), curveF8S9(:,2), 'LineStyle', '=', 'Color', 'y', 'LineWidth',3)

plot (curveF8S10(:,1), curveF8S10(:,2), 'Lmebtyle' , '=', '"Color', [0.8 0 ...

0.5], 'LineWidth',3)
ylim ([0, 1])
xticks([-0.175, —0.140, -0.105, —-0.070, —0.035, 0, O.
yticks ([0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0
ax = gca;
ax.FontSize = 14;
set (gef, 'position ' ,[x0,y0,width,height])
ylabel ( 'Response test force > reference force', 'fontweight', 'bold', 'FontSize',18)
xlabel (' Test force factor','fontweight', ' 'bold"', 'FontSize',18)
title ('Psychometric curve per subject for reference force: 8N','fontsize',18)
legend ({ 'Subject 1','Subject 2','Subject 3','Subject 4','Subject 5','Subject ...
6','Subject 7','Subject 8"','Subject 9','Subject 10'},'FontSize',14,
'Location ', 'northwest ')

hold off

35, 0.070, 0.105, 0.140, 0.175])
1)

%% Calculate standard deviation

STD_ 2 = zeros(10,1);
STD_2(1,1) = std(yF2_S1);
STD_2(2,1) = std(yF2_S2);
STD_2(3,1)=std (yF2_S3);
STD_2(4,1)=std (yF2_S4);
STD_2(5,1)=std (yF2_S5);
STD_2(6,1)=std (yF2_S6) ;
STD 2(7,1)=std (yF2_S7);
STD_2(8,1)=std (yF2_S8);
STD_2(9,1)=std (yF2_S9) ;
STD_2(10,1)=std (yF2_S10);
STD_ 2mean=sum (STD_2) /10;
STD 4 = zeros(10,1);

STD_4(1,1) = std(yF4_S1);
STD 4(2,1) = std(yF4 S2);
STD_4(3,1)=std (yF4_83);
STD_4(4,1)=std (yF4_S4);
STD_4(5,1)=std (yF4_S5);
STD_4(6,1)=std (yF4_S6) ;
STD 4(7,1)=std (yF4_S7);
STD_4(8,1)=std (yF4_S8);
STD_4(9,1)=std (yF4_S9);
STD_4(10,1)=std (yF4_S10);
STD_ 4mean=sum (STD_4) /10;
STD_6 = zeros (10,1);
STD_6(1,1) = std(yF6_S1);
STD 6(2,1) = std(yF6_S2);
STD_6(3,1)=std (yF6_S3);
STD_6(4,1)=std (yF6_54) ;
STD_6(5,1)=std (yF6_S5);
STD_6(6,1)=std (yF6_S6) ;
STD_6(7,1)=std (yF6_S7);
STD_6(8,1)=std (yF6_S8);
STD 6(9,1)=std (yF6_S9) ;
STD_6(10,1)=std (yF6_S10) ;
STD_ 6mean=sum (STD_6) /10;
STD 8 = zeros(10,1);
STD_8(1,1) = std(yF8_S1);
STD 8(2,1) = std (yF8_S2);
STD_8(3,1)=std (yF8 _S3);
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7e7 STD_8(4,1)=std (yF8_S4);

78 STD_8(5,1)=std (yF8 _S5);

780 STD_8(6,1)=std (yF8 S6);

790 STD_8(7,1)=std (yF8 S7);

791 STD_8(8,1)=std (yF8 S8);

72 STD_8(9,1)=std (yF8_S9);

793 STD_8(10,1)=std (yF8 S10);

794

795 STD_ 8mean=sum (STD_8) /10;

796 Y

797 STD_2Fit = std (yF2)

798 STD_4Fit = std (yF4)

799 STD_6Fit = std (yF6)

soo STD_8Fit = std (yF8)

801

g2 var_2Fit = var(yF2)

g3 var_4Fit = var(yF4)

g4 var_6Fit = var(yF6)

85 var_ 8Fit = var(yF8)

806

807 %

sos figure (1)

g9 plot(x,yF2_S1)

slo figure(2)

811 plot (x,yF2_S2)

812 figure(3)

813 plot (x,yF2_S3)
814
815 %
8t6 yF2_totalmatrix = ...

[yF2_S1,yF2_S2 yF2 S3,yF2 S4,yF2 S5,yF2 S6,yF2_S7,yF2 S8,yF2_S9,yF2_ S10]
1 % ..
http://matlaboratory.blogspot.co.uk/2015/04/introduction—to—psychometric—curves—and.ht

2

3 function [coeffs, stats, curve, threshold] =

4 FitPsycheCurveLogit (xAxis, yData, weights, targets)
5

6 % Transpose if necessary

7 if size(xAxis,1)<size (xAxis,2)

8 xAxis=xAxis '

9 end

10 if size(yData,l)<size(yData,2)

1 yData=yData ';

12 end

13 if size(weights,1)<size(weights,2)

14 weights=weights ';

15 end

16

17 % Perform fit

18 [coeffs, =, stats] = ...

19 glmfit (xAxis, [yData, weights], 'binomial','link', "logit");
20 % glmfit(xAxis, [yData, weights], 'binomial', 'llnk' 'loult BE
21

2 % Create a new xAxis with higher resolution

23 fineX = linspace (min(xAxis) ,max(xAxis) ,numel(xAxis)*50);
24 % Generate curve from fit

25 curve = glmval(coeffs, fineX, 'logit');

26 if max(weights)sl

27 % Assume yData was proportional

28 curve = [fineX ', curve];

29 else

30 % Assume yData was % or actual number of trials

31 curve = [fineX ', curvex100];

32 end

33

3 % If targets (y) supplied, find threshold (x), else find 25, 50 and 75%
35 % values

36 if nargin=—4
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37 else
38 targets = [0.25, 0.5, 0.75];
39 end

40 % Calculate
41 threshold = (log(targets./(1—targets))—coeffs(1))/coeffs(2);

11.2. Experiment 2

%% Results experiment 2: Displacement production and reproduction

% Jorrinde Lambers (4307283)

% Experiments took place: 8/7/2019 — 17/7/2019

clear all

close all

clc

%% Procedure

% 1. Load the data per subject for all the three displacements

% 2. Remove the first 2,5 seconds and the last 0,5 seconds to remove

10 % transition effects

11 % 3. Calculate the ADE, RDE and DV per subject for the visual production
12 % and for the blind reproduction

13 % 4. Pool all the results of all the subjects together, to find the total
14 % ADE, RDE and DV.

15 %% Define variables

16 target5=5; % target of 5 mm

17 target10=10; % target of 10 mm

18 target20=20; % target of 20 mm

© ©® N O oA W N

20 %% Load in all the data of all subjects and put it into a matrix
21 NumberOfParticipants = 10;

22 Displacements = [5,10,20];

23 NumberOfDisplacements = 3;

24 DataMatrix = cell (NumberOfParticipants , NumberOfDisplacements) ;

25 for nParticipant = 1 : NumberOfParticipants

26 k = 1;
27 for displacement = Displacements
28 for ndisplacements = 1 : NumberOfDisplacements
29 FileName = ...
strcat ('subject ' ,num2str(nParticipant),'afstand ' ,num2str(displacement),'.t]
30 TempOpenString = string (FileName) ;
31 TempOpen = fopen (TempOpenString) ;
32 TempData = textscan (TempOpen, '%f%{%%f ', ' CollectOutput',1);
33 DataMatrix (nParticipant ,k) = TempData;
34 end
35 k =%k + 1;
36 end
37 end

38 %% Match the right row and column to the right subject and displacement
39 DataSubjectl 5 = cell2mat (DataMatrix(1,1));
40 DataSubjectl_ 10 = cell2mat (DataMatrix(1,2));
41 DataSubjectl 20 = cell2mat (DataMatrix(1,3))
42

43 DataSubject2 5 = cell2mat (DataMatrix(2,1));
44 DataSubject2_10 = cell2mat (DataMatrix(2,2));
45 DataSubject2 20 = cell2mat (DataMatrix(2,3));
46

47 DataSubject3_5 = cell2mat (DataMatrix(3,1));
48 DataSubject3_10 = cell2mat (DataMatrix(3,2));
49 DataSubject3_20 = cell2mat (DataMatrix(3,3))
50

st DataSubjectd 5 = cell2mat (DataMatrix(4,1));
52 DataSubject4 10 = cell2mat (DataMatrix(4,2));
53 DataSubject4 20 = cell2mat (DataMatrix(4,3))
54

55 DataSubjects 5 = cell2mat (DataMatrix(5,1));
s6  DataSubject5 10 = cell2mat (DataMatrix (5,2));
57 DataSubject5_ 20 = cell2mat (DataMatrix(5,3))
58

s DataSubject6_5 = cell2mat (DataMatrix(6,1));

i

3

)

)

i

kt ')
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60 DataSubject6_10 = cell2mat (DataMatrix (6,2));

61 DataSubject6_20 = cell2mat (DataMatrix (6,3));

62

63 DataSubject7_5 = cell2mat (DataMatrix(7,1));

64 DataSubject7 10 = cell2mat (DataMatrix(7,2));

65 DataSubject7 20 = cell2mat (DataMatrix(7,3))

66

67 DataSubject8_5 = cell2mat (DataMatrix (8,1));

68 DataSubject8 10 = cell2mat (DataMatrix (8,2));

69 DataSubject8 20 = cell2mat (DataMatrix(8,3));

70

71 DataSubject9 5 = cell2mat (DataMatrix(9,1));

72 DataSubject9 10 = cell2mat (DataMatrix(9,2));

73 DataSubject9_ 20 = cell2mat (DataMatrix(9,3));

74

75 DataSubject10_5 = cell2mat (DataMatrix(10,1));

76 DataSubject10 10 = cell2mat (DataMatrix(10,2));

77 DataSubject10_20 = cell2mat (DataMatrix(10,3));

78

79 %% SUBJECT 1

80 W ITTSTIITIITIISTIIII0 DISPLACEMENT 5 MM

81 DataS1V_5=zeros(41,40);

g2 DataS1V_5(:,1:4)=DataSubjectl_5(51:91,:); % First 2.5 and last 0.5 seconds are removed

83 DataS1V_5(:,5:8)=DataSubjectl_5(253:293,:);

84 DataS1V_5(:,9:12)=DataSubjectl_5(455:495,:);

8s DataS1V_5(:,13:16)=DataSubjectl 5(657:697,

86 DataS1V_5(:,17:20)=DataSubjectl 5(859:899,

g7 DataS1V_5(:,21:24)=DataSubjectl 5(1061:1101,:)

88 DataS1V_5(:,25:28)=DataSubjectl 5(1263:1303,:);

so  DataS1V_5(:,29:32)=DataSubjectl 5(1465:1505,:);
36) ( )5
40) ( )

)

)

)
1)

)

)

9 DataS1V_5(:,33: =DataSubjectl_5(1667:1707,
91 DataS1V_5(:,37: =DataSubjectl_5(1869:1909,
92

3 % ADE

94 Mean ADE S1V_5 = zeros (10,2);

95 mean=(sum(DataS1V_5(:,2))) /41;

9% Mean ADE S1V_5(1,1)=mean;

97 Mean ADE S1V 5(1,2)=abs(mean—target5);
98

99 mean=(sum(DataS1V_5(:,6))) /41;

100 Mean ADE S1V_5(2,1)=mean;

101 Mean ADE S1V 5(2,2)=abs(mean—target5);
102

103 mean=(sum(DataS1V_5(:,10))) /41;

104 Mean ADE S1V 5(3,1)=mean;

105 Mean ADE S1V_5(3,2)=abs(mean—target5);
106

107 mean=(sum(DataS1V_5(:,14))) /41;

108 Mean ADE_S1V_5(4,1)=mean;

109 Mean ADE S1V_5(4,2)=abs(mean—target5);
110

11 mean=(sum(DataS1V_5(:,18)))/41;

12 Mean ADE_SIV_5(5,1)=mean;

13 Mean ADE SIV 5(5,2)=abs(mean—target5);
114

115 mean=(sum(DataS1V_5(:,22))) /41;

16 Mean ADE_SIV_5(6,1)=mean;

17 Mean_ADE_SIV_5(6,2)=abs(mean—target5) ;
118

119 mean=(sum(DataS1V_5(:,26))) /41;

120 Mean ADE S1V 5(7,1)=mean;

121 Mean ADE S1V_5(7,2)=abs(mean—target5) ;
122

123 mean=(sum(DataS1V_5(:,30))) /41;

124 Mean ADE_S1V_5(8,1)=mean;

125 Mean ADE S1V_5(8,2)=abs(mean—target5) ;
126

127 mean=(sum (DataS1V_5(:,34))) /41;

128 Mean ADE S1V_5(9,1)=mean;

129 Mean ADE_S1V_5(9,2)=abs(mean—target5) ;
130
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103

131 mean=(sum (DataS1V_5(:,38))) /41;

132 Mean ADE S1V_5(10,1)=mean;

133 Mean_ADE_S1V_5(10,2)=abs(mean—target5) ;

134

135 totalADE S1V_5 = sum(Mean ADE SIV 5(:,2))/10;
136

137 % RDE

138 RDE_S1V 5=zeros(10,1);

139 RDE_S1V 5(1,1) = Mean ADE S1V_5(1,2)/target5;
140 RDE_SIV_5(2,1) = Mean_ADE_S1V_5(2,2) /target5;
141 RDE_S1V _5(3,1) = Mean ADE S1V_5(3,2)/target5;
142 RDE_S1V_5(4,1) = Mean_ADE_S1V_5(4,2) /target5;
143 RDE_S1V 5(5,1) = Mean ADE S1V _5(5,2)/target5;
144 RDE_SIV_5(6,1) = Mean ADE _S1V_5(6,2) /target5;
us RDE SIV 5(7,1) = Mean ADE SIV 5(7,2)/target5;
146 RDE_SIV_5(8,1) = Mean ADE S1V_5(8,2) /target5;
147 RDE_S1V_5(9,1) = Mean_ADE_S1V_5(9,2) /target5;

14¢ RDE_S1V_5(10,1) = Mean ADE S1V_5(10,2) /target5;
149 totalRDE_S1V_5 = sum(RDE_SIV_5) /10;
150

151 % DV

152 DV_SIV 5=zeros (10,1);

153 DV_SIV_5(1,1)=std (DataS1V_5(:,2));
154 DV_SIV_5(2,1)=std (DataS1V_5(:,6));
155 DV_SIV_5(3,1)=std (DataS1V_5(:,10));
156 DV_SIV_5(4,1)=std (DataS1V_5(:,14));
157 DV_SIV_5(5,1)=std (DataS1V_5(:,18));
158 DV_SIV_5(6,1)=std (DataS1V_5(:,22));
19 DV_SIV_5(7,1)=std (DataS1V_5(:,26));
160 DV_SIV_5(8,1)=std (DataS1V_5(:,30));
161 DV_SIV_5(9,1)=std (DataS1V_5(:,34));
162 DV_SIV_5(10,1)=std (DataS1V_5(:,38));

163 totalDV_S1V_5 = sum(DV_S1V_5) /10;

164

165 % Blind reproduction (10x)

166 DataS1B_ 5=zeros(41,40);

167 DataS1B_5(:,1:4) = DataSubjectl 5(152:192,:);

168 DataS1B_5(:,5:8) = DataSubjectl_5(354:394,:);

169 DataS1B_5(:,9:12) = DataSubjectl 5 (556:596 1)

170 DataS1B 5(:,13:16) = DataSubjectl 5(758:798,:);
171 DataS1B_5(:,17:20) = DataSubjectl_5(960:1000,:);
172 DataS1B_5(:,21:24) = DataSubjectl 5(1159:1199,:);
173 DataS1B_5(:,25:28) = DataSubjectl 5(1361:1401,:);
174 DataS1B_5(:,29:32) = DataSubjectl 5(1563:1603,:);
175 DataS1B_5(:,33:36) = DataSubjectl 5(1765:1805,:);
176  DataS1B_5(:,37:40) DataSubjectl_5(1967:2007,:);
177

178 % ADE blind

179 Mean_ADE_S1B_5 = zeros (10,2);

180 mean=(sum (DataS1B_5(:,2)))/41;

181 Mean_ADE_SIB 5(1,1)=mean;

182 Mean ADE SIB 5(1,2)=abs(mean—target5);

183

184 mean=(sum(DataS1B_5(:,6))) /41;

185 Mean ADE_SIB 5(2,1)=mean;

1868 Mean ADE SIB 5(2,2)=abs(mean—target5);

187

188 mean=(sum(DataS1B_5(:,10))) /41;

189 Mean ADE SIB 5(3,1)=mean;

190 Mean ADE SIB 5(3,2)=abs(mean—target5);

191

192 mean=(sum (DataSI1B_5(:,14))) /41;

193 Mean_ADE_SIB_5(4,1)=mean;

194 Mean ADE_S1B 5(4,2)=abs(mean—target5);

195

196 mean=(sum (DataSI1B_5(:,18))) /41;

197 Mean_ADE_SI1B 5(5,1)=mean;

198 Mean ADE S1B 5(5,2)=abs(mean—target5);

199

200 mean=(sum(DataS1B_5(:,22)))/41;

201 Mean ADE SIB 5(6,1)=mean;
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202
203
204
205
206
207
208
209
210
21
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

240
241
242
243
244
245
246
247
248
249
250
251
252

254
255
256
257
258
259

261
262
263
264
265
266
267
268
269
270
271
272

Mean_ADE_S1B_5(6,2)=abs (mean—target5) ;

mean=(sum (DataS1B_5(:,26))) /41;
Mean ADE SI1B 5(7,1)=mean;
Mean ADE S1B 5(7,2)=abs(mean—target5);

mean=(sum (DataS1B_5(:,30))) /41;
Mean_ADE_SI1B_5(8,1)=mean;
Mean ADE SI1B 5(8,2)=abs(mean—target5) ;

mean=(sum (DataS1B_5(:,34))) /41;
Mean_ ADE_SI1B_5(9,1)=mean;
Mean ADE S1B 5(9,2)=abs(mean—target5);

mean=(sum (DataS1B_5(:,38)))/41;
Mean_ ADE S1B 5(10,1)=mean;
Mean_ADE_SI1B_5(10,2)=abs (mean—target5) ;

totalADE S1B_ 5 = sum(Mean ADE SIB 5(:,2))/10;
% RDE

RDE S1B 5=zeros(10,1);

