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Abstract

Many users of body-powered upper extremity

prostheses experience difficulties using their de-

vice and a large group abandons usage altogether.

Shoulder control via Bowden cable is widely used

because of the intuitive use and low cost, but re-

quires large shoulder movements and high oper-

ating forces that, according to literature, often

exceed the upper limit of around 20N that would

allow for fatigue-free prolonged use. Implement-

ing by-wire control reduces friction forces due to

shorter cables, but it also allows for prosthesis

control to be treated as a telemanipulation prob-

lem: workspace extension methods could prove

effective in further reducing these movements and

forces. To test if these methods are indeed appli-

cable, three different modes of control - propor-

tional gain control, non-linear variable gain con-

trol, and velocity control - were implemented in an

ideal virtual environment. Performance was mea-

sured at both ends of the range of motion using an

experiment based on Fitts’ translational tapping

task. It was hypothesised that variable gain con-

trol would improve speed during gross positioning

and accuracy during fine positioning, improving

overall performance, while velocity control would

perform worse. The results show that the hypoth-

esis holds, as well as improved controller perfor-

mance when using a variable gain. It can be con-

cluded that variable gain control in shoulder ac-

tuated prostheses can be beneficial and it would

be worth exploring in real-life applications.

1 INTRODUCTION

Prostheses are not replacements for lost limbs [1],
but rather tools for amputees to use to interact with
their environment and regain their independence [2].
Current prostheses are not capable of replicating the
full functionalities of their physiological counterparts
and, given the immense complexity of human limbs,
they may never be. Losing a hand or an arm therefore
results in permanent loss of important functionalities
and problems with performing even some simple, ev-
eryday tasks [1, 2].

Over two thirds of amputees are reported to have
difficulties with prosthesis usage [3, 4] and around a
quarter of users stop using their device altogether [3,
5]. The main reason for this phenomenon seems to
lie in the (lack of) implementation of the desirable
design attributes for prostheses and prosthesis con-
trol [2, 6]. Two important reasons for rejection are
the uncomfortably large operating force required to
operate body powered prostheses [5, 7, 8, 9] and the
high mental load [7, 10] the users of battery powered
prostheses experience due to the lack of inherent sen-
sory feedback at the place of control [1, 2, 4, 6, 11,
12] in these systems. The latter is caused by requir-
ing the user to look at the device when using it since
there is no redundant information about the current
state of the device available.

Normally, the brain relies on multiple sources of
information regarding the positions and orientations
of body parts to determine where they are, using a
weighted average of all available sources. These sen-
sory feedback signals cannot be replicated in pros-
theses, so some of these feedback loops now becomes
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open-loop rather than closed-loop and dexterity is
lost [1]. In body powered prostheses, the principle
of extended physiological proprioception (EPP) [10]
allows the user to ‘feel’ the amount of force exerted
on the other end of the prosthesis through the Bow-
den cables. The user would often still need to use
visual feedback during the initial positioning of the
device, since the proprioceptive information indicat-
ing the position and orientation of the limb is lost -
picking up a glass or a pen, for example, require some
careful manoeuvring - but after grasping, EPP should
provide enough information not to drop or crush the
held object. These systems also offer the most nat-
ural and subconscious control, since the body’s own
joints are used as control input in a way where joint
position and -velocity correspond in a one-to-one re-
lationship to the prosthesis position and -velocity,
respectively [1, 2, 4]. In most externally powered
systems, control is open-loop, velocity control is the
common mode of control and the user relies on visual
feedback only. However, These types of prostheses al-
low for far more versatility by offering multiple and
more complex types of grasps and require little force
to operate.

Since prostheses are, in essence, master-slave de-
vices, many of the difficulties found in telemanipula-
tion are paralleled in prosthesis design [6, 13]. In tele-
manipulation, most systems nowadays are designed
as by-wire systems; a set of sensors and actuators are
used to mimic a physical link between the master and
the slave. This method of mimicking cable operated
systems is believed to be very important in prosthesis
development [2], as it allows for simulating inherent
sensory feedback in systems that are battery pow-
ered; thus to combine the benefits of body- and bat-
tery powered systems while negating their drawbacks.
The development of control interfaces with inherent
sensory feedback is believed to be necessary in order
to achieve significant improvement in externally pow-
ered upper limb prostheses [11]. This method has had
promising results in laboratory settings using (semi-
)cineplasty [11, 14]. What this method also allows
for, is for the characteristics of the controller to be
altered at will, adapting the device to the user and
their environment via software.