RDE S1B 5(1,1) = Mean ADE S1B 5(1,2)/targeth;
RDE S1B 5(2,1) = Mean ADE SIB 5(2,2)/target5;
RDE S1B 5(3,1) = Mean ADE S1B 5(3,2)/targeth;
RDE S1B 5(4,1) = Mean ADE SIB 5(4,2)/target5;
RDE_SIB 5(5,1) = Mean ADE SIB 5(5,2)/target5
RDE S1B 5(6,1) = Mean ADE SIB 5(6,2)/target5;
RDE S1B 5(7,1) = Mean ADE SIB 5(7,2)/target5;
RDE S1B 5(8,1) = Mean ADE SIB 5(8,2)/target5;
RDE_S1B_5(9,1) = Mean ADE_S1B_5(9,2) /target5;

RDE_S1B 5(10,1) = Mean ADE S1B 5(10,2)/target5;
totalRDE_S1B_5 = sum(RDE_S1B_5) /10;

% DV
DV_SI1B 5=zeros(10,1);
DV_SIB 5(1,1)=std (DataS1B_5(:,2
DV_SIB 5(2,1)=std (DataS1B_5(: ,6
DV_S1B 5(3,1)=std (DataS1B_5(:,1
DV_SIB 5(4,1)=std (DataS1B_5(:
DV_SIB_5(5,1)=std (DataS1B_5(:
DV_SIB 5(6,1)=std (DataS1B_5(:
DV_SIB_5(7,1)=std (DataS1B_5(: ,2
( (:
(:

A~~~

DV_SIB 5(8,1)=std (DataS1B_5
DV_SIB_5(9,1)=std (DataS1B_5
DV_SIB_5(10,1)=std (DataSI1B_5(: 3
totalDV_S1B_5 = sum(DV_SIB_5) / 10

WIS SISTIISTSISISISIIITIIIVo DISPLACEMENT 10 MM
% Visual production (10x)

DataS1V_10 = zeros(41,40);

DataS1V_10(:,1
DataS1V_10(:
DataS1V_10(:

,5:8)=DataSubjectl 10(253:293,:);
,9:12)=DataSubjectl 10(455:495,:);

4)=DataSubjectl 10(51:91,:); % First 2.5

DataS1V_10(:,13:16)=DataSubjectl 10 (657:697,:);

DataS1V_10(:,17:20)=DataSubjectl 10(859:899,:);

DataS1V_10(:,21:24)=DataSubjectl 10(1061:1101,:);
DataS1V_10(:,25:28)=DataSubjectl_10(1263:1303,:);
DataS1V_10(:,29:32)=DataSubjectl 10(1465:1505,:) ;
DataS1V_10(:,33:36)=DataSubjectl 10(1667:1707,:);
DataS1V_10(:,37:40)=DataSubjectl_10(1869:1909,:);

% ADE

Mean ADE_SIV_10 = zeros(10,2);

mean=(sum (DataS1V_10(:,2))) /41;

Mean ADE_ SIV_10(1,1)=mean;
Mean ADE S1V_10(1,2)=abs(mean—target10);

mean=(sum (DataS1V_10(:,6))) /41;
Mean_ADE_S1V_10(2,1)=mean;
Mean ADE_SIV_10(2,2)=abs (mean—target10);

and

last 0.5

seconds are removed
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273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
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303
304
305
306
307
308
309
310
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312
313
314
315
316
317
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319
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321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343

mean=(sum (DataS1V_10(:,10))) /41;
Mean_ADE_SIV_10(3,1)=mean;
Mean ADE_SIV_10(3,2)=abs (mean—target10);

mean=(sum(DataS1V_10(:,14))) /41;
Mean ADE_SIV_10(4,1)=mean;
Mean_ADE_S1V_10(4,2)=abs (mean—target10);

mean=(sum (DataS1V_10(:,18)))/41;
Mean ADE_SIV_10(5,1)=mean;
Mean ADE S1V_10(5,2)=abs(mean—target10) ;

mean=(sum (DataS1V_10(:,22))) /41;
Mean_ADE_S1V_10(6,1)=mean;
Mean ADE_SIV_10(6,2)=abs (mean—target10);

mean=(sum (DataS1V_10(:,26))) /41;
Mean_ADE_S1V_10(7,1)=mean;
Mean ADE SIV_10(7,2)=abs (mean—target10);

mean=(sum (DataS1V_10(:,30)))/41;
Mean ADE_SIV_10(8,1)=mean;
Mean_ADE_SIV_10(8,2)=abs (mean—target10);

mean=(sum (DataS1V_10(:,34)))/41;
Mean ADE_SIV_10(9,1)=mean;
Mean ADE S1V_10(9,2)=abs(mean—target10);

mean=(sum (DataS1V_10(:,38))) /41;
Mean_ADE_S1V_10(10,1)=mean;

Mean ADE_SIV_10(10,2)=abs (mean—target10);
totalADE_S1V_ 10 = sum(Mean ADE_SIV 10(:,2))/10;

RDE_SIV_10=zeros (10,1);

RDE_SIV_10(1,1) = Mean ADE_SIV_10(1,2)/target10;
RDE_S1V_10(2,1) = Mean ADE SI1V_10(2,2)/target10;
RDE_S1V_10(3,1) = Mean_ADE_S1V_10(3,2) /target10;
RDE_SI1V_10(4,1) = Mean ADE SIV_10(4,2)/target10;
RDE_S1V_10(5,1) = Mean_ADE_S1V_10(5,2) /target10;
RDE_SIV_10(6,1) = Mean ADE_SIV_10(6,2)/target10;
RDE_S1V_10(7,1) = Mean ADE_S1V_10(7,2)/target10;
RDE_SIV_10(8,1) = Mean ADE_SIV_10(8,2)/target10;
RDE_S1V_10(9,1) = Mean ADE SI1V_10(9,2) /target10;
RDE_SIV_10(10,1) = Mean_ADE_SIV_10(10,2)/target10;
totalRDE_S1V_ 10 = sum(RDE_S1V_10) /10;

% DV

DV_SI1V_10=zeros(10,1);

DV_SIV_10(1,1)=std (DataS1V_10(:,2));
DV_S1V_10(2,1)=std (DataS1V_10(:,6));
DV_SIV 10(3,1)=std (DataS1V_10(:,10));
DV_SIV_10(4,1)=std (DataS1V_10(:,14));
DV_SIV_10(5,1)=std (DataS1V_10(:,18));
DV_SIV_10(6,1)=std (DataS1V_10(:,22));
DV_SIV_10(7,1)=std (DataS1V_10(:,26));
DV_SIV_10(8,1)=std (DataS1V_10(:,30));
DV_S1V_10(9,1)=std (DataS1V_10(:,34));
DV_SIV_10(10,1)=std (DataS1V_10(:,38));

totalDV_S1V_ 10 = sum(DV_S1V_10) /10;

% Blind reproduction (10x)

DataS1B_10 = zeros(41,40);

DataS1B_10(:,1:4) = DataSubjectl 10(152:192,:);
DataS1B_10(:,5:8) = DataSubjectl 10(354:394,:);
DataS1B_10(:,9:12) = DataSubjectl 10(556:596,:);
DataS1B_10(:,13:16) = DataSubjectl_ 10(758:798,:);
DataS1B_10(:,17:20) = DataSubjectl 10(960:1000,:) ;

DataS1B_10(:,21:24) = DataSubjectl 10(1162:1202,:);
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344 DataS1B_10(:,25:28) = DataSubjectl 10(1364:1404,:);
345 DataS1B_10(:,29:32) = DataSubjectl 10(1566:1606,:) ;
a6 DataS1B_10(:,33:36) = DataSubjectl 10(1768:1808,:);
347 DataS1B_10(:,37:40) = DataSubjectl 10(1970:2010,:);

348
349 % ADE blind

350 Mean ADE_SIB 10 = zeros(10,2);

351 mean=(sum(DataS1B_10(:,2))) /41;

32 Mean ADE_ SIB 10(1,1)=mean;

353 Mean ADE SIB 10(1,2)=abs(mean—target10);
354

355 mean=(sum(DataS1B_10(:,6))) /41;

36 Mean ADE SIB 10(2,1)=mean;

357 Mean ADE SIB 10(2,2)=abs(mean—target10);
358

39 mean=(sum(DataS1B_10(:,10))) /41;

30 Mean ADE_SIB_10(3,1)=mean;

381 Mean ADE_SIB 10(3,2)=abs(mean—target10);
362

33 mean=(sum(DataS1B_10(:,14)))/41;

34 Mean ADE_SIB_10(4,1)=mean;

35 Mean ADE SIB 10(4,2)=abs(mean—target10);
366

37 mean=(sum(DataS1B_10(:,18)))/41;

38 Mean ADE_ SIB 10(5,1)=mean;

39 Mean ADE_SIB_10(5,2)=abs (mean—target10);
370

371 mean=(sum(DataS1B_10(:,22)))/41;

s72 Mean ADE SIB 10(6,1)=mean;

373 Mean ADE_SIB_10(6,2)=abs (mean—target10);
374

375 mean=(sum(DataS1B_10(:,26))) /41;

376 Mean ADE_SIB_10(7,1)=mean;

377 Mean ADE_SIB 10(7,2)=abs(mean—target10);
378

379 mean=(sum(DataS1B_10(:,30))) /41;

30 Mean ADE_SIB_10(8,1)=mean;

381 Mean ADE_SIB_10(8,2)=abs(mean—target10);
382

383 mean=(sum(DataS1B_10(:,34)))/41;

384 Mean ADE_SIB 10(9,1)=mean;

385 Mean ADE_SIB_10(9,2)=abs (mean—target10) ;
386

37 mean=(sum(DataS1B_10(:,38)))/41;

38 Mean ADE SIB 10(10,1)=mean;

389 Mean ADE_SIB 10(10,2)=abs(mean—target10);
390

391 totalADE_S1B_ 10 = sum(Mean ADE S1B 10(:,2))/10;
392

393 % RDE

3.4 RDE_S1B 10=zeros(10,1);

s9s RDE_SIB_10(1,1) = Mean ADE_SIB_10(1,2)/target10;
36 RDE_S1B 10(2,1) = Mean ADE_S1B 10(2,2)/target10;
ss7 RDE_S1B 10(3,1) = Mean ADE S1B 10(3,2)/target10;
38 RDE_SIB 10(4,1) = Mean ADE_SIB 10(4,2)/target10;
399 RDE S1B 10(5,1) = Mean ADE S1B 10(5,2)/target10;
400 RDE_SIB 10(6,1) = Mean ADE_S1B 10(6,2)/target10;
401 RDE SIB 10(7,1) = Mean ADE SIB 10(7,2)/targetl0;
402 RDE_S1B 10(8,1) = Mean ADE S1B 10(8,2)/target10;

403 RDE SIB 10(9,1) = Mean ADE SI1B 10(9,2)/target10;
ws RDE SIB 10(10,1) = Mean ADE SIB 10(10,2)/target10;
405 totalRDE_S1B_10 = sum(RDE_S1B 10) /10;

406

407 % DV

48 DV_SIB 10=zeros(10,1);

ws DV_SIB_10(1,1)=std (DataS1B_10(:,2));
410 DV_SIB 10(2,1)=std (DataS1B_10(:,6));
4 DV_SIB 10(3,1)=std (DataS1B_10(:,10));
412 DV_SIB 10(4,1)=std (DataS1B_10(:,14));
413 DV_S1B_10(5,1)=std (DataS1B_10(:,18));
414 DV_SIB 10(6,1)=std (DataS1B_10(:,22))
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415 DV_SIB_10(7,1)=std (DataS1B_10(: ));
46 DV_SIB 10(8,1)=std (DataS1B_10(:,30));
417 DV_SIB 10(9,1)=std (DataS1B_10(:,34));
#e DV_SIB_10(10,1)=std (DataS1B_10(:,38)
419 totalDV_S1B_10 = sum(DV_S1B_10) /10
420
421 WTTISSTTTTTTIISTSTTTSTTITSTITTTTIISTTTIS S DISPLACEMENT 20 MM
422 % Visual production (10x)
423 DataS1V_20 = zeros(41,40);
424 DataS1V_20(:,1:4)=DataSubjectl 20(51:91,:); % First 2.5 and last 0.5 seconds are removed
425 DataS1V_20(:,5:8)=DataSubjectl 20(253:293,:);
426 DataS1V_20(:,9:12)=DataSubjectl 20(455:495,:);
427 DataS1V_20(:,13:16)=DataSubjectl 20(657:697,:);
428 DataS1V_20(:,17:20)=DataSubjectl 20(859:899,:);
420 DataS1V_20(:,21:24)=DataSubjectl 20(1061:1101,:);
430 DataS1V_20(:,25:28)=DataSubjectl_20(1263:1303,:);
431 DataS1V_20(:,29:32)=DataSubjectl_20(1465:1505,:);
432 DataS1V_20(:,33:36)=DataSubjectl_20(1667:1707,:);
433 DataS1V_20(:,37:40)=DataSubjectl 20(1869:1909,:);
434
435 % ADE
436 Mean ADE S1V_20 = zeros(10,2);
437 mean=(sum(DataS1V_20(:,2)))/41;
438 Mean ADE_SIV_20(1,1)=mean;
439 Mean ADE_SI1V_20(1,2)=abs(mean—target20);
440
441 mean=(sum(DataS1V_20(:,6)))/41;
442 Mean_ADE_SIV_20(2,1)=mean;
443 Mean ADE SIV 20(2,2)=abs(mean—target20);
444
445 mean=(sum(DataS1V_20(:,10))) /41;
446 Mean ADE_SIV_20(3,1)=mean;
447 Mean ADE SIV 20(3,2)=abs(mean—target20);
448
449 mean=(sum(DataS1V_20(:,14))) /41;
450 Mean ADE SI1V 20(4,1)=mean;
451 Mean ADE SIV_20(4,2)=abs(mean—target20);
452
453 mean=(sum (DataS1V_20(:,18)))/41;
454 Mean_ADE_SIV_20(5,1)=mean;
455 Mean ADE_SIV_20(5,2)=abs(mean—target20);
456
457 mean=(sum(DataS1V_20(:,22))) /41;
458 Mean ADE_SIV_20(6,1)=mean;
450 Mean ADE SIV 20(6,2)=abs(mean—target20);
460
461 mean=(sum(DataS1V_20(:,26))) /41;
462 Mean ADE_SI1V_20(7,1)=mean;
463 Mean ADE SIV 20(7,2)=abs(mean—target20);
464
465 mean=(sum(DataS1V_20(:,30))) /41;
466 Mean ADE SI1V 20(8,1)=mean;
467 Mean ADE SIV_20(8,2)=abs(mean—target20);
468
469 mean=(sum (DataS1V_20(:,34)))/41;
470 Mean_ADE_SIV_20(9,1)=mean;
471 Mean ADE_SIV_20(9,2)=abs(mean—target20);
472
473 mean=(sum (DataS1V_20(:,38)))/41;
474 Mean ADE_SI1V_20(10,1)=mean;
475 Mean ADE SIV 20(10,2)=abs(mean—target20);
476
477 totalADE S1V_20 = sum(Mean ADE S1V 20(:,2))/10;
478
479 % RDE
480 RDE_SIV_20=zeros (10,1);
41 RDE S1V_20(1,1) = Mean_ADE SIV_20(1,2) /target20;
42 RDE_S1V_20(2,1) = Mean ADE SI1V 20(2,2)/target20;
483 RDE_SIV_20(3,1) = Mean ADE_SIV_20(3,2)/target20;
) = (1.2
) = (5.2

) )

26
30
34

3

)
)
) )

)
)
)

484 RDE_SIV_20(4,1 Mean_ADE_S1V_20 )/target20;
485 RDE_SIV_20(5,1 Mean ADE_SI1V_20 )/target20;
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486
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RDE_SIV_20(6,1) = Mean_ADE_SIV_20(6,2)/target20;
RDE_SIV_20(7,1) = Mean ADE SIV_20(7,2)/target20;
RDE_S1V_20(8,1) = Mean_ADE_S1V_20(8,2) /target20;

RDE_SIV_20(9,1) = Mean ADE SIV_20(9,2)/target20;
RDE_S1V_20(10,1) = Mean_ADE_S1V_20(10,2) /target20;
totalRDE_S1V_ 20 = sum(RDE_S1V_20) /10;

% DV
DV_S1V_20=zeros(10,1);

DV_SIV_20(1,1)=std (DataSI1V_20(:,2));
DV_SIV_20(2,1)=std (DataS1V_20(:,6));
DV_SIV_20(3,1)=std (DataS1V_20(:,10));
DV_SIV_20(4,1)=std (DataS1V_20(:,14));
DV_S1V_20(5,1)=std (DataS1V_20(:,18));
DV_S1V_20(6,1)=std (DataS1V_20(:,22));
DV_SIV_20(7,1)=std (DataS1V_20(:,26));
DV_SIV_20(8,1)=std (DataS1V_20(:,30));
DV_SIV_20(9,1)=std (DataS1V_20(:,34));
DV_SIV_20(10,1)=std (DataS1V_20(:,38));

totalDV_S1V_20 = sum(DV_SIV_20) /10;

% Blind reproduction (10x)
DataS1B_20 = zeros(41,40);
DataS1B_20(:,1:4) = DataSubjectl_20(152:192,:);

11. Matlab code

DataS1B_20(:
DataS1B_ 20 (:

,5:8) = DataSubjectl 20(354:394,:);
,9:12) = DataSubjectl 20(556:596,:) ;

DataS1B_20(:,13:16) = DataSubjectl 20(758:798,:);
DataS1B_20(:,17:20) = DataSubjectl 20(960:1000,:) ;
DataS1B_20(:,21:24) = DataSubjectl 20(1159:1199,:);
DataS1B_20(:,25:28) = DataSubjectl 20(1361:1401,:);
DataS1B_20(:,29:32) = DataSubjectl 20(1563:1603,:);
DataS1B_20(:,33:36) = DataSubjectl_20(1765:1805,:);
DataS1B_20(:,37:40) = DataSubjectl 20(1967:2007,:);

% ADE blind

Mean_ADE_SIB_20 = zeros(10,2);

mean=(sum (DataS1B_20(:,2))) /41;

Mean_ ADE_SIB_20(1,1)=mean;

Mean ADE_S1B_20(1,2)=abs(mean—target20);

mean=(sum (DataS1B_20(:,6))) /41;
Mean_ADE_S1B_20(2,1)=mean;
Mean ADE_S1B 20(2,2)=abs(mean—target20);

mean=(sum (DataS1B_20(:,10))) /41;
Mean ADE_S1B_ 20(3,1)=mean;
Mean_ADE_S1B_20(3,2)=abs (mean—target20);

mean=(sum (DataS1B_20(:,14)))/41;
Mean ADE_S1B 20(4,1)=mean;
Mean_ADE_S1B_20(4,2)=abs (mean—target20);

mean=(sum (DataS1B_20(:,18)))/41;
Mean_ADE_S1B_20(5,1)=mean;
Mean ADE_S1B_20(5,2)=abs (mean—target20);

mean=(sum (DataS1B_20(:,22))) /41;
Mean_ADE_S1B_20(6,1)=mean;
Mean ADE_S1B 20(6,2)=abs (mean—target20);

mean=(sum (DataS1B_20(:,26)))/41;
Mean ADE_S1B_ 20(7,1)=mean;
Mean_ADE_S1B_20(7,2)=abs (mean—target20);

mean=(sum (DataS1B_20(:,30))) /41;
Mean ADE_S1B 20(8,1)=mean;
Mean_ADE_S1B_20(8,2)=abs (mean—target20);

mean=(sum (DataS1B_20(:,34)))/41;
Mean_ADE_S1B_20(9,1)=mean;
Mean ADE_S1B 20(9,2)=abs (mean—target20);
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557

ss8  mean=(sum(DataS1B_20(:,38)))/41;

559 Mean ADE SIB 20(10,1)=mean;

se0 Mean ADE_ SIB 20(10,2)=abs(mean—target20);

561

sz totalADE_ S1B 20 = sum(Mean ADE S1B 20(:,2))/10;
563

se4 70 RDE

se5s RDE_SIB 20=zeros(10,1);

ses RDE_S1B 20(1,1) = Mean ADE S1B 20(1,2)/target20;
ss7 RDE_SIB 20(2,1) = Mean ADE_SIB 20(2,2)/target20;
ses RDE_SIB_20(3,1) = Mean ADE_SIB_20(3,2)/target20;
se0 RDE S1B 20(4,1) = Mean ADE S1B 20(4,2)/target20;
s70 RDE_SIB_20(5,1) = Mean ADE_SIB_20(5,2)/target20;
st RDE_SIB_20(6,1) = Mean ADE_SIB_20(6,2)/target20;
s2 RDE_SIB _20(7,1) = Mean ADE_SIB 20(7,2)/target20;
573 RDE_SIB_20(8,1) = Mean ADE_SIB_20(8,2)/target20;
sz RDE_SIB 20(9,1) = Mean ADE_SIB 20(9,2)/target20;

575 RDE_S1B 20(10,1) = Mean ADE SI1B 20(10,2)/target20;
s76  totalRDE_S1B 20 = sum(RDE_SIB 20) /10;

577

518 % DV

s79 DV_SIB 20=zeros(10,1);

ss0 DV_SIB 20(1,1)=std (DataS1B_20(:,2));
sst DV_SIB 20(2,1)=std (DataS1B_20(:,6));
ss2 DV_SIB_20(3,1)=std (DataS1B__ 20( ,10)) 5
ss3 DV_SIB 20(4,1)=std (DataS1B_20(:,14));
se4 DV_SIB_20(5,1)=std (DataS1B_20(:,18));
sss DV_SIB 20(6,1)=std (DataS1B_20(:,22));
sss DV_SIB 20(7,1)=std (DataS1B_20(:,26));
ss7 DV_SIB 20(8,1)=std (DataS1B_20(: ,30) );
sss8 DV_SIB_20(9,1)=std (DataS1B_20(:,34));
8)

ss9 DV_SIB_20(10,1)=std (DataS1B_20(:,38));
s00 totalDV_S1B 20 = sum(DV_S1B 20) /10

1 %% Make matrices of measurements of all subjects, to see variations

2 ADE_matrix_V = zeros(10,3); % rows are participants, columns are displacements

3 ADE matrix V(:,1) = [totalADE_S1V_5; totalADE_S2V_5; totalADE_S3V_5; totalADE_S4V_5;
total ADE__S5V_5; totalADE_S6V_5; totalADE_S7V_5; totalADE_S8V_5; totalADE_S9V_5;
totalADE_S10V_5];

4 ADE_ matrix V(:,2) = [totalADE_S1V_10; totalADE_S2V_10; totalADE_S3V_10;
totalADE__S4V_10; totalADE_S5V_10; totalADE_S6V_10; totalADE_S7V_10;
totalADE__S8V_10; totalADE_S9V_10; totalADE_S10V_10];

5 ADE_matrix_V(:,3) = [totalADE_S1V_20; totalADE_S2V_20; totalADE_S3V_20;
totalADE_S4V_ 20; totalADE_S5V_20; totalADE_S6V_10; totalADE_S7V_ 20;
totalADE__S8V__20; totalADE_S9V_20; totalADE_S10V_20];

7 ADE matrix B = zeros(10,3);

8 ADE matrix B(:,1) = [totalADE_S1B_5; totalADE S2B 5; totalADE S3B_5; totalADE S4B 5;
total ADE__S5B_5; totalADE_S6B_5; totalADE_S7B_5; totalADE_S8B_5; totalADE_S9B_5;
totalADE__S10B_5];

9 ADE_matrix B(:,2) = [totalADE_S1B_10; totalADE_S2B_10; totalADE_S3B_10;
totalADE_S4B_10; totalADE_S5B_10; totalADE_S6B_10; totalADE_S7B_10;
totalADE_SSB_10; totalADE_S9B_10; totalADE_S10B_10];

10 ADE_matrix_B(:,3) = [totalADE_S1B_10; totalADE_S2B_20; totalADE_S3B_ 20;
totalADE__S4B_ 20; totalADE_S5B_ 20; totalADE__S6B_20; totalADE_S7B_ 20;
totalADE__S8B_ 20; totalADE_S9B_20; totalADE_S10B_20];

12 RDE_matrix_V = zeros (10,3);

13 RDE_matrix_V(:,1) = [totalRDE_S1V_5;totalRDE_S2V_5; totalRDE_S3V_5; ...
totalRDE__S4V_ 5;totalRDE__S5V_5; totalRDE_S6V_5; totalRDE_S7V_5; totalRDE_S8V_5;
totalRDE_S9V_5; totalRDE_S10V_5];

14 RDE_ matrix V(:,2) = [totalRDE_S1V_10;totalRDE_S2V_10; totalRDE_ S3V_10; ...
totalRDE__S4V__10;totalRDE__S5V__10; totalRDE_S6V_10; totalRDE_S7V_10; totalRDE_S8V_10;
totalRDE_S9V_10; totalRDE S10V_10];

15 RDE_matrix_V(:,3) = [totalRDE_S1V_20;totalRDE_S2V_20; totalRDE_S3V_20; ...
totalRDE__S4V_ 20;totalRDE_S5V_20; totalRDE_S6V_20; totalRDE_S7V_20; totalRDE_S8V_20;
totalRDE__S9V_ 20; totalRDE_S10V_20];

16 RDE_matrix V = RDE_matrix V*100;
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18 RDE_matrix B = zeros(10,3);

19 RDE_matrix_B(:,1) = [totalRDE_S1B_5;totalRDE_S2B_5; totalRDE_S3B_5; ...
totalRDE__ S4B_ 5;totalRDE_S5B_5; totalRDE_S6B_5; totalRDE_S7B_5; totalRDE_S8B_5;
totalRDE_S9B_5; totalRDE_S10B_5];

20 RDE_matrix_B(: ,2) = [totalRDEislBilo;totalRDEisZBilo; totalRDE__S3B_10; ...
totalRDE__S4B_ 10;totalRDE__S5B_ 10; totalRDE_S6B_10; totalRDE_S7B_10; totalRDE_S8B_10;
totalRDE_S9B_10; totalRDE_S10B_10];

21 RDE_matrix_B(:,3) = [totalRDE_S1B_20;totalRDE_S2B_20; totalRDE_S3B_20;
totalRDE__S4B_ 20;totalRDE_ S5B_ 20; totalRDE_S6B_20; totalRDE_S7B_20; totalRDE_S8B_20;
totalRDE__S9B_ 20; totalRDE_S10B_20];

22 RDE_matrix_B = RDE_matrix Bx*100;

23

24 DV_matrix V = zeros(10,3);

25 DV_matrix V(:,1) = [totalDV_S1V_5; totalDV_S2V_5; totalDV_S3V_5; totalDV_S4V_5;
totalDV_S5V_5; totalDV_S6V_5; totalDV_S7V_5; totalDV_S8V_5; totalDV_S9V_5;
totalDV_S10V_5];

26 DV_matrix V(:,2) = [totalDV_S1V_10; totalDV_S2V_10; totalDV_S3V_10; totalDV_S4V_10;
totalDV_S5V__10; totalDV_S6V__10; totalDV_S7V_10; totalDV_S8V_10; totalDV_S9V_10;
totalDV_S10V_10];

27 DV_matrix_V(:,3) = [totalDV_S1V_20; totalDV_S2V_20; totalDV_S3V_20; totalDV_S4V_20; ...
totalDV_S5V_20; totalDV__S6V_20; totalDV_S7V_20; totalDV_S8V_20; totalDV_S9V_ 20;
totalDV_S10V_20];

28

29 DV_matrix B = zeros(10,3);

30 DV_matrix_B(:,1) = [totalDV_S1B_5; totalDV_S2B_5; totalDV_S3B_5; totalDV_S4B_5;
totalDV_S5B_5; totalDV_S6B_5; totalDV_S7B_5; totalDV_S8B_5; totalDV_S9B_5;
totalDV_S10B_5];

31 DV_matrix B(:,2) = [totalDV_S1B_10; totalDV_S2B_10; totalDV_S3B_10; totalDV_S4B 10; ...
totalDV_S5B_10; totalDV_S6B_10; totalDV_S7B_10; totalDV_S8B_10; totalDV_S9B_10;
totalDV_S10B_10];

32 DV_matrix_B(:,3) = [totalDV_S1B_20; totalDV_S2B_20; totalDV_S3B_20; totalDV_S4B_20; ...
totalDV_S5B_20; totalDV__S6B_20; totalDV_S7B_20; totalDV_S8B_20; totalDV__S9B_20;
totalDV_S10B_20];

33

34 %% Calculate the total ADE, RDE and DV

35 % sum and divide by the number of participants

38 ADE V = sum(ADE matrix V) /10;

37 ADE B = sum(ADE_matrix_B) /10;

38 RDE V = sum(RDE_matrix V) /10;

39 RDE B = sum(RDE_matrix_B) /10;

40 DV V = sum(DV_matrix V) /10;

41 DV_B = sum(DV_matrix_B) /10;

42

43 %% Create the plots

4 x = 1:3;

4 data = [ADE V; ADE B]J;

4 data_matrix = [ADE_matrix V; ADE_ matrix_B];

a7

48 x0=10;

49 y0=10;

50 width=1200;

51 height=600;

52 set(gef, 'position',[x0,y0,width, height])

53

54 % ADE

s5 figure (1)

s6 hBar = bar(x, data');

sz for kl = 1l:size(data,l)

58 ctr(kl,:) = bsxfun(@plus, hBar(1).XData, [hBar(kl).XOffset]");
59 ydt(kl,:) = hBar(kl).YData;

60 set (hBar(1), 'FaceColor', [0.9 0 0])

61 set (hBar(2), 'FaceColor', [0 0.5 0.5])

62 end

63 hold on

64 hScatter ADE_V = gscatter(x—0.14, ADE matrix V') ;

65 hScatter_ ADE_B = gscatter (x+0.14, ADE_matrix B'") ;

66 set (hScatter ADE V, 'Color', [0.3 0 0], 'MarkerSize',25)

67 set (hScatter ADE_B, 'Color', [0 0.6 0.8],'MarkerSize',25)

68 Yerrorbar(ctr,ydt, c¢,'.r', 'Color', [0 0 0], 'LineWidth', 3)

set (gea, 'xtick', 1:length(ADE V), 'xticklabel', {'5 mm' '10 mm' '20 mm'})

@
©
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70 ax = gca;

71 ax.FontSize = 22;

72 xlabel('Displacements (mm)','fontweight', 'bold', 'FontSize',26)

73 ylabel('Absolute displacement error (mm)','fontweight', 'bold"', 'FontSize',26)

74 legend ([hBar(1) ,hBar(2) ,hScatter ADE V(1) ,hScatter ADE_B(1)],{ 'Visual feedback', 'Blind ...

reproduction ', 'Datapoints visual','Datapoints blind '}, 'FontSize',18, ...
'Location', 'northwest ')

75 hold off

76

77 datac = [RDE V; RDE BJ;

76 data_matrixc = [RDE_matrix V; RDE_matrix_B];

79

80 % RDE

81 figure(2)

82 set(gef, 'position',[x0,y0,width, height])

83 hBar = bar(x, datac');

8¢ for kl = 1l:size(datac,l)

85 ctr(kl,:) = bsxfun(@plus, hBar(1l).XData, [hBar(kl).XOffset]");
86 ydt(k1l,:) = hBar(kl).YData;

87 set (hBar (1), 'FaceColor', [0.9 0 0])

88 set (hBar(2), 'FaceColor', [0 0.5 0.5])

89 end

90 hold on

91 hScatter RDE V gscatter (x—0.14 , RDE_matrix_V') ;

92 hScatter  RDE_B = gscatter (x+0.14, RDE_ matrix B') ;

93 set (hScatter RDE_V, 'Color', [0.3 0 0], 'MarkerSize',25)

94 set (hScatter RDE B, 'Color', [0 0.6 0.8], 'MarkerSize',25)

% %errorbar(ctr,ydt, c¢,'.r', 'Color', [0 0 0], 'LineWidth', 3)

9% set(gca, xtick', l:length(RDE V), 'xticklabel', {'5 mm' '10 mm' '20 mm'})
97 ax = gca;

@ ax.FontSize = 22;

99 xlabel('Displacements (mm)','fontweight', 'bold', 'FontSize',26)
100 ylabel('Relative displacement error (%)', 'fontweight', 'bold"', 'FontSize',26)
101 %title ('{\bf Relative Displacement Error (RDE)}','fontsize ' ,15)

102 legend ([hBar(1) ,hBar(2) ,hScatter  RDE_V (1) ,hScatter RDE_B(1)],{ 'Visual feedback', 'Blind ...

reproduction ', 'Datapoints visual','Datapoints blind '}, 'FontSize',18, ...
'Location', 'northwest ')
103 hold off
104
105 datad = [DV_V; DV _B];
106 data_matrixd = [DV_matrix_V; DV_matrix B];
107
108 % DV
109 figure(3)
1o set(gef, 'position',[x0,y0,width,height])
11 hBar = bar(x, datad');
12 for k1 = 1l:size(datad,1)

13 ctr(kl,:) = bsxfun(@plus, hBar(1).XData, [hBar(kl).XOffset]"');
114 ydt(kl,:) = hBar(kl).YData;

115 set (hBar (1), 'FaceColor', [0.9 0 0])

116 set (hBar(2), 'FaceColor', [0 0.5 0.5])

17 end

118 hold on

119 hScatter DV_V = gscatter (x—0.14, DV_matrix V') ;

120 hScatter DV_B = gscatter (x+0.14, DV_matrix B') ;

121 set (hScatter DV_V, 'Color', [0.3 0 0], 'MarkerSize',25)
122 set (hScatter_ DV_B, 'Color', [0 0.6 0.8],'MarkerSize',25)

123 %errorbar (ctr ,ydt, d,"'.r', 'Color', [0 0 0], 'LineWidth', 3)

124 set(gca, 'xtick', l:length(DV V), 'xticklabel', {'5 mm' '10 nm' '20 mm'})
125 ax = gca;

126 ax.FontSize = 22;

127 xlabel('Displacements (mm)','fontweight', 'bold', 'FontSize',26)

128 ylabel('Displacement variability (mm)','fontweight', 'bold', 'FontSize',26)

129 %title ('{\bf Displacement Variability (DV)}', 'fontsize',15)

130 legend ([hBar (1) ,hBar(2) ,hScatter DV_V (1) ,hScatter DV_B(1)],{ 'Visual feedback', 'Blind ...
reproduction ', 'Datapoints visual','Datapoints blind '}, 'FontSize',18, ...