One of the challenges faced by the telemanipula-
tion field is the difference in location and scale of the
master- and slave devices. Workspace mapping - ei-
ther workspace extension or workspace reduction - is
used to bridge the gap. Workspace extension, which
will be the focus of this study, uses position- or ve-
locity control (or a combination of both) to translate
the position of the master device to, respectively, the
position or velocity of the slave device [15, 16]. The
controller can be designed in a way that changes the
behaviour of the device depending on the situation.
The main goal of this thesis is to find which type of
workspace extension method would be most benefi-
cial across the range of motion in a shoulder shrug
controlled, by-wire grasping prosthesis. ’Shrug,’ in
this paper, refers to the combination of shoulder ele-
vation and -protraction.

The proposed research question: “Can workspace
extension methods be used to improve the overall
task- and controller performance for a shoulder shrug
controlled, virtual, by-wire grasping prosthesis in a
one-dimensional grasp-and-squeeze task based off of
Fitts’ Tapping Task, without sacrificing performance
in part of the range of motion?”

2 EXPERIMENT DESIGN

2.1 Design background

In this section, the design methodology for both pros-
theses and teleoperation devices is explained.

Prosthesis design follows a set of design principles
to make sure the device is both useful and usable. A
prosthesis has to be, for example, lightweight and aes-
thetically pleasing. The focus of this study revolves
around the design principles of the device being in-
tuitive and physically and mentally little demanding
to use [7]. These devices have to be comfortable to
use for the better part of the day; muscle fatigue can
become a problem during prolonged use if the device
is too heavy or the operating forces are too high [5, 7,
8, 9, 13]. Body-powered prostheses are actuated via
Bowden cables, in which friction forces and the spring
antagonising the voluntary movement make that for a
pinch force of 15N, an operating force of between 33N
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and 131N have been measured for different models of
grasping devices. For prolonged use, operating forces
should be below 20% of the user’s maximum operat-
ing force, which was found to be 270 +- 106N for a
‘shrug’ motion [17], allowing a lower bound of 32.8N
for prolonged use. This study was conducted with
50 ‘normal’ subjects (without defects), whose charac-
teristics, as well as the measurement procedure, were
not described. More recent studies reported that, for
prolonged use by users with defects, control forces
should be below 23N to ensure fatigue free use in
90% of users, or be targeted at the average fatigue
free force levels of 38N for females and 66N for males
[18]; 10-20N for prolonged use was found for users
with defects in another study, with forces over 40N
found to distort proprioceptive feedback [7]. Further-
more, the range of motion for shoulder shrug is be-
tween 4 cm [19] and 5.6 cm [17]. Having to operate at
the maximum of this range to grasp small objects is
tedious and uncomfortable, and muscle force declines
towards the end of the range of motion.

In telemanipulation, there often is a discrepancy
between the scale of the master- and slave side of the
device. To adjust for this, workspace extension meth-
ods can be applied to alter the relationship between
the movements of the master and those of the slave
to better suit the application. Workspace extension
methods use position- and/or velocity control to dic-
tate the relationship between the movements of the
master and the slave, but most are not suitable for use
in prostheses because they lack the intuitive position-
position relationship that makes cable-operated sys-
tems so easy to use [1, 2, 4]. To ensure the system is
intuitive and that the mental load for the user is low,
nulling compliance is an important trait; the given
that when the master has returned to its starting po-
sition, so has the slave [15, 20]. This leaves scaling,
either constant or variable, as this is the only method
that preserves nulling compliance. Human operators
adapt well to a linear variable gain [15], but this is not
useful for grasping; This type of gain favours speed
at one end of the range of motion and precision at
the other, but precision can be required both at the
start or at the end of the range of motion depending
on the situation. A nonlinear gain would be more
applicable, but operators do no adapt as well to to

these gains [15]. Another possible option is veloc-
ity control, which is widely used in EMG-controlled
prostheses; the position of the master dictates the ve-
locity of the slave. This method, however, performs
worse than EPP control in elbow flexion and wrist
rotation tasks when shoulder movements are used as
a control movement, but no data on grasping using
shoulder control was found in literature.