'Location', 'northwest ')
131 %legend ({'Visual feedback', 'Blind reproduction'},'FontSize',18, 'Location', 'northwest")
132 hold off

133
13¢ %% Calculate the Standard Error (SE) and Standard Deviation (SD)
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135 SID ADE V = std (ADE_matrix V);
136 STD_ADE B = std (ADE_matrix_B);
137

138 STD_RDE
139 STD_RDE |
140

141 SID DV_V = std (DV_matrix_V);
142 STD_DV_B = std (DV_matrix_B) ;
143

V = std (RDE_matrix V) ;
B = std (RDE_matrix B);

144 errorADE_V = SID_ADE V / sqrt(10);
145 errorADE_B = SID ADE B / sqrt(10);
146 errorRDE_V = SID RDE V / sqrt(10);
147 errorRDE_B = SID RDE B / sqrt(l());
148 errorDV_V = STD DV_V / sqrt(10);
149 errorDV_B = SID DV B / sqrt(10);

%% Calculate the speed of the first second for all the displacements to check stick&slip
9% Subject 1
% Displacement 5 mm
DataStickSlip_S1 5 = zeros(21,40);
DataStickSlip_S1_5(:,1:4)=DataSubjectl 5(1:21,:);
DataStickSlip__S1_5(:,5:8)=DataSubjectl 5(203:223,:);
DataStickSlip_S1_5(:,9:12)=DataSubjectl 5(405:425,:);
DataStickSlip_S1 5(:,13:16)=DataSubjectl 5(607:627,:);
DataStickSlip_S1_5(:,17:20)=DataSubjectl 5(809:829,:);
10 DataStickSlip S1 5(:,21:24)=DataSubjectl 5(1011:1031,:
(
(
(
(
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)
1 DataStickSlip_S1_5(:,25:28)=DataSubjectl 5(1213:1233,:);
12 DataStickSlip S1 5(:,29:32)=DataSubjectl 5(1415:1435,:);
13 DataStickSlip_S1_5(:,33:36)=DataSubjectl 5(1617:1637,:)
14 DataStickSlip_S1 5(:,37:40)=DataSubjectl 5(1819:1839,:)
16 Speed_S1_5 = zeros(10,1); % in mm per sec
17 Speed_S1_5(1,1)=(DataStickSlip_S1_5(21,2)-DataStickSlip_S1_5(1,2));
18 Speed_S1_5(2,1)=(DataStickSlip_S1_5(21,6)—DataStickSlip_S1_5(1,6));
19 Speed_S1 5(3,1)=(DataStickSlip_S1 5(21,10)-DataStickSlip_ S1 5(1,10));
20 Speed_S1 5(4,1)=(DataStickSlip_S1_5(21,14)-DataStickSlip_S1_5(1,14));
21 Speed S1_5(5,1)=(DataStickSlip S1 5(21,18)—-DataStickSlip S1 5(1,18));
22 Speed_S1 5(6,1)=(DataStickSlip_ S1_5(21,22)-DataStickSlip_S1_5(1,22));
23 Speed S1_5(7,1)=(DataStickSlip_S1 5(21,26)—DataStickSlip_S1_ 5(1,26));
( )
( )
8)

i

24 Speed_S1 5(8,1)=(DataStickSlip_S1 5(21,30)—DataStickSlip_S1_5(1,30
25 Speed_S1_5(9,1)=(DataStickSlip_S1_5(21,34)-DataStickSlip_S1_5(1,34
26 Speed_S1_5(10,1)=(DataStickSlip_S1_5(21,38)—DataStickSlip_S1_5(1,3

) bl
28 meanSpeedS1 5 = (sum(Speed S1 5))/10;

30 % Displacement 20 mm

31 DataStickSlip_S1 20 = zeros(21,40);

32 DataStickSlip_S1_ 20 (:,1:4)=DataSubjectl 20 (1:21,:);

33 DataStickSlip_S1_20(:,5:8)=DataSubjectl_20(203:223,:);

a4  DataStickSlip_S1_20(:,9:12)=DataSubjectl 20(405: 425 )

35 DataStickSlip_S1_20(:,13:16)=DataSubjectl_20(607: 627 )

3 DataStickSlip_S1_20(: 717 20)=DataSubjectl_20(809:829,:);

37 DataStickSlip_ S1 20(:,21:24)=DataSubjectl 20(1011: 1031 )

38  DataStickSlip_S1_20(:,25:28)=DataSubjectl 20(1213:1233,:);

39 DataStickSlip_S1_20(:,29:32)=DataSubjectl_20(1415:1435,:);
( )5
( 5

)

i

40 DataStickSlip_S1_20(:,33:36)=DataSubjectl_20(1617:1637,
41 DataStickSlip_ S1_20(:,37:40)=DataSubjectl_20(1819:1839,

43 Speed_S1_ 20 = zeros(10,1);
44 Speed_S1 20(1,1)=(DataStickSlip_S1 20(21,2)-DataStickSlip_S1 20(1,2));
45 Speed_S1_ 20(2,1)=(DataStickSlip_S1_ 20(21,6)—DataStickSlip S1 20(1,6));
46 Speed_S1 20(3,1)=(DataStickSlip_S1 20(21,10)-DataStickSlip_ S1_20(1,10)
47 Speed_S1_20(4,1)=(DataStickSlip_S1_20(21,14)-DataStickSlip_S1_20(1,14)
4¢ Speed_S1 20(5,1)=(DataStickSlip_S1_20(21,18)-DataStickSlip_ S1_20(1,18)

)=(

)=(

)=(

)=(

)
)
49 Speed_S1 20(6,1 DataStickSlip S1 20(21,22)-DataStickSlip_S1 20(1,22));
s0 Speed_S1 20(7,1 DataStickSlip_ S1_20(21,26)—DataStickSlip_S1_20(1,26));
51 Speed_S1_20(8,1 DataStickSlip_S1_20(21,30)—DataStickSlip_S1_20(1,30));
52 Speed_S1 20(9,1 DataStickSlip_ S1_20(21,34)—DataStickSlip_S1 20(1,34));

)

53 Speed_S1_20(10,1)=(DataStickSlip_S1_20(21,38)-DataStickSlip_S1_20(1,38));
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54
55

meanSpeedS1 20 = (sum(Speed_S1 20))/10;

w

N o o

%% Pool data
% 5 mm
Speed_5 = ...

[meanSpeedS1_5; meanSpeedS2_5; meanSpeedS3_5;meanSpeedS4_5; meanSpeedS5_5; meanSpeedS6_5; nj

TotalMeanSpeed 5 = sum(Speed 5)/10

% 20 mm
Speed_20 = ...

[meanSpeedS1_20; meanSpeedS2_ 20 ; meanSpeedS3_ 20 ; meanSpeedS4_ 20 ; meanSpeedS5_ 20 ; meanSpeed S

TotalMeanSpeed_ 20 = sum(Speed_20)/10

20

21

22

23

24

25

26

27

28

%% Remove one outlier (subject 10)
ADE_matrix V = zeros(9,3); % rows are participants,
ADE matrix V(:,1) =

ADE_matrix_V(:,2) = [totalADE_S1V_10; totalADE_S2V_10;
totalADE_S4V_10; totalADE_S5V_10; totalADE_S6V_10;
totalADE__S8V__10; totalADE_S9V_10];

ADE matrix V(:,3) = [totalADE_S1V_20; totalADE S2V_ 20;
total ADE__S4V_ 20; total ADE_S5V_20; totalADE_S6V_10;
totalADE S8V_20; totalADE S9V_20];

ADE_matrix_B = zeros(9,3);
ADE_matrix_B(:,1) =

ADE matrix B(:,2) = [totalADE_S1B_10; totalADE_S2B_10;
totalADE_S4B_10; totalADE_S5B_10; totalADE_S6B_10;
totalADE_S8B_10; totalADE S9B_10];

ADE_matrix_B(:,3) = [totalADE_S1B_10; totalADE_S2B_20;
totalADE__S4B_ 20; totalADE_S5B_20; totalADE_S6B_ 20;

columns are displacements
[totalADE_S1V_5; totalADE_S2V_5; totalADE S3V_5; totalADE S4V_5;
total ADE__S5V_5; totalADE_S6V_5; totalADE_S7V_5; total ADE_S8V_5; totalADE_S9V_5];

totalADE_S3V__10;
totalADE__S7V_10;

totalADE__S3V_ 20;
total ADE__ S7TV_ 20;

[totalADE_S1B_5; totalADE_S2B_5; totalADE_S3B_5; totalADE_S4B_5;
total ADE__S5B_5; totalADE_S6B_5; totalADE_S7B_5; totalADE_S8B_5; totalADE_S9B_5];

totalADE__S3B_ 10;
totalADE_S7B_10;

totalADE_ S3B_ 20;
totalADE_S7B_ 20;

totalADE__S8B_ 20; totalADE_S9B_20];

RDE_matrix V = zeros(9,3);

RDE_matrix_V(:,1) = [totalRDE_S1V_5;totalRDE_S2V_5; totalRDE_S3V_5; ..
totalRDE__ S4V_ 5;totalRDE_S5V_5; totalRDE_S6V_5; totalRDE_S7V_5; totalRDE_S8V_5;
totalRDE_S9V_5];

RDE matrix V(:,2) = [totalRDE_S1V_10;totalRDE_S2V_10; totalRDE_S3V_10; ...
totalRDE__S4V_ 10;totalRDE__S5V_10; totalRDE_S6V_10; totalRDE_S7V_10; totalRDE_S8V_10;
totalRDE__S9V__10];

RDE_matrix V(:,3) = [totalRDE_S1V_20;totalRDE_S2V_20; totalRDE_S3V_20;
totalRDE__S4V_ 20;totalRDE__S5V_20; totalRDE_S6V_20; totalRDE_S7V_20; totalRDE_S8V_20;
totalRDE__S9V_20];

RDE_matrix V = RDE_ matrix V*100;

RDE_matrix_ B = zeros(9,3);

RDE_matrix_B(:,1) = [totalRDE_S1B_5;totalRDE_S2B_5; totalRDE_S3B_5;
totalRDE__ S4B_ 5;totalRDE_S5B_ 5; totalRDE_S6B_5; totalRDE_S7B_5; totalRDE_S8B_5;
totalRDE__S9B_5];

RDE_ matrix B(:,2) = [totalRDE_S1B_10;totalRDE_S2B_10; totalRDE_S3B_10;
totalRDE__S4B_ 10;totalRDE__S5B_10; totalRDE_S6B_10; totalRDE_S7B_10; totalRDE_S8B_10;
totalRDE__S9B_10];

RDE_matrix_B(:,3) = [totalRDE_S1B_20;totalRDE_S2B_20; totalRDE_S3B_20; ...
totalRDE__S4B_ 20;totalRDE_S5B_ 20; totalRDE_S6B_20; totalRDE_S7B_20; totalRDE_S8B_20;
totalRDE_S9B_ 20];

RDE_ matrix_B = RDE_ matrix_B*100;

DV_matrix_V = zeros(9,3);

DV_matrix V(:,1) = [totalDV_SIV_5; totalDV_S2V_5; totalDV_S3V_5; totalDV_S4V_5;
totalDV_S5V_5; totalDV_S6V_5; totalDV_S7V_5; totalDV_S8V_5; totalDV_S9V_5];

DV_matrix V(:,2) = [totalDV_S1V_10; totalDV_S2V_10; totalDV_S3V_10; totalDV_S4V_ 10;
totalDV_S5V_10; totalDV_S6V_10; totalDV_S7V_10; totalDV_S8V_10; totalDV_S9V_10];

DV_matrix_V(:,3) = [totalDV_S1V_20; totalDV_S2V_20; totalDV_S3V_20; totalDV_S4V_20;
totalDV_S5V_20; totalDV_S6V_20; totalDV_S7V_20; totalDV_S8V_20; totalDV_S9V_20];

eanSpeedS7_5; meanS

20 ; meanSpeedS7__ 2
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20 DV_matrix B = zeros(9,3);

30 DV_matrix_B(:,1) = [totalDV_S1B_5; totalDV_S2B_5; totalDV_S3B_5; totalDV_S4B_5;
totalDV_S5B_5; totalDV_S6B_5; totalDV_S7B_5; totalDV_S8B_5; totalDV_S9B_5];

31 DV_matrix B(:,2) = [totalDV_S1B_10; totalDV_S2B_10; totalDV_S3B_10; totalDV_S4B 10; ...
totalDV_S5B_10; totalDV_S6B_10; totalDV_S7B_10; totalDV_S8B_10; totalDV_S9B_10];

32 DV_matrix B(:,3) = [totalDV_S1B_20; totalDV_S2B_20; totalDV_S3B_20; totalDV_S4B 20; ..
totalDV_S5B_20; totalDV_S6B_20; totalDV_S7B_20; totalDV_S8B_20; totalDV_S9B_20];

33

34 ADE V = sum(ADE_matrix V) /9;

35 ADE B = sum(ADE_ matrix B) /9;

3 RDE V = sum(RDE_matrix V) /9;

7 RDE B = sum(RDE_matrix B) /9;

3¢ DV V = sum(DV_matrix V) /9;

39 DV_B = sum(DV_matrix_B) /9;

40

4 x = 1:3;

42 data = [ADE V; ADE B]J;

43 data_matrix = [ADE_matrix_V(1:9); ADE_matrix B(1:9)];

44

45 x0=10;

46 y0=10;

s width=1200;

48 height=600;

49 set(gef, 'position',[x0,y0,width, height])

50

51 % ADE

s2 figure (1)

53 hBar = bar(x, data');

s for kl = 1l:size(data,l)

55 ctr(kl,:) = bsxfun(@plus, hBar(1).XData, [hBar(kl).XOffset]");
56 ydt(kl,:) = hBar(kl).YData;

57 set (hBar(1), 'FaceColor', [0.9 0 0])

58 set (hBar(2), 'FaceColor', [0 0.5 0.5])

59 end

60 hold on

61 hScatter ADE V = gscatter(x—0.14, ADE matrix V') ;

62 hScatter  ADE_B gscatter (x+0.14 , ADE_matrix_B') ;

63 set (hScatter ADE V, 'Color', [0.3 0 0], 'MarkerSize',25)

64 set (hScatter ADE_B, 'Color', [0 0.6 0.8], 'MarkerSize',25)

65 %errorbar(ctr,ydt, c¢,'.r', 'Color', [0 0 0], 'LineWidth', 3)

66 set(gca, 'xtick', l:length(ADE V), 'xticklabel', {'5 mm' '10 mm' '20 mm'})
67 ax = gca;

68 ax.FontSize = 22;

69 xlabel('Displacements (mm)','fontweight', 'bold', 'FontSize',26)

70 ylabel('Absolute displacement error (mm)','fontweight','bold', 'FontSize',26)
71 legend ([hBar(1) ,hBar(2) ,hScatter  ADE_V (1) ,hScatter_ ADE_B(1)],{ 'Visual feedback', 'Blind ...

reproduction ', 'Datapoints visual','Datapoints blind '}, 'FontSize',18, ...
'Location', 'northwest ')
72 hold off

73

74 datac = [RDE V; RDE B];

75 data_matrixc = [RDE_matrix V; RDE_matrix B];
76

77 % RDE

78 figure (2)

79 set(gcf, 'position' ,[x0,y0,width, height])

g0 hBar = bar(x, datac');

st for kl = 1:size(datac,1)

82 ctr(kl,:) = bsxfun(@plus, hBar(1l).XData, [hBar(kl).XOffset]");
83 ydt(kl,:) = hBar(kl).YData;

84 set (hBar (1), 'FaceColor', [0.9 0 0])

85 set (hBar(2), 'FaceColor', [0 0.5 0.5])

86 end

g7 hold on

88 hScatter_ RDE_V = gscatter (x—0.14, RDE_matrix_V") ;

8o hScatter RDE_B = gscatter (x+0.14, RDE_ matrix B') ;

90 set (hScatter_ RDE_V, 'Color', [0.3 0 0], 'MarkerSize',25)

91 set (hScatter RDE B, 'Color', [0 0.6 0.8], 'MarkerSize',25)

92 %errorbar(ctr,ydt, c,'.r', 'Color', [0 0 0], 'LineWidth', 3)

set (gca, 'xtick', l:length(RDE V), 'xticklabel', {'5 mm' '10 mm' '20 mm'})
% ax = gca;

©
@
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95 ax.FontSize = 22;

9% xlabel('Displacements (mm)','fontweight', 'bold', 'FontSize',26)

o7 ylabel('Relative displacement error (%)', 'fontweight', 'bold"', 'FontSize',26)

8 %title ('{\bf Relative Displacement Error (RDE)}','fontsize ' ,15)

9 legend ([hBar(1) ,hBar(2) ,hScatter RDE V(1) ,hScatter RDE_B(1)],{ 'Visual feedback', 'Blind ...
reproduction ', 'Datapoints visual','Datapoints blind '}, 'FontSize',18, ...
'Location', 'northwest ')

100 hold off

101

102 datad = [DV_V; DV_B];

103 data_ matrixd = [DV_matrix_V; DV_matrix B];

104

105 % DV

106 figure(3)

107 set(gef, 'position',[x0,y0,width, height])

108 hBar = bar(x, datad');

109 for kl = 1l:size(datad,l)

110 ctr(kl,:) = bsxfun(@plus, hBar(1l).XData, [hBar(kl).XOffset]");
111 ydt(kl,:) = hBar(kl).YData;

12 set (hBar (1), 'FaceColor', [0.9 0 0])

113 set (hBar(2), 'FaceColor', [0 0.5 0.5])

14 end

115 hold on

16 hScatter DV_V gscatter (x—0.14, DV_matrix_V"') ;

117 hScatter  DV_B = gscatter (x+0.14, DV_matrix B') ;

18 set (hScatter DV_V, 'Color', [0.3 0 0], 'MarkerSize',25)
119 set (hScatter DV_B, 'Color', [0 0.6 0.8], 'MarkerSize',25)

120 %errorbar (ctr ,ydt, d,"'.r', 'Color', [0 0 0], 'LineWidth', 3)

121 set(gca, 'xtick', l:length(DV V), 'xticklabel', {'5 mm' '10 nm' '20 mm'})
122 ax = gca;

123 ax.FontSize = 22;

124 xlabel('Displacements (mm)','fontweight', 'bold', 'FontSize',26)

125 ylabel('Displacement variability (mm)','fontweight', 'bold', 'FontSize',26)

126 %title ('{\bf Displacement Variability (DV)}', 'fontsize',15)

127 legend ([hBar (1) ,hBar(2) ,hScatter DV_V (1) ,hScatter DV_B(1)],{ 'Visual feedback', 'Blind ...
reproduction ', 'Datapoints visual','Datapoints blind '}, 'FontSize',18, ...
'Location', 'northwest ')

128 %legend ({'Visual feedback', 'Blind reproduction'},'FontSize',18, 'Location', 'northwest")

129 hold off







References

[1] Body-powered prostheses. Retrieved from: http://www.upperlimbprosthetics.info/index.
php?Pp=19z0dy — Powered, 2019.

[2] P.G. Agache, C. Monneur, J.L. Leveque, and J. De Rigal. Mechanical properties and
young’s modulus of human skin in vivo. Archives of Dermatological Research, 269:221—
232, 1980.

[3] C. Antfolk, M. D’Alonzo, B. Rosén, G. Lundborg, F. Sebelius, and C. Cipriani. Sensory
feedback in upper limb prosthetics. Expert Reviews of Medical Devices, 0(1):45-54, 2013.

[4] Elaine A. Biddiss, D. Beaton, and Tom T. Chau. Consumer design priorities for up-
per limb prosthetics. Disability and Rehabilitation: Assistive Technology, 2(6):346-357,
2007.

[5] DINED. Dutch adults 2004, age 20-60, male and female. Retrieved from
https:/ /dined.io.tudelft.nl/ en/database/ tool, 2004.

[6] S. Diridollou, V. Vabre, M. Berson, I. Vaillant, D. Black, J.M. Lagarde, J.M. Grégoire,
Y. Gall, and F. Patat. Skin ageing: changes of physical properties of human skin in vivo.
International Journal of Cosmetic Science, 23:353-362, 2001.

[7] G.Dover and M.E. Powers. Reliability of joint position sense and force-reproduction mea-
sures during internal and external rotation of the shoulder. Journal of Athletic Training,
38(4):304-310, 2003.

[8] R.M. Enoka and J. Duchateau. Muscle fatigue: what, why and how it influences muscle
function. Journal Physiology, pages 11-23, 2008.

[9] Festo. Proportional pressure regulators VEAA. Retrieved  from
https://www.festo.com/cat/nl,l/products,EAA,2019.

[10] S. Feyzabadi, S. Straube, M. Folgheraiter, E.A. Kirchner, S.K. Kim, and J.C. Albiez. Hu-
man force discrimination during active arm motion force feedback design. IEEE Trans-
actions on Haptics, 6(3):309-319, 2013.

[11] M. Hichert. User capacities and operation forces. Requirements for body-
powered upper-limb prostheses. https://doi.org/10.4233/uuid:f46c5e6e-a21c-4bc2-
b8ca-6175897e60e5, 2017.

[12] A.L. Hicks, J. Kent-Braun, and D.S. Ditor. Sex differences in human skeletal muscle
fatigue. Exercise and Sport Sciences Reviews, 29(3):109-112, 2001.

[13] S.H. Hussain, B. Limthongkui, and T.R. Humphreys. The biomechanical properties of
the skin. Dermatologic Surgery, 39(2):193-203, 2013.

[14] K. Keller and M. Engelhardt. Strength and muscle mass loss with aging process. age
and strength loss. Muscles, Ligaments and Tendons Journal, 3(4):346-350, 2013.

[15] F.P. Kendall and E.K. McCreary. Spieren. 2e druk, 1986.

[16] J.A. Kent-Braun, A.V. NG, J.W. Doyle, and T.F. Towse. Human skeletal muscle re-
sponses vary with age and gender during fatigue due to incremental isometric exercise.
Journal of Applied Physiology, 93:1813-1823, 2002.

[17] Jones. L.A. and I.W. Hunter. Force sensation in isometric contractions: a relative force
effect. Brain Research, 244:186-189, 1982.

117



118 References

[18] D. Latour, T. Sabolevski, and K. Lajoie-Weaver. Ipsilateral scapular cutaneous anchor.
Prooceedings of the 12th world congress of the International Society for Prosthetics and
Orthotics, page 555, 2007.

[19] D. A. Latour. Method for anchoring prosthetic and orthotic devices. US8821588 B2
Patent, 2014.

[20] Pyshio Logic. 5 exercises to improve scapular stabilization and prevent elbow, wrist and
hand injuries.

[21] E.N. Marieb and K. Hoehn. Human Anatomy Physiology. Pearson Education Limited,
tenth edition, 2016.

[22] M.L. McHugh. Standard error: meaning and interpretation. Biochemia Medica, 18(1):
7-13, 2008.

[23] Micro-epsilon. Sensors systems: Authority in displacement measurement.

[24] H. Monod. Contractility of muscle during prolonged static and repetitive dynamic activ-
ity. Ergonomics, 28(1):81-89, 1985.

[25] D.H. Plettenburg. A sizzling hand prosthesis: On the design and development of a
pneumatically powered hand prosthesis for children. PhD-thesis, 2002.

[26] B. Radocy. Trs product catalog. page 32, 2018.

[27] F. Ribeiro and J. Oliveira. Factors influencing proprioception: What do they reveal?
Biomechanics in Applications, ISBN: 978-953-307-969-1, 2011.

[28] H.S. Ryu, Y.H. Joo, S.0. Kim, K.C. Park, and S.W. Youn. Influence of age and regional
differences on skin elasticity as measured by the cutometer. Skin Research and Tech-
nology, 14:354-358, 2008.

[29] J.I. Salles, B. Velasques, V. Cossich, E. Nicoliche, P. Ribeiro, M.V. Amaral, and G. Motta.
Strength training and shoulder proprioception. Journal of Athletic Training, 50(3):277-
280, 2015.

[30] S. Shimada, K. Fukuda, and K. Hiraki. Rubber hand illusion under delayed visual
feedback. PLoS one, 4(7), 2009.

[31] G. Smit and D.H. Plettenburg. Efficiency of voluntary closing hand and hook prostheses.
Prosthetics and Orthotics International, 34(4):411-427, 2010.

[32] G. Smit, D.H. Plettenburg, and F.C.T. Van der Helm. The lightweight delft cylinder hand,
the first multi-articulating hand that meets the basic user requirements. IEEE, 2014.

[33] A.G.C. Van Boeijen, J.J. Daalhuizen, J.J.M. Zijlstra, and R.S.A. Van der Schoor. Delft
design guide. 2013.

[34] A.N. Vardy and D.H. Plettenburg. Control locations for harnesses used in upper limb
prostheses. MECI14- Redefining the Norm, pages 271-274, 2014.

[35] A.N. Vardy, M. Boone, and D.H. Plettenburg. Perceptual and control properties of a
haptic upper-limb prosthetic interface. MEC17 - A Sense of What’s to Come, 2017.

[36] H. Wirtl and U. Sixt. Piezo technology in pneumatic valves. Retrieved from
https://wwuw.festo.com/net/ SupportPortal/ Files/ 346243/ WhitepaperpiezogN.pdf,2017.



PART III

Literature study






121

A Pneumatic Force Transducer
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Delft University of Technology

Abstract

Introduction: Body-powered prostheses are usually controlled via a harness. This design is
often problematic as it is mostly uncomfortable. The Ipsilateral Scapular Cutaneous Anchor
System has been designed as an alternative, where the harness is removed from the prosthe-
sis. It shows a promising solution. However, the design still needs to be improved. It would
be desirable to create a wireless system. This system needs to be placed on the back of the
user, and therefore needs to be lightweight. It is thus chosen to use a pneumatic actuator.
Objective: The aim of this essay was to provide a complete overview of pneumatic actuators
that are available. It was then checked whether the different actuators meet the require-
ments that were set. These requirements have been set, so that it can be checked whether
the system is suitable for the design in the masters thesis; a pneumatic force transducer.
Study design: Literature review.

Methods: The databases of Scopus, Web Of Science and Google Patents were used. The
research was divided into two main groups. The results of the first group represent all the
pneumatic actuators available. The second group provides an overview of how force feedback
can be provided.

Results: The pneumatic force transducer had to be lightweight, small, and should be able
to provide a force of 50 N. The two most important groups were the McKibben muscles and
Pneumatic Balloon Actuators (PBA). McKibben muscles are actuators that consist of a rubber
tube with an outside sleeve and will contract when pressurized. Pneumatic Balloon Actua-
tors (PBA) are small balloons that inflate when pressurized.

Conclusion: It can be concluded that a McKibben muscle actuator is a suitable system for
the design of a pneumatic force transducer. Another system, the flexible active skin, shows
to be suitable. Both these systems meet most of the requirements. To provide force feedback
to the user, proprioceptive feedback will be integrated instead of tactile feedback.

body-powered prosthesis - pneumatic actuators - force control - force feedback - tactile feed-
back - proprioceptive feedback

1. Introduction

A body-powered prosthesis includes a har-
ness, through which the user controls
his/her device. The system provides force
feedback through the harness, which is one of
the main advantages of a body-powered pros-
thesis compared to other upper-limb prosthe-
ses.

Nonetheless, abandonment rates are high,
namely up to 45%. According to a litera-
ture review on the use and abandonment of
upper limb prostheses by Biddiss and Chau
[14], subjects complained about discomfort,
wire failure, abrasion of clothes and excessive
wear temperatures. The discomfort is caused
by the harness as it induces skin irritation.
Biddiss et al. [15] also performed a different
study on consumer design priorities for up-
per limb prostheses. It was concluded that

for a body-powered hook, function and com-
fort were of most importance for users.

In literature, several options have been ex-
plored to overcome the problems mentioned
and to design a more comfortable and durable
body harness. An example is the axilla by-
pass ring, which relieves the irritation in the
armpit [22]. This ring supports the armpit,
to prevent the cables from sliding. In an al-
ternative solution, the direction of the cables
is changed, in order to remove irritations at
certain areas.

A prosthesis of WILMER is a design where
the prosthesis is controlled with the motions
of the elbow instead of the shoulder [68]. In
this way, no wires will be present on the back
and shoulder. However, this solution is only
usable for below-elbow defects.

Latour [52] came with a solution to remove
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the harness by designing a system that is at-
tached to the scapula, see Figure 1. This de-
sign was called The Ipsilateral Scapular Cuta-
neous Anchor System [51]. The Anchor Sys-
tem is attached to the prosthesis via a wire.

A study by Hichert and Plettenburg [43],
showed how this anchoring system performed
comparable to the traditional body-powered
harness. It was concluded that The An-
chor System performs equally good in terms
of perception and control. Therefore, it of-
fers an alternative for the conventional body-
powered prosthesis. However, more research
and further improvements on the design are
required. Criteria for this new design will be
mentioned in this chapter after the research
question is posed.

TR

Figure 1: The Ipsilateral Scapular Cutaneous Anchor System
[72].

To improve the anchoring system, it is pre-
ferred to redesign the harness and to lower
the forces that are needed to control the pros-
thesis. Ideally, a body-powered prosthesis
without any cables would be the solution. To
accomplish this, a wireless connection be-
tween the prosthesis and force system should
be present. In the masters thesis, a new ver-
sion of the Anchor system will be designed.
Figure 2 shows a schematic overview of the
system that will be designed. It can be seen
that the total system consists of a prosthesis
and an apparatus, that will measure the dis-
placement and will act as a force transducer.
The system controls a prosthesis without any
wires, which will be called ’Control loop 1.
The second control loop, ’Control loop 2’ is
the feedback from the prosthesis to the trans-
ducer. The importance of feedback will be ex-
plained later on.

8

Force transducer and

'displacemem measurement

Control loop 2

Control loop 1

Prosthesis

{

Figure 2: A schematic overview of the system that will be de-
signed in the masters thesis. It consists of a pneumatic force
transducer, that will also measure the displacement, and will
control the prosthesis. This is Control loop 1. Control loop 2
will be the feedback from the prosthesis to the transducer.

As was stated before, the system will be
wireless and needs to be placed on the back
of the user. This means that it should be
lightweight. Therefore, it is chosen to use
a pneumatic actuator. Pneumatic actuators
convert the energy of compressed gas into
mechanical energy. This gas can be air or for
example C0O,. Pistecky [67] used miniature
CO, storage systems to provide a prosthesis
with gas.

A pneumatic system is a relative simple
technology and low of cost [7]. Furthermore,
pneumatic systems are notably safer as com-
pared to for example hydraulics and electron-
ics. With hydraulics, care needs to be taken
when chemical fluids are used. With elec-
trical systems, attention should be paid that
there are no sparks arising. A pneumatic sys-
tem only uses gas and no other chemical flu-
ids, thus making it the safest option [65].

An evaluation on pneumatic actuators
done by Peerdeman et al. [66] shows that
a pneumatic system can surpass electrical
systems, with the correct design. It has a
small size, and is lightweight. However, it
is mentioned that a pneumatic cylinder can
be difficult to control. This is caused by air
compressibility, friction, and non-linear be-
haviour of the valves. Hence, the design of
the cylinder requires attention, to make the
system controllable.

The goal of this essay is to answer the re-
search question:

Which pneumatic actuator is most suit-
able to control the (output) force of a pros-



123

thetic hand?

In this literature review it will be explored
with what kind of pneumatic system a pros-
thetic hand can be controlled. In the follow-
up of this study (a masters thesis), a redesign
of The Anchor System of Latour [52] will be
presented. This redesign should meet cer-
tain requirements. These requirements are
important for this literature review, because
the actuators have to be tested to see whether
they meet the requirements. If they do, they
are suitable for a system that will be designed
in the follow-up.

In this paper, the different types of actu-
ators will be considered and reviewed, and
less attention will be paid to their system and
control techniques.

Based on the two ’control loops’ shown in
Figure 2, two sub-questions will be posed.

1. What types of pneumatic actuators
are able to control a prosthesis?
(’Control loop 1))

2. How can a pneumatic actuator pro-
vide force feedback? ('Control loop 2’)

A separate literature review will be conducted
on these two sub-questions. Therefore, this
literature review will be split up into two sec-
tions. One section (4.1) will be devoted to
sub-question 1 (‘Control loop 1’), and the
other section (4.2) will be on sub-question
2 (’Control loop 2’).

As mentioned before, the requirements for
the final design in the masters thesis are also
important in this literature review. Some of
the requirements will be described first and
eventually a list of all the criteria will be pre-
sented.

According to Plettenburg [68] a prosthetic
device needs to meet three demands, namely:
cosmesis, comfort and control. The first de-
mand, cosmesis, will not be reviewed in this
report, and will be discussed in the follow-
up of this literature study. The second de-
mand, comfort, will be considered. The sys-
tem needs to be worn directly onto the body,
which makes comfort a very important as-
pect. The last demand, control, will also be
discussed in detail.

A comfortable system is created by using
a soft material, because the actuator will be
worn directly on the body. another important
aspect in creating a comfortable system are

the dimensions of the actuator. It is recom-
mended that the system should be as small
as possible. However, it should not be very
thick. In this article, the thickness is the di-
mension perpendicular to the skin. If the ac-
tuator is thick, it will protrude, which makes
it for example not practical to sit on a chair
with a backrest. Therefore, it is desired to
have a thin actuator.

A complete list of the criteria that the ac-
tuator should meet is listed below.

1. The actuator should be pneumatically

driven.
This requirement was part of the assign-
ment provided by the TU Delft. In this
chapter, it is widely discussed why a
pneumatic system should be used.

2. The actuator should be able to supply

S50N.
The force of SON is based on an article of
Keller et al. [48], where the forces from
objects, manipulated in the daily life ac-
tivities, were measured. Itis assumed in
this literature review that there is a one
on one relationship between the force
at the transducer and at the prosthe-
sis. This is assumed, because it then
can be investigated whether the system
can achieve the highest possible force.
No concessions are made concerning the
resolution of the force at the transducer
and prosthesis. Most likely this rela-
tion will be different in the final design,
which will result in the fact that a force
of S0N will not have to be reached.

3. The actuator should be maximally
223x346mm in width and height. The
thickness should be limited.

The dimensions are retrieved from
DINED [31]. The width is based on
the shoulder breadth (445mm) divided
by 2 (223mm), because the system will
be placed on one of the two shoulders.
The other dimension is the total height
of the back. The system should at least
be smaller than these dimensions, oth-
erwise it would not fit. However, it needs
to be stated that these maximum dimen-
sions are not desired in the final design.
It is certainly desirable that these di-
mensions will be a lot smaller.

No dimension was set for the thickness,
because no information was found.
However, as was mentioned before, the
thickness should be limited. More re-



124

search needs to be conducted in the
follow-up of this literature research.

4. The actuator should consists of a soft
material.

As mentioned above, according to Plet-
tenburg [68] comfort is a very important
aspect. A soft material makes it more
pleasant for the user to wear the system.

S. The actuator should be able to pro-

vide force feedback to the user.
This is of importance because when con-
trolling a body-powered prosthesis, it is
desirable to receive force feedback. This
will cause the user to feel’ what he/she
is doing and how much force needs to be
provided.

6. The latency time of the feedback
should be less than 125ms. Prefer-
ably, it should be less than 50ms.
The user should feel what is happening
at the place of the prosthesis as fast as
possible. It is not desired to have a large
delay. The optimal time of delay was
found to be between 100-125ms accord-
ing to Farrel and Weir [37].

7. The actuator should be practical in

use.
The actuator should not be too compli-
cated or complicated in use. The total
system is placed on the body of the user,
which makes it desirable to make don-
ning and doffing easy and quick. This
requirement will be specified in detail in
the follow-up of the literature review.

8. The actuator should be as efficient as

possible.
The actuator should not use too much
gas or air. The supply pressure level
should be such that the minimum
amount of gas is needed to fully acti-
vate the system. According to Pletten-
burg [69] this optimum pressure is at
12bar.

The results presented in this paper will be
tested and discussed based on these criteria.
At the end of this literature review, a recom-
mendation will be made which kind of sys-
tem (or systems) is suitable to be used. An-
other recommendation will be made on how
the feedback should be provided to the user.

The structure of this article is as follows.
In section 2 it will be explained how the lit-
erature research was conducted. In sec-
tion 3, results will be presented. These will
be showed per group, namely for the pneu-
matic actuators (‘Control loop 1’) (3.1) and for

the physical feedback (‘Control loop 2’) (3.2).
Each group is divided into subgroups. It is
chosen to already discuss the results imme-
diately afterwards in the same chapter. The
complete discussion will be presented in sec-
tion 4. Lastly, the conclusion will be pre-
sented in section 5.

2. Methods

To answer the research question posed in the
section 1, a literature review has been con-
ducted. Three search databases were used,
namely Scopus, Web Of Science and Google
Patents. In the introduction it was pointed
out that the research conducted in this pa-
per was divided into two parts. The meth-
ods used for these two parts will be discussed
separately.

2.1 Control loop 1
The following search terms were used to find
the relevant literature on sub-question 1:

(pneumatic* AND actuat*) AND (control OR reg-
ulat* OR servo) AND (force OR power)

This resulted in a total of 3316 articles and
patents. After that, as a selection criterion
it was chosen to only include articles with
the English language and duplicates were re-
moved. In Figure 3 the article selection is
shown. As can be seen, articles were removed
based on title, abstract and the full text. Arti-
cles were discarded when they did not specifi-
cally discuss the pneumatic system they used
in their design. Also, many papers consid-
ered mathematical models of pneumatic sys-
tems. These articles were discarded, because
they are not within the scope of this literature
study. Further, many articles were not avail-
able in full text in the library of the TU Delft,
so could not be included in this literature re-
search.

During the abstract selection, 17 articles
were removed and added to the group of Con-
trol loop 2, because they suited better there.
In total, 27 papers were added from other
sources. This resulted in a total of 124 arti-
cles that were used in this literature research.

2.2 Control loop 2
To find literature on sub-question 2, the fol-
lowing search terms were used:

pneumatic* AND “force feedback”
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Search results 3131 2767
3316
Selection Duplicates Title
criteria
185 364 2259

508

265

243 97 124

Abstract Full text Add

146 27

Figure 3: Article selection for the group on sub-question 1: What types of pneumatic actuators are able to control a prosthesis?
The literature found will be grouped under the name: Control loop 1. The arrows pointing below show the articles that were

discarded.

Search results
217

21 193

Selection Duplicates Title  Add

criteria

6 18

100 17

93 68 37 43

Abstract Full text Add

42 31 6

Figure 4: Article selection for the group on sub-question 2: How can a pneumatic actuator provide force feedback? The literature
found will be grouped under the name: Control loop 2. The arrows pointing below show the articles that were discarded.

These terms resulted in a total of 217 arti-
cles and patents. The same selection criteria
as above were used and also the same steps
were taken to select the articles, see Figure
4. As mentioned above, 17 papers were in-
cluded from the group on control loop 1. An
amount of 6 articles was added from other
sources. Again, many articles were not avail-
able in full text in the library of the TU Delft.
After selection, 43 articles were used in this
literature research.

The articles that are used in this review
are listed in the References. All the articles
that were included in the literature search are
listed in the Appendix.

3. Results

The results will be presented in the two sub-
groups: Control loop 1 and Control loop 2.
Each group was divided into subgroups. It
is chosen to discuss certain elements imme-
diately after the results of subgroup. This
makes sure a clear overview of the results is
kept. The complete discussion of the results
will be presented in section 4: Discussion.

3.1 Control loop 1

The results on this group were divided into
five groups, see Figure 5. These groups are
divided based on types of pneumatic systems
and on their properties.

Conventional
Pneumatic Systems
16 articles

Pneumatic Artificial
Muscles (PAM)
51 articles

Soft Pneumatic
Actuators ESPA)
26 articles

Control loop 1

Micro Pneumatic
Actuators
13 articles

Servo Pneumatic
Actuators
9 articles

Figure 5: Division of results of the article search on Control loop
1. The results are divided into five groups. For each group, it
is stated how many articles were found.
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First, conventional pneumatic systems
will be discussed to identify what kind of con-
ventional pneumatic systems are now widely
used. Second, pneumatic artificial muscles
(PAM) are reviewed, because it is necessary
to have an elaborate overview of the types of
actuators that are suitable to be used. The
third group contains soft actuators, which
are very important due to the desired comfort
of the user. The fourth group consists of mi-
cro pneumatic systems. They are of interest
considering the size of the design should be
as small as possible. Lastly, servo pneumatic
systems were explored, to examine the possi-
bilities of controlling a prosthetic device with
a system like this.

Some of the selected literature were used
in multiple groups, because a few designs fit-
ted into more groups based on their proper-
ties.

3.1.1 Conventional Pneumatic Systems

There are several conventional types of pneu-
matic systems, three of which will be pre-
sented in this literature review. The three
groups are piston actuators, screw actuators
and rotary actuators. Figure 6 shows how the
results were divided, and how many articles
were found per subgroup.

Piston Actuators

5 articles
Conventional Screw Actuators
Pneumatic Systems 4 articles
Rotary Actuators
7 articles

Figure 6: Division of results of the article search on Conven-
tional Pneumatic Systems. The results are divided into three
subgroups. For each subgroup, it is stated how many articles
were found.

Piston Actuators

Piston-cylinder actuators are most commonly
used for pneumatic systems [65]. They are
applied in systems that require relative high
pressures and low volumes. In Figure 7 a
double-acting piston actuator can be seen.
When air is supplied to one of the chambers
(through the inlet valves), the sliding cross-

head will move to the left. When the exhaust
valves are opened, the air will escape through
the outlet, causing the cross-head to slide to
the right.

Inlet valves
il
~ inlet
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Exhaust
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crosshead

Figure 7: Double-acting piston actuator [65]. The air enters via
the inlet. If the inlet valves are opened, the sliding cross-head
will move to the left. If the exhaust valves are opened, the air
escapes through the outlet.

Migliori [58] used a piston-cylinder actua-
tor to design a pneumatically actuated grip-
ping device. Figure 8 shows a patent of the
design with number 13 and 14 as the inlet
ports, through which the air is supplied to
the chambers. The grippers are attached to
the piston via a gear mechanism. When air is
supplied to the lower chamber (12), the piston
will move upwards. This, in turn, will cause
the grippers to widen. When air is supplied
to the upper chamber (11) via inlet port (13),
the piston will lower, causing the grippers to
close.
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Figure 8: Patent of a piston-cylinder actuated gripping device
[58]. When air is supplied through the inlet (14) to the lower
chamber (12), the piston (16+17+18) will move upwards. The
gear (19) will cause the grippers to move (20+21). When air is
supplied through the inlet (13) to the upper chamber (11), the
grippers will close.
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Screw Actuators

Screw actuators are used when only medium
pressure levels are required. Screw actuators
have fewer moving parts than piston actu-
ators, which makes them more simple [65].
This type of actuator consists of two rotating
screws, one having a convex contour and the
other having a concave contour (see Figure 9).
When the screws rotate, air is drawn through
the inlet port into the chamber. As a con-
sequence, the air gets trapped between the
screws, and will be compressed and trans-
ported to the outlet port [11].

A
Intermeshing
SCrews

Figure 9: A screw actuator [65]. Air comes in through the inlet
and gets trapped between the intermeshing screws. It causes
the screws to rotate. The air can escape through the outlet.

Rotary Actuators

Rotary actuators are also called rotary vane
actuators. Vanes (4) are attached to a ro-
tor which rotates within the air chamber.
Air comes into the air chamber via the inlet
port (5), and gets trapped by the vanes (see
Figure 10). Minimum amount of leakage is
present when the vanes touch the surface of
the chamber. While the vanes keep rotating,
the air is transported to the outlet port (6)
[82].

Figure 10: A rotary vane actuator with number 5 as the inlet
port, and number 6 as the outlet port. Number 4 shows one of
the vanes [82].

Egeresi [35] patented a design which uses
a rotary vane motor (FIG 3) to supply a tooth
brush with air, see Figure 11. The com-
pressed air is eventually translated to a ro-

tary motion of the brush (FIG 2). Egeresi [35]
implemented this system also in a car-toy,
where the wheels are rotating on air move-
ment, and in many other products like a drill,
shaver, screw et cetera.
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FIG 1

Figure 11: A tooth brush supplied with air via a rotary vane ac-
tuator. Air is supplied in the inlet (15) and vanes (6, 18) will
move causing the system in FIG 2 to move [35].

Discussion - As mentioned in the intro-
duction, cosmesis, comfort and control are
essential when designing a prosthetic device.
All three conventional pneumatic systems
mentioned above have in common that they
are rather bulky in size and produced out of
hard materials, which is not desired and not
comfortable. However, the systems discussed
here can be used as a source of inspiration.

3.1.2 Pneumatic Artificial Muscles (PAM)
Pneumatic artificial muscles (PAM) were first
invented by Joseph L. McKibben in 1950.
They consist of an inner tube surrounded by
a sleeve and will either contract or expand
when pressurized [6].

Many different types of PAMs exist. The
two major groups are McKibben muscle ac-
tuators and Pneumatic Balloon Actuators
(PBA), see Figure 12. In this essay, these dif-
ferent types together with their specifications
will be presented.
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Braided
25 articles

Pleated

McKibben Muscle 2 articles

Actuators T

1article

Pneumatic Artificial Sleeve

Muscles (PAM) 4 articles

Pneumatic Balloon
Actuators (PBA)
4 articles

Figure 12: Division of results of the article search on pneu-
matic artificial muscles (PAM). The results are divided into sub-
groups. For each group, it is stated how many articles were
found.

McKibben Artificial Muscles

As can be seen in Figure 12, the braided
McKibben muscles were most frequently dis-
cussed in literature, because 44 out of the
51 articles on PAMs were devoted to McK-
ibben muscle actuators. This type of artificial
muscle consists of two layers, frequently with
an inner layer of rubber and an outer layer
of braided nylon fibers. The inner tube can
be composed of natural or synthetic rubbers.
The outer layer is a braided fiber shell. This
shell protects the inner layer from blowing up
too much and rupturing [18]. Nylon is widely
used as a fiber material, but carbon is also
applied [47].

The fibers are braided in such a way, that
it determines how many the muscle will con-
tract. Liu and Rahn [55] modeled the be-
haviour of braided McKibben muscles. The
braid angle was measured longitudinally, see
symbol « in Figure 13.

At a braid angle of 54.7, the circumfer-
ential and longitudinal stresses balance out,
which causes the muscle to neither contract
or extend when increasing the internal pres-
sure. When this angle is lower, the muscle
will contract. This, because the longitudi-
nal forces are higher than the circumferen-
tial forces. It causes the muscle to contract
and expand radially. When the braid angle is
higher than 54.7, the muscle will extend. The
circumferential force is higher than the lon-
gitudinal force. As a consequence, the mus-
cle will contract radially and extend longitu-
dinally (see Figure 14). However, this type
of muscle is not used very often, because of
buckling problems [55]. However, an exten-
sion muscle can be of use when designing
a gripper, where the fingers need to be able
to extent and contract. Al Abeach et al. [4]

designed a gripper of which each finger was
made of one extensor and three contractor
muscles, which results in a multi degree of
freedom (DOF) gripper.

Two families EE— b a
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Elastic tube

Figure 13: A McKibben actuator model, with a being the braid
angle [55].
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Figure 14: A contractor and extensor braided McKibben mus-
cle, depending on their braid angle [57].

Hawkes et al. [40] designed an inverse
PAM (IPAM), where where low pressure levels
are needed to contract the muscle instead of
high pressure levels. When pressurized, the
muscle relaxes and will extend. Elastic en-
ergy is stored in the elastic membrane while
extending. This energy is then used to con-
tract, when the pressure is removed. It is
claimed by Hawkes et al. [40] that the rela-
tion between the pressure and force is nearly
linear, while this relation is non-linear in a
conventional McKibben muscle.

It is also possible to design a straight-
fiber artificial muscle, see Figure 15. When
a straight-fiber muscle is pressurized, it will
expand radially when contracted and not ax-
ially, as is the case in a non-straight-fiber
muscle. This type of artificial muscle has
a greater contraction ratio and has more
power than the conventional braided McK-
ibben muscle [47]. According to a study by
Nakamura [60], a lower pressure is needed
for a straight-fiber artificial muscle to get the
same force in comparison to a braided McK-
ibben type muscle.
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Fig. 1. Straight-fiber-type pneumatic artificial muscle

Figure 15: The design of a straight-fiber pneumatic artificial
muscle. When pressurized, the muscle will expand radially and
contract [47].

Another subgroup of the McKibben type
muscles are the sleeve muscle actuators. Fig-
ure 16 shows the working principle of this
kind of muscle. The muscle is placed around
a rigid cylindrical element, with one end fix-
ated. This causes the other side to be able to
slide over the rigid element. When the muscle
is pressurized, the muscle will contract and
slide.

Sliding end-fitting Fixed end fitting

Seal

(@)

Original muscle structure

Rigid internal element

(b)

Figure 16: The working principle of a sleeve muscle actuator,
where one side will slide over a cylindrical element when pres-
surized. This muscle has a higher efficiency because of the
removal of the internal volume (V) [25].

An advantage of this design is the removal
of internal muscle volume (;), because it is
replaced by the rigid element. This leads to
a higher efficiency, because the internal vol-
ume that needs to be filled with compressed
air is lowered at each contraction length, see
Figure 17b [25]. Approximately 20-37% en-
ergy can be saved with a sleeve muscle, which
is desired, as stated in the criteria in section
1[32].

One more advantage of this system is
that a larger force capacity of the muscle
is reached. When a conventional McKibben
muscle is pressurized, the internal volume of
the muscle (V) will push outward on the end
fitting. This results in an elongation force,
while it is desired that the muscle contracts.

Simultaneously, the braided sleeve will op-
pose this force with a tensile force. In sleeve
muscles, this internal volume (/) was re-
moved, so the elongation force is not present.
This results in a higher force capacity of the
muscle, see Figure 17a [25]. However, what
needs to be mentioned is that a new problem
arises when using a sleeve muscle. There will
be friction between the sliding seal and the
rigid element. In the article of Cullinan et al.
[25] this friction was not significant. Driver
and Shen [33] used a specific U-Cup seal to
decrease the friction and they used lubricants
to further reduce the friction.

Another aspect that needs to be kept in
mind when incorporating a sleeve muscle in
a design, is the fact that the cylindrical rigid
element has a fixed length. This could inter-
fere with the external load when the muscle
shortens [32].

The examples above are all single-acting
sleeve muscle actuators. They can ’'move’
in one direction. Zheng and Shen [88] de-
signed a double-acting sleeve muscle actua-
tor, which can generate an extension force for
bi-directional actuation. Two chambers are
present in the actuator, which causes them
both to individually being pressurized, see
Figure 18. This makes it possible to move
in two directions. Also, the double-sleeve
has a higher force capacity than a conven-
tional McKibben muscle according to Zheng
and Shen [88].

N
—— Chamber 1
/

| I

Figure 18: A double-sleeve muscle actuator, where two cham-
bers are present. When Chamber 1 is pressurized, the muscle
will elongate. When Chamber 2 is pressurized, the muscle will
contract. The system therefore has a bi-directional actuation
[88].
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The last subgroup of the McKibben mus-
cles were the pleated artificial muscles, de-
signed by Daerden and Lefeber [26]. The
muscle consists of a membrane that is folded
into each other when there is no pressure.
When the muscle is pressurized, the mem-
brane will unfold and contract, see Figures
19c and 19d. In this process, no friction will
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Figure 17: Results of experiments performed by Cullinan et al. [25] where a traditional McKibben muscle was compared to a
sleeve muscle: (a) The force output with a constant internal pressure and (b) The pressure required at a constant output force

over the contractile range.

occur because the folds are laid out radially
[83]. This enables the muscle to work at low
pressures and at large contractions.

Figure 19e shows a series pneumatic ar-
tificial muscles (sPAM) , placed on a robot’s
pneumatic backbone [39]. When the sPAMs
are pressurized, they will exert a tension force
on the backbone, causing a bending motion.

| —
P

Figure 19: (a) The sPAM consists of a thin sheet. (b) O-rings
are added on the sides, which causes the width to decrease,
because the sheet will fold. (c) When pressurized, the pleats
will unfold. (d) Cross-section of an inflated sPAM. (e) sPAMs
are attached to a robot backbone [39].

As pleated muscles can only generate a
pulling force, Versluys et al. [84] coupled two
actuators antagonistically in order to gener-
ate a bidirectional motion.

Villegas et al. [85] improved the design of
the pleated muscle by changing the manu-
facturing process and the design, to make
it lighter and less sensitive to failure. The
muscle is produced with the use of Fused

Deposition Modeling (FDM), which is a rapid
prototyping technology. This process makes
complex designs cheaper and lightweight.
In the new design, the arrangement of the
pleated fibers was changed. In earlier gener-
ations of the pleated muscle, separate fibers
are positioned in every pleat. In the design of
Villegas et al. [85] a continuous fibre is placed
over the folded membrane, which simplifies
the production process. The muscle is also
less prone to failure at the end fittings. With
earlier generations, each fiber was attached
to the end fitting with epoxy. This epoxy fre-
quently came into the fibers, making them
brittle and prone to break. In this new de-
sign, the fibers will not be saturated with
epoxy because of its new structure.

Pneumatic Balloon Actuators (PBA)

As was presented in Figure 12, the other ma-
jor group of the pneumatic artificial muscles
were the Pneumatic Balloon Actuators (PBA).
A PBA is commonly composed of two layers
with a different stiffness. When the actuator
is pressurized, it will bend, as a result of this
difference in stiffness [89].

<_TZV Bendy
— o 1S

Figure 20: A pneumatic balloon actuator where two flexible
films are attached with a cavity in between. When pressurized,
the muscle will bend [49].
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Konishi et al. [49] implemented a PBA by
placing two thin flexible films together, with
the upper one acting as a membrane, made
of silicon rubber, and the bottom one act-
ing as a substrate, made of polyimide. As
can be seen in Figure 20, the two films are
only connected on the sides, creating a cavity
in between. When the actuator is pressur-
ized, the balloon will expand and will create
a bending motion.

Zheng et al. [89] incorporated the same
principle of a PBA, but integrated a stiffness
control channel (see Figure 21). For this con-
trol channel, they used a bismuth-based low-
melting-point alloy. To make the actuator
soft, thus having a low stiffness, the actuator
is heated by placing it on a hot plate. The ac-
tuator becomes hard again when it is rested
at room temperature. To create a partly soft
actuator, a nichrome wire is used, which is
electrically controlled. Joule heat will cause
the actuator to partially melt. To make the
actuator partially hard, ice is placed on the
regions where it needs to harden.

nichrome  liquid solid

wire ~_ 7 7
; H /iistlffnesscnntm\

channel
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\ actuation
< >e—>e 5 channel
rigid  soft rigid
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solig  liguid
air — "7 inflation of
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Figure 21: A pneumatic balloon actuator with a stiffness control
channel made of a low-melting-point alloy [89].

Discussion - Sleeve muscles are of inter-
est, because of their claimed high efficiency.
This is one of the criteria set in section 2. The
higher efficiency is caused by the reduction of
internal volume. This way, less gas is needed,
and thus reducing air consumption. How-
ever, this volume reduction is also possible
with braided McKibben muscles. The volume
can be reduced by filling the air chamber with
granular, solid, and liquid fillers [87].

[25] stated that the friction between the
sliding seal and rigid element of a sleeve mus-
cle was not significant. Yet, they did not test
the muscle at high speeds, which means it
can potentially cause problems. This shows
that to truly claim that a sleeve muscle has a
high efficiency, more research should be con-

ducted on the friction.

In this essay, it was mentioned that
pleated muscles do not have any friction at
all. Though, stated by Villegas et al. [85],
there is still some friction between the fibres
and the membrane and the unfolding of the
pleats, which should be kept in mind.

Pneumatic balloon actuators are a feasible
choice as an pneumatic actuator attached to
the back of the user. Though, the incorpo-
rated stiffness control channel of Zheng et al.
[89] will not be applicable to this system. It
is not practical to cool and/or heat the sys-
tem up with an external hot plate or ice while
wearing the system on the back. Therefore,
this type of actuator does not meet the crite-
ria set in section 1.

3.1.3 Soft Pneumatic Actuators (SPA)

It is important for the pneumatic system to
be soft, flexible, and wearable to meet the re-
quirement of comfort stated by Plettenburg
[68]. A requirement was set in section 1 (In-
troduction) that the system needs to be soft.
Therefore, this group was created to explore
the options on soft pneumatic actuators. For
this topic, articles were included that specifi-
cally designed a pneumatic muscle to be flexi-
ble, wearable or soft. The results were divided
into five groups, see Figure 22. One group
consists of residual ideas, that did not fit in
the other subgroups.

Pneumatic Balloon
Actuators (PBA)
7 articles

Flexible Active Skin
3 articles

Rod-less Type Flexible
Pneumatic Cylinder
7 articles

Soft Pneumatic
Actuators (SPA)

Pneumatic Textile
Actuators (PTA)
2 articles

Remainder
7 articles

Figure 22: Division of results of the article search on soft pneu-
matic actuators (SPA). This group was divided into five sub-
groups. For each subgroup, itis stated how many articles were
found.
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Pneumatic Balloon Actuators (PBA)

PBAs are widely used as a soft actuator sys-
tem, as they are very suitable. In this liter-
ature review, 7 out of the 26 articles on soft
pneumatic actuators integrated PBAs. They
are safe to use in wearable systems, because
they can deflate when not actively providing
power [61].

Schulz et al. [75] designed a prosthetic
hand where joints are actuated with a PBA.
When a finger needs to be extended, the bal-
loon will be inflated, which causes a rotary
motion, see Figure 23.

=

Figure 23: Extension principle of a pneumatic balloon actuator.
A rotary motion is caused by the inflation of the balloon [75].

Nojiri et al. [62] used PBAs to create a soft
five-fingered robotic hand. In Figure 24 a
schematic representation is provided of the
PBA used. In the design, two PBAs are placed
opposite of each other, composing one of the
joints of a finger. When the PBAs are pres-
surized, the fingers are flexed, and they are
extended when the pressure is released.

(b} Schematic and photograph under pressurized conditions

Figure 24: Representation of a pneumatic balloon actuator with
(a) Not pressurized and (b) Pressurized [62].

Another design, created by Cho et al. [21],
is a layer-type pneumatic actuator, composed
of two balloons. The design resembles an
airbag. It supports the lower back of the
user when performing actions such as pick-
ing something up from the ground. The bal-

loon is placed on the belly of the user and will
bulge when pressurized, forcing the user to
stand up straight.

Flexible Active Skin

Park et al. [63] designed a wearable sleeve of
small pneumatic actuators. The sleeve mon-
itors the motion of the user with the help of
strain sensors, and will assist where needed.
When the pneumatic actuators are pressur-
ized, the sleeve will expand in radial direction,
which will create a contraction in axial direc-
tion. In this way, it will for example assist in
the walking motion, see Figure 25.
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Figure 25: Working principle of a wearable sleeve, where the
motion is measured with strain sensors. The sleeve will assist
where needed, based on the signals of these sensors [64].

Besse et al. [13] designed a flexible active
skin that consists of a shape memory poly-
mer sheet, including many small actuators,
connected to a stretchable pneumatic cham-
ber. The actuators can be individually con-
trolled by local Joule heating excited by the
supply of pressure, see Figure 26. The sur-
face is locally reshaped by a low-voltage sig-
nal, when simultaneously applying pressure
to it. When the sheet is heated without the
supply of pressure, it will go back to its orig-
inal flat state. This design was used to make
a Braille display.

The flexible active skin can exert high forces
and can create a haptic interface.

I 40 pm

Figure 26: Flexible active skin, with a layer of shape memory
polymer connected to a pneumatic chamber [13].
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Rod-less Type Flexible Pneumatic Cylinder
The design of a rod-less type flexible pneu-
matic cylinder was first created by Akagi and
Dohta [1]. The cylinder consists of a flexible
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tube that functions as a cylinder and sealing,
one steel ball that operates as a cylinder head,
and a slide stage that is able to slide along the
outside of the tube. Two rollers are placed on
the outside, which deforms the tube, see Fig-
ure 27 [3].

Brass roller
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Figure 27: Working principle of the rod-less type flexible pneu-
matic cylinder. It contains brass rollers, a large steel ball
(9mm), smaller steel balls (3mm), and a tube [3].

When pressure is supplied to one side of
the cylinder, the steel ball will move along on
the tube, and takes the slide stage with it.
The design is implemented multiple times in
a flexible and portable rehabilitation device,
where the user needs to move the handling
stages in a certain way to train the hands
and arms (see Figure). Namely approximately
27% of the articles found on soft actuators
discussed the use of the rod-less cylinder, see
Figure 28 [3] [54] [56].

Figure 28: The rod-less type flexible pneumatic cylinder incor-
porated in a portable rehabilitation device [56].

Pneumatic Textile Actuator (PTA)

Belforte et al. [12] designed a pneumatic tex-
tile actuator (PTA) that is similar to a con-
ventional McKibben muscle. The difference
is that the outer layer is composed of fabric.
The fabric needs to be anisotropic, causing
it to be stiff in one direction and flexible in
the orthogonal direction. This design was
created because it can easily be integrated in
clothing, which makes the actuator wearable
and practical. This is desired as stated in the
criteria.

Heidingsfeld et al. [42] went a step fur-
ther and designed a new pneumatic textile
actuator. The design consists of two layers
of textiles, fabricated in one piece using the

Jacquard weaving technology. This technol-
ogy makes it possible to create flat fabrics.
When the actuator is pressurized, it will ex-
pand and contract (Figure 29).

6

Figure 29: Pneumatic textile actuator (PTA) being pressurized
[42].

PTAs achieve a higher contraction force
compared to conventional McKibben muscles
as a result of the whole surface of the pres-
sure chamber working as a force transmitting
element. In a conventional pneumatic cylin-
der, the piston surface determines the force,
which is small compared to the surface of the
pressure chamber. The maximum contrac-
tion of a pneumatic textile actuator (PTA) de-
pends on the thickness of the inner tube. The
thinner the tube, the higher the contraction,
however the muscle will then be less durable
[12].

As there is no piston present in a PTA, the

~ energy dissipation is low, because there is no
friction of the piston [42].

This makes the
system more efficient.

Rest

Tsukagoshi et al. [80] designed a wearable
tail-arm and leg. A flat tube made of urethane
isused, to make it easy to integrate the design
into clothes. A wound tube actuator (WTA) is
created, which is similar to a sleeve that can
be put around a body segment (e.g. the arm
or leg) (Figure 30).

Figure 30: Wound Tube Actuator (WTA) [80].

Dameitry and Tsukagoshi [27] designed
a gripper with a zig-zag driving mechanism
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(Figure 31). When the gripper is pressurized,
the flat tube will expand, and will push the
gripper in a bend state, caused by the zig-zag
at the joints. A similar design was already
created many years before, namely in 1971
[23].
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Figure 31: Zig-zag gripper. When the gripper is pressurized, it
will bend because of the zig-zag design at the joints [27].

Wang et al. [86] designed a bidirectional
pneumatic bending actuator for a rehabilita-
tion glove. A spring is inserted into the glove
to create a bidirectional actuator. The glove is
bent when the pressure is 0. This bent posi-
tion is caused by the spring. When the actua-
tor is pressurized, it will overcome the spring
torsional force to create an extended position
of the hand, see Figure 32.

(@ ()

Figure 32: A pneumatic bending actuator with a spring inserted
to create a bidirectional rehabilitation glove. (a) The actuator
was not inflated, so the spring causes the bent position. (b)
The actuator was inflated, which causes the extended position
[86].

Discussion - The flexible active skin de-
signed by Besse et al. [13] is perhaps not suit-
able for the design of a wireless prosthesis.
Heat needs to be applied first, to be able to
change the shape with the help of pressure.
This does not meet the requirement that the
system needs to be practical. When this ac-
tuator is used, the sheet needs to be heated
first, before the shoulder can move and con-
trol the prosthesis. However, the study of
Park et al. [64] shows a flexible skin that does
not need heat to change its shape. This seems
a potential solution. However the idea is in

preliminary stage and more research should
be conducted on this subject.

A rod-less type flexible pneumatic cylinder
is a very flexible system. The system is used
in a portable rehabilitation device in many
articles, which is very large. As mentioned
in the introduction, a criteria was set that
the system should be small. This mechanism
should be analysed more, to see if it could
be integrated in a system where the shoulder
controls the motion instead of the hands.

Pneumatic textile actuators (PTAs) are
promising wearable actuators. However,
more research should be conducted to look
into the consequences of changing the con-
ventional McKibben muscle into a PTA, for ex-
ample the contraction ratio.

3.1.4 Micro Pneumatic Actuators

Micro pneumatic actuators are very small ac-
tuators. As was stated in the introduction,
a small actuator is desired. It should max-
imally be 223x346mm in width and height.
The thickness should be limited. In Figure
33, it can be seen how the articles were di-
vided over the groups, namely in a group of
miniature PAMs (MPAM) and a group of pneu-
matic balloon actuators (PBA). Both will be
discussed in detail.

Miniature PAM
(MPAM)

6 articles

Micro Pneumatic
Actuators

Pneumatic Balloon
Actuators (PBA)
5 articles

Figure 33: Division of the results of the article search on micro
pneumatic actuators. The group is divided into two subgroups.
For each subgroup, it is stated how many articles were found.

Miniature Pneumatic Artificial Muscles
(MPAM)

By reducing the diameter of the silicone tube,
a miniature PAM can be achieved. Though,
when reducing this diameter, the contraction
and force capacity of the muscle will also de-
crease. To compensate for these problems, it
is wisely to choose a tube material with a very
small wall thickness. Nonetheless, this will
decrease the operating pressure, and conse-
quently will cause a lower contraction force.
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| Chakravarthy et al. [20] | De Volder et al. [28] | Al-lbadi et al. [5]

Type of actuator MPAM
Length 97mm
Inner diameter tube 0.5mm
Outer diameter tube 0.9mm
Thickness sleeve 0.1mm
Maximum pressure 1.0MPa
Maximum force 4.2N

MPAM Conventional PAM
62mm 200mm
0.5mm 12.0mm
1.0mm 16.4mm
0.09mm 0.5mm
1.0MPa 1MPa
6.0N 50N

Table 1: Results from two studies on micro pneumatic artificial actuators [20] [28] compared to a conventional McKibben artifical

muscle [5].

Chakravarthy et al. [20] and De Volder

et al. [28] performed experiments with minia-
ture pneumatic artificial muscles (MPAMs).
Both studies used an actuator with braided
nylon sleeves and an inner silicone tube. Ta-
ble 1 shows the results of these two stud-
ies. Another study is also added to the table,
showing the results of a conventional McK-
ibben muscle. In the discussion, these re-
sults will be compared. However, as can be
seen in Table 1, the results cannot be com-
pared directly, because the lengths of the
muscles differ.
Chakravarthy et al. [20] experimented with
different muscle lengths, which showed that
when increasing the muscle length, the force
would decrease. This could be the reason
why Chakravarthy et al. [20] has a lower max-
imum force (4.2N) than De Volder et al. [28]
(6.0N). In Table 1, it can also be seen how
small a micro-actuator can be made. The to-
tal diameter, and thus the thickness, can be
can be as small as 1.2mm.

A micro pneumatic artificial muscle
(MPAM) does not by definition ensure that
the total system will be small in size. This
is caused by the valves that regulate the air
pressure. These valves can still be of a (com-
paratively) large size. For that reason, atten-
tion must also be paid to the valves, to make
them as small as possible.

Lee and Shimoyama [53] and Akagi et al.
[2] designed micro valves, which have di-
mensions of approximately 19x25x2mm and
33x19.6x10mm. Though, when using a micro
valve, the maximum pressure will decrease.
Table 1 shows that the maximum pressure
of a MPAM with a normal-sized valve was
1.0MPa, while with micro valves of Lee and
Shimoyama [53] and Akagi et al. [2] a maxi-
mum pressure of 0.5-0.6MPa can be reached.

In a human being, there is a variable re-

cruitment of muscles, meaning that more mo-
tor units will be recruited when a force be-
comes larger. DeLaHunt et al. [29] tried to
mimic this variable recruitment with the use
of MPAMs that are placed together in paral-
lel. One single MPAM will represent a muscle
fiber, a pair of MPAMs will represent a mo-
tor unit, and the total bundle of MPAMs will
represent a muscle bundle.

DeLaHunt et al. [29] showed that there
was a nonlinear increase in force as the num-
ber of activated parallel MPAMs increased. A
minor loss in force generation was found due
to inactive MPAMs, when not all muscles were
recruited. This loss was caused by variations
in the resting length. The article of DeLaHunt
et al. [29] stated that variable recruitment has
benefits, but attention should be paid to the
production process, to decrease the effects of
force loss due to the inactive MPAMs.

Pneumatic Balloon Actuators (PBA)
Pneumatic balloon actuators (PBA) are widely
used in bio-medical applications, for example
in surgery. In surgery it is desired that the
devices are small. Hence they are designed in
micro-scale. A bending PBA was used for cel-
lular manipulation, where micro-fingers were
opened and closed by the inflation and defla-
tion of the PBAs. The dimensions of the PBA
at the fingertip were 160x600um. Clusters
of cells of several hundred um were pinched
and released by the micro-fingers [49]. Alogla
et al. [8] designed a similar micro-gripper with
PBAs.

Alogla et al. [9] designed another micro-
gripper which can be produced even smaller
than 100um for single cell manipulation (see
Figure 34). The outside cantilevers are the
micro-fingers that will manipulate the cell.
The tip could maximally open to a length of
1mm and could provide a maximum force of
SOmN.



136

Deflacted Membrans

Figure 34: A PBA micro-gripper, with (a) and (b) showing a
one-arm bearing onto a fixed plate, or with two arm-bearings

(c) [9]-

Discussion - This paragraph showed that

when changing the thickness and diameter
of the tube, a miniature PAM can be created.
However, lower maximum forces are reached.
In Table 1, the results of the study performed
by Al-Ibadi et al. [5] can be seen, together
with the two studies on the micro PAMs. The
results from Al-Ibadi et al. [5] were approxi-
mated from a graph provided in their article.
The maximum possible pressure was SMPa,
but the results with a pressure of 1MPa were
used, to be able to compare the results to the
MPAMs.
It can be seen that the dimensions of the mi-
cro PAMs are smaller than the conventional
McKibben muscle. This results in a lower
maximum force. This force depends on the
pressure and area. In Table 1, the differ-
ence between the muscles is the area of the
actuator, which is larger for a conventional
McKibben muscle. This results in a larger
force. In the criteria, it was set that a force of
SON should be reached. This means that the
MPAMs are not applicable. However, these
actuators show the possibility of creating a
smaller actuator and that there is a trade-off
between size and force.

A criteria was also set for the size of
the system. When this size of the valve
decreases, the total size of the system will
be smaller. The dimensions provided in
this literature research were approximately
19x25x2mm and 33x19.6x10mm. However,
this micro-term can be debated. Valves cre-
ated by The Lee Company [79], have a size
of 7.6x22.4x7.6mm, which is in some dimen-
sions even smaller than the valves claimed to
be of micro size. It can be questioned if the
claimed micro-valves are really that small.
Though, compared to conventional valves,
they are smaller. A solenoid valve designed by
Festo has a size of 77x42x31.5mm, which is
definitely larger than the micro-valves in this

literature review [38].

3.1.5 Servo Pneumatic Actuators

On the subject of servo pneumatic actuators
9 articles were found. These articles were not
subdivided into groups.

Servo pneumatic actuators provide posi-
tion control by being integrated in a feedback
control system, see Figure 35. The position
is measured by a sensor, which is fed back
to the controller. This position is then com-
pared to desired value, which gives an error
signal. The servo valves use this error signal
as a control signal, which will increase the
accuracy of the system [65].

m Pneumatic
@ ‘ Cylnder T
Sensor L

Figure 35: Closed-loop feedback control of a pneumatic cylin-
der with servo-controlled valves. The output(x) is measured by
the sensor and fed back [73].

Jouppila et al. [46] conducted experiments
comparing the performance of pneumatic
muscles and pneumatic cylinders (both servo
controlled) to see if pneumatic muscles are
suitable for this type of control. The perfor-
mance of both actuators was tested by a sin-
gle positioning task and with sinusoidal po-
sition tracking tasks. It was concluded that
cylinders have a higher bandwidth, based on
the time of the response. A larger bandwidth,
yields a faster closed-loop dynamics. This
was the case with cylinders. Cylinders also
have fewer modelling errors than pneumatic
muscles, which causes the cylinder to outper-
form the muscle actuators at high tracking
frequencies. The muscle actuators were very
robust when increasing the payload, leading
to a minimal change in performance. The
cylinder actuator performance decreased at
when the payload was increased. This was
caused by friction at smaller tracking fre-
quencies.

Jouppila et al. [46] concluded that pneu-
matic muscle actuators are suitable to be
controlled with servo position systems, with
good modelling and a choice of control law.

Many articles devote their attention to the
use of two servo-valves instead of one, see
Figure 36. When only using one servo-valve,
the pneumatic stiffness can vary significantly
with the system state, because the pressure



137

dynamics of both cylinder chambers are cou-
pled [34]. The pneumatic stiffness depends
on the piston position and the pneumatic
force inside each chamber. When only using
one servo-valve, this stiffness is also velocity-
dependent. This disadvantage is visible at
zero velocity, where a large sudden change in
pneumatic stiffness can occur with a change
in velocity sign. This velocity-dependency is
not desired, because the controller should be
able to account for this sudden large change
[19]. To decouple the chambers, two servo-
valves can be used to achieve independent
motion and pressure control, see Figure 36.

Forward (FWD)
movement
T, T, T
Chamber A T C hgm ber B
\ pe, In |
DA, TA
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F, P —> (_-F_‘-’r | ext
m A m R

Servo-valve A Servo-valve B

Figure 36: A schematic representation of a pneumatic actuator
with two servo-valves [34].

3.2 Control loop 2

Physical feedback is important for the user
when controlling the prosthesis, as was set
in the criteria. Physical feedback can be pro-
vided in two ways, namely as tactile feedback
or as proprioceptive feedback. Proprioceptive
information is the sense of the state of the hu-
man body, such as the angles/position of the
joints. In this case, the proprioceptive infor-
mation is the state of the prosthesis. Tactile
information is the sense of pressure, temper-
ature, vibration et cetera.

Tactile Feedback
18 articles

Control loop 2

Proprioceptive
Feedback

26 articles

Figure 37: Division of results of the article search on Control
loop 2. The results are divided into two groups. For each group,
it is stated how many articles were found.

The results were divided in these two sub-
groups, see Figure 37. Designs that use
these types of feedback are presented and
discussed.

3.2.1 Tactile feedback

Tactile feedback using pneumatic balloon ac-
tuators (PBAs) with different magnitude lev-
els can be provided in three ways, namely
via amplitude modulation, position modu-
lation and frequency modulation [59]. For
amplitude manipulation, the pressure in the
balloon was differed. In position modulation,
three small balloons were used. When the
feedback level increased, more balloons were
inflated. For frequency modulation the time
between two periods of inflation was varied.
When it took shorter for the balloon to inflate
for the second time, the feedback level was
higher.

The modulation techniques were tested by 10
healthy subjects and the results can be seen
in Figure 38. In the left chart, the percent-
age correctly identified feedback levels can be
seen for all the three modalities. Figure 38
shows that subjects performed the best with
the frequency modulation, and that it outper-
forms the other two modalities. This means
that there is a high level of discrimination in
the frequency modulation. In the chart on
the right, the differences between modalities
are smaller. Nonetheless, frequency modula-
tion still achieved the highest results.

PBAs are also used in robotic surgery as a
tactile feedback mechanism. Culjat et al. [24]
used PBAs to provide tactile feedback to the
fingers of the surgeon. The PBAs are placed
on the controls of a Da Vinci surgery sys-
tem. The force sensed by the robotic grasper
is translated into proportional inflation pres-
sures. In this way, the mechanoreceptors in
the finger are stimulated. These PBAs are
very small, as they will need to provide feed-
back on a small surface, namely the tip of the
finger. A balloon-diameter of 3mm was tested
to be the smallest effective balloon.

Fan et al. [36] created a haptic feedback
system for lower-limb prostheses, to improve
balance during gait. Four force sensors were
placed on the bottom of the foot, which con-
trolled the four corresponding balloon actua-
tors (see Figure 39). The PBAs are placed on
the inside of a cuff, that will be worn on the
thigh. Thus when only the heel touches the
ground, one PBA will be inflated.
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Figure 38: The results of the feedback modulation study performed by Muijzer-Witteveen et al. [59]. With in the left chart made
visible the percentage correctly identified feedback levels and the right chart the percentage correctly identified feedback level

transitions.

Figure 39: Conceptual model of the lower-limb prosthesis with
a cuff placed around the thigh. In this cuff PBAs are placed.
Sensors on the bottom of the foot translate pressure informa-
tion into the inflation of the PBAs [36].

Two accuracy tests were performed on this
design. This resulted in an accuracy of 99%
in a test where subjects needed to tell the
sequence of actuation and an accuracy of
94,8% in a directional actuation task, where
subjects needed to indicate which balloon(s)
was/were actuated.

PBAs can also integrated in clothing or
wristbands. Delazio et al. [30] incorporated
pneumatic balloons in a jacket, for virtual
reality purposes. The force jacket is incorpo-
rated with 26 internal airbags with force sen-
sitive resistors. Micro-controllers controlled
each individual airbag to reach a certain tar-
get force. This target force is measured by the
force sensors in the balloons. Experiments

were conducted with subjects. It resulted
in the fact that the shoulders were the most
sensitive to pressure, while the back was rel-
atively insensitive.

He et al. [41] and Pohl et al. [71] designed
something similar, namely a pneumatic bal-
loon armband. When inflated, compression
feedback will be provided to the user. Sub-
jects were able to distinguish between stimuli
with an accuracy of 93% and 95%.

3.2.2 Proprioceptive feedback

The second way of providing feedback is
through proprioceptive feedback. This was
the sense of the state of the human body, and
in this case the state of the prosthesis. In this
paragraph, some designs will be presented
that use proprioceptive feedback in their sys-
tem.

1 Microcontroller Solenoid

Valves

Pressure

Input

Actuator

(bang-bang)

Pressure
Sensor

Figure 40: Feedback control loop scheme with a micro con-
troller to turn the solenoid valves on or off to have pressure
relation, using the information from the measured by the pres-
sure sensor [76].

Figure 40 shows an example of a control
loop, where a pressure sensor sends informa-
tion back to the micro controller, which will
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in turn regulate the pressure. This control
loop is used in a design by Sebastian et al.
[76], where a soft robotic interface was cre-
ated (see Figure 41). The user needs to pinch
the interface. This pinch force is measured
and fed back to the micro controller, which
in turn regulates the valves for pressure reg-
ulation.

Figure 41: A soft robotic interface with force-control [76].

Suh et al. [78] created a soft and flexi-
ble pneumatic actuator skin with embedded
sensors. The skin consists of three layers, a
stretchable layer, a mask layer and an un-
stretchable layers (see Figure 42). In the
mask layer, a very thin air chamber is made.
The strain of the skin is measured with the
sensors, and fed back to the controller that
regulates the pressure. The user will sense
proprioceptive feedback, through the inflated
balloons. In the design shown in Figure 42
only four actuation points are shown, but
many more can be distributed over a larger
area.

1. Stretchable layer

2. Mask -

P ::_'Jrf:\

3. Unstretchable layer

(d)

Figure 42: Fabrication and working principle of the soft pneu-
matic actuator skin. (a) Three component layers. (b) The com-
bined layers. (c) Top view with the embedded sensors. (d) Side
view of the inflated design [78].

Many force feedback systems are used
in virtual reality (VR). Bouzit et al. [17] de-
signed a force feedback glove for virtual en-
vironments. A patent for this design was

granted in 2006 [16], see Figure 43. The
adduction/abduction angles of the finger are
measured with Hall-effect sensors, while the
translation of the piston inside the cylinder
(22) is measured with an infrared sensor. In
this way, the position of the hand is measured
and can be related to the virtual environment
to provide force feedback.

Figure 43: A hand force feedback and sensing system patent
[16].

Jadhav et al. [44] created a glove that mea-
sures the position of the fingers with infrared
cameras. This information is fed back to
the controller. The position of the fingers
is then related to the virtual reality environ-
ment. Based on this relation, haptic feedback
will be provided. This will be created by for
example changing the pressure level inside
the glove. The user then feels more resistance
when moving their finger. For example, when
playing the piano in the virtual environment,
the user will feel a pressure on the fingers
that ’touch’ the piano keys.

Kuusisto et al. [50] designed a similar glove,
where he finger position was tracked with a
magnetic tracker instead of infrared cameras.

Uddin et al. [81] also created a glove that
provided physical force feedback. Force sen-
sitive resistance sensors are placed on the
robotic fingers of the glove. The sensors send
the force measurements to the controller.
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When there is no force exerted on the sensors,
the valves are fully open and thus have a duty
cycle of 100%. When a force is exerted, the
duty cycle of the valves will decrease, which
in turn resists the motion of the piston. When
maximum force is sensed, the duty cycle will
go to 0%, which causes the piston to be im-
mobile. As a consequence, the robotic fingers
are also immobile. The user will feel’ that it
cannot provide any more force. This system
is able to provide force feedback between O
and 9N.

Discussion - Pneumatic balloon actua-

tors used as tactile feedback sounds promis-
ing. However, this assumption should be
explored more. The study performed by
Muijzer-Witteveen et al. [59] showed that fre-
quency modulation provided the best feed-
back. The highest percentage correctly iden-
tified feedback levels was found here, as also
in the percentage correctly identified feed-
back level transitions. Though, it needs to
be mentioned that the level transition exper-
iment was not done optimally. In the article
of Fan et al. [36] a value of 94.4% of discrim-
ination accuracy can be found, where three
levels were used. In the article of Muijzer-
Witteveen et al. [S9] a value of 83% was found,
where four levels were used. This value could
be lower, due to the higher number of feed-
back levels or due to a less efficient setup.
This shows that more research should be
conducted in this field, to fully show how the
discrimination accuracy is and on what it de-
pends.
However, the study of Fan et al. [36] also has
a remark. Only six subjects were included
in this research. To fully test the system
and check the accuracy, more subjects are
needed.

Other research has been conducted on vi-
brotactile feedback by Antfolk et al. [10]. It
is stated that this type of feedback improves
the users performance in a grip force task,
but task execution time is longer. There is a
time-delay in the feedback, which causes the
user to work slower. Another problem with
this type of sensory feedback, and also with
mechanotactile feedback, is that it can lead to
adaptation. This means that the stimulation
is less perceived over time. One more aspect
that needs to be considered when integrat-
ing mechanoreceptorsensing, is the sensibil-
ity of the human body. As mentioned in the
introduction, the final design will be placed

on the users back. According to the sensory
map on the cortex of Penfield and Rasmussen
in 1950, the back does not have a large rep-
resentation in the cortex, see Figure 44 [74].
This agrees with a study by Delazio et al. [30],
where experiment were conducted on the sen-
sibility of the human body.

1
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Figure 44: Sensory Homunculus: representation on the cere-
bral cortex [74].

4. Discussion

As mentioned before, some of the results
were discussed in section 4: Results. The
complete discussion will be presented in this
section. The results will be discussed per
Control loop.

4.1 Control loop 1

In the literature found, it was often stated
that pneumatic artificial muscles sur-
pass conventional piston-cylinder actua-
tors. PAMs, according to many, would have
a higher energy-to-mass ratio. However,
a study by Plettenburg [70] showed that
a proper piston-cylinder design surpasses
pneumatic artificial muscles, with a superior
energy-to-mass ratio. The conception that
PAMs have a higher ratio than conventional
systems, stems from the fact piston-cylinders
are frequently over-dimensioned. This nega-
tively affects the energy-to-mass ratio.

In this article, a comparison was made be-
tween servo controlled pneumatic cylinders
and servo controlled pneumatic muscles. It
was shown that servo controlled cylinders
have a higher bandwidth than servo con-
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trolled muscles. However, it is not known
how high the bandwidth in the final design
needs to be. Therefore, the level of bandwidth
should be captured more thorough in future
research.

Braided McKibben muscles were fre-
quently found in literature. Not only in para-
graph 3.1.2 (Pneumatic Artificial Muscles
(PAM)), but also in other paragraphs, where
this type of muscle was used as a basis for
their design. Different rubber materials can
be used for the inner layer, as also different
materials can be used for the outer layer. Ny-
lon, carbon and textiles (in PTA) can operate
as the outside layer. In the follow-up of this
study, more literature should be explored on
this subject. The effects of different materials
should be analyzed intensively.

Pneumatic balloon actuators (PBAs) were
widely discussed in literature. It was shown
that PBAs can be soft, and can be made
very small. They can be made smaller than
100um. However, the maximum force is then
SOmN, which is extremely small and thus
not useful in the focus of this literature re-
search. This type of actuator does not meet
the requirement set that the maximum force
should be 50 N. Nonetheless, this shows that
a even a very small size is able to function
correctly.

In paragraph 3.1.4, it was shown shown
that with micro PAMs the maximum force de-
creased. It was discussed that these forces
were too low and that the micro PAMs do not
meet the requirement of providing a force of
50N. However, it was stated that the rela-
tion between the force at the actuator (input)
and the force at the prosthesis (output) is
assumed to be one on one. Nonetheless, a
gain can be implemented. When for example
using a MPAM, it is needed to have a gain
factor between the input and output. This
shows that MPAMs can still be used when
a there is a gain between the input and the
output. However, this reduces the resolution
at the output, which decreases the accuracy.
A too high gain should therefore not be rec-
ommended.

Servo pneumatic systems were mostly
position controlled. This is not desired in
this literature review, where the prosthesis
is force controlled. However, the principle

of position control could be transferred to a
force controlled prosthesis.

4.2 Control loop 2

Pneumatic Balloon Actuators (PBAs) could be
used to provide tactile feedback to the user.
In section 3.1 (Control loop 1), it was shown
that PBAs have a wide range of applications.
Furthermore, it was extensively discussed
in 3.2 (Control loop 2) that PBAs can also
be useful when designing a haptic interface.
However, adaptation can arise, which causes
the pressure signal to be less over time [10].
This means that the design should adjust its
level of stimulation every certain period of
time.

Different modalities of feedback were stud-
ied by Muijzer-Witteveen et al. [59]. This
study showed that frequency modulation was
the most effective. The pneumatic balloon
should inflate and deflate at a certain fre-
quency. The question is, if this is operable in
a system that is used on a daily basis. How
will the balloons behave when inflated and
deflated many times a day? How durable will
they be? Will the accuracy be constant over
time? These are all questions that need to be
explored more.

Other results of the article of Muijzer-
Witteveen et al. [59] showed that amplitude
modulation or position modulation was not
successful. A very small amount of subjects
correctly identified the feedback levels.

When force feedback is integrated in a
control system, it is desired to have a short la-
tency time. Thus, the time between measur-
ing the force and feeding it back to the user
needs to be short, such that the user almost
immediately feels the force that he/she is ap-
plying with the device. Antfolk et al. [10] con-
ducted a literature study on sensory feedback
in upper limb prosthetics. Tactile feedback
takes approximately 14-28ms to be fed back
to the user Johansson and Flanagan [45]. In
the experiments conducted by [10], response
time for tactile feedback is higher than for
proprioceptive feedback. This causes the task
execution time to be lower for direct proprio-
ceptive feedback than with vibrotactile feed-
back [10] [36].

As mentioned before, it is desirable to have
a short latency time. Is it then feasible to use
tactile feedback as a mechanism, while it has
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Actua- Sub- Criteria
tor group
Pneu- 50N 223 x | Soft Feed- Laten- Practi- Effici-
matic 346mm back cy time | cal ent
50ms
3Conven- Piston + + - - + + - ?
tional
Rotary + + - - + + - ?
Screw + + - - + + - ?
PAM Mc- + + + + + + + +
Kibben
PBA + + + + + - + ?
Soft PBA + + + + + - + ?
Flexible || + ? ? + + ? + ?
active
skin
Rodless || + ? ? + + ? ? ?
PTA + + + + + + + +
Rest + ? ? + + ? ? ?
Micro MPAM + - + + + + + ?
PBA + - + + + - + ?
Servo + + ? ? + + ? ?

Table 2: All the actuators discussed in this report on Control loop 1, are verified if they meet the criteria set, with + = Yes, - = No,

? = Not discussed/known.

a slow response time? Additionally, Delazio
et al. [30] stated that the back was not very
sensitive. This could induce problems in the
final design when using pressure as a feed-
back mechanism.

Considering the slow response time of
tactile feedback, and the insensibility of the
back, proprioceptive feedback would be the
better solution to provide force feedback to
the user.

Antfolk et al. [10] mentioned different ways
to provide efficient feedback. First, modality-
matched feedback is explained. This means
that when a force is applied to the prosthe-
sis, this information should be fed back to the
user as force, and not for example as pres-
sure. As mentioned in the introduction, the
goal is to feed back the force to the user. This
also shows that pneumatic balloon actuators
are not a suitable choice, as they provide tac-
tile information (pressure).

Secondly, Simpson [77] mentioned the
method of extended physiologic propriocep-
tion. The body’s own physiological mecha-
nisms need to be directly related to the ac-
tivation and sensing of the controlled device.
For example when a grip reaction force is pro-
vided at the prosthesis, it will be fed back to
the user as a reaction torque about the elbow.

This increases efficacy of control.
Above two methods can be of use when de-
signing a wireless force transducer.

5. Conclusion

The research question of this essay was the
following:

Which pneumatic actuator is most
suitable to control the (output) force of
a prosthetic hand?

To answer this question, the system was
divided into two systems: Control loop 1 and
Control loop 2. A separate literature review
was conducted on both these control loops.
This provided an elaborate overview of all the
types of pneumatic actuators and its possi-
bilities to provide feedback. All the informa-
tion found was linked to a harness-less body-
powered prosthesis, that will be designed in
the follow-up of this literature research.

All the systems discussed in this literature
study are reviewed if they meet the require-
ments set in section 1: Introduction. In Table
2 it can be seen, for the results on Control
loop 1, which systems meet the requirement
(+), does not meet the requirement (-), or if it
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Actuator Criteria \
Pneuma- | 50N 223 x | Soft Feed- Latency | Practical | Efficient
tic 346mm back time

50ms

Tactile + + + + + - ? ?

Proprio- || + + + + + + ? ?

ceptive

Table 3: All the actuators discussed in this report on Control loop 2, are verified if they meet the criteria set, with + = Yes, - = No,

? = Not discussed/known.

was not discussed and/or known (?). In Ta-
ble 3 it can be seen, for the results on Control
loop 2, which system meets the requirements
or not.

Conventional pneumatic systems do not
meet the three basic requirements of cosme-
sis, comfort and control. They are generally
rather bulky and are produced out of hard
materials. That is why McKibben muscles
are a better choice. McKibben muscles meet
all the requirements (see Table 2). Braided
muscles have a high freedom in movement,
caused by their variability in braid angle.
This can be of use when designing a mus-
cle that needs to contract or bent in a certain
direction. This creates a large range of de-
sign possibilities, which can be of use in the
design of a pneumatic system attached to the
back of the user in my thesis.

Instead of using McKibben muscles, flex-
ible active skin is also an opportunity as it
meets most of the requirements (see Table
2). However, some of the criteria could not
be tested, because not all information was
present. Therefore, this system should be ex-
plored more in the future, to fully conclude if
it is useful in the follow-up of this study.

Some articles were found on micro pneu-
matic systems. However, this term was de-
bated, as was explained in section 4 (Dis-
cussion). However, it shows that many re-
search is performed on this subject, with
some promising results. Pneumatic systems
are becoming smaller and smaller, which is
preferable in a wearable system. The system
needs to be comfortable, and should there-
for not be too heavy and too large. With the
use of micro pneumatic systems, a device as
small as possible can be achieved. Neverthe-
less, a gain factor then needs to be integrated
between the input and output force, to reach
a force of SON.

As explained in this literature study, it is
preferred to provide proprioceptive feedback
instead of tactile feedback (see Table 3). The
possibility of using a pneumatic balloon actu-
ator in this system will be eliminated, mainly
due to the incompatibility of providing suf-
ficient force feedback and the long latency
time. It can be concluded from this arti-
cle, that force feedback controlled systems
will be the best option to provide the sub-
ject with physical feedback. It is extensively
explained why pneumatic balloon actuators
are not suitable. Therefore, in the masters
thesis following this literature study, a force-
controlled pneumatic system will be used.
Inspiration can be obtained from information
on servo pneumatic systems, as these sys-
tems show similarities.

To conclude, this literature review pre-
sented an extensive overview of all the possi-
ble options for a pneumatic force transducer.
It provides a good starting point for the design
of a pneumatic force transducer for a wire-
less prosthetic device. The design will con-
sist of a McKibben muscle or flexible active
skin. Research needs to be conducted on the
material choice for McKibben muscles, and
whether it is possible to use a fabric material
as in a pneumatic textile muscle (PTA). Fur-
thermore, feedback will be provided through
proprioceptive feedback.
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