2.2 Design of By-Wire Prosthetic

To perform an experiment on healthy subjects, a sim-
ulated prosthesis had to be built. A mechanical pros-
thesis simulator was available; a device that puts a
shoulder harness-controlled prehensor in front of the
subject’s hand. When connecting the shoulder har-
ness and prehensor to a master-slave device instead
of directly to each other, a by-wire controlled system
would be achieved. With the experiment in mind,
there was decided to opt for a virtual slave instead;
this approach removes all sensor- and motor noise
from the slave side of the device, removes all exter-
nal influences on the slave (such as gravity and fric-
tion) and ensures a perfectly constant experimental
environment. This approach allows for a very close
comparison of the subjects’ performance when using
controller modes, since no other factors are changed
throughout the experiment.

The master-slave system will be controlled by a
Bachmann real-time controller. This device uses a
Simulink model to provide the right output to the
feedback motor considering the input it receives from
the LVDT. The reference slave positions are then read
by a laptop running MatLab, and projected onto a
monitor. Since there is no discrepancy between the
actual position of the slave and the reference position
of the slave, the virtual slave is ‘perfect’ and, though
not possible in the physical world, very useful for ex-
perimental purposes.

The wiring description for the Bachmann real-time
controller is shown in Appendix 7.

3



2.3 Design methodology

Figure 1: Controller modes: master position (horizontal
axis) vs slave position (vertical axis) for proportional gain
(baseline), non-linear variable gain with transition at the
moment of contact with an object, and velocity control
with a dead zone

Based on the literature, there was decided on three
controller modes: proportional gain position control
as a baseline to mimic a ‘normal’ cable-operated
prosthesis, non-linear variable gain position control
with a transition at the moment of contact with an
object, and velocity control (see figure 1). To test
performance across the range of motion, two object
sizes were chosen: a large object at 8cm and a small
object at 2cm. The units were arbitrary and just
for purpose of definition; the visuals were projected
on a 21 inch monitor as to prevent small targets
to be visually unclear, and were a constant factor
across the experiment as every subject used the same
monitor. The experimental conditions are defined in
table 1.

proportional
gain

variable
gain

velocity
control

small
object

11 12 13

large
object

21 22 23

Table 1: Experimental conditions

The hypothesis states that for large objects, no dif-
ferences will be found between proportional- and ve-
locity gain; velocity control will come in last. For
small objects, the variable gain will have a clear ad-
vantage over and will be more comfortable than the

Task Forces within acceptable range.
characteristics Grasping and squeezing large and

small objects.
Movements across the entire
range of motion.
Time hold on target sufficiently
long to prevent sweeping.

Device Acceptable gains.
characteristics Input required no larger than

5cm.
Non-linear variable gain.

Table 2: Required task- and device characteristics

proportional gain; again, both will be superior com-
pared to velocity gain.

Since the task was a simplified, abstract represen-
tation of a prosthesis and the virtual slave was defined
as a perfect slave (no discrepancy or delay between set
point and position), the design largely came down to
choice. Independent variables should differ enough to
be clearly different and gains should be high enough
to be satisfying to use but low enough to be control-
lable. The design characteristics are defined in table
2.

The slave was defined to be 10cm long for simplic-
ity. Targets were uniformly distributed across the
objects, with constant difficulty rating defined for
a target of 0.5cm wide at a distance of 6 cm from
the starting position. This was an arbitrary design
choice. Objects were defined to be 2 and 8 cm long,
forces were 18N including pretension at maximum
compression due to hardware limitations, and time
to hold on target was set to 2.5 seconds iteratively
during the pilot study.

Variable gain was set to 1.5 to make a clear dif-
ference but not remove the gap before the large ob-
ject completely. The velocity control gain was set to
0.0007 iteratively during pilot; this gain, multiplied
by the distance from the 1cm dead zone centred at
1cm from the starting position, equals the distance
the slave moves per sample at 2kHz. The master’s
range of motion is 4.29cm due to hardware limita-
tions.
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3 METHOD

3.1 Participants

Twenty healthy, male subjects between the ages of
18 and 59 (α = 26.1, σ = 8.4) voluntarily performed
the experiment. The majority of the subjects was
right-handed (85%) and none had impaired vision or
movement. None of the subjects had any experience
using a shoulder harness. All participants gave their
informed consent (Appendix 3). The experiment was
approved by the Delft university of Technology Hu-
man Research Ethics Committee (Appendices 5 and
6).

3.2 Experimental setup

The experimental setup is shown in figures 2 and 3.
The participant was shown the stylised virtual pros-
thesis with the object and target represented in red
and green, respectively. The shoulder harness was
connected to the input device via a Bowden cable
and fitted onto the subject’s shoulder blades using
double sided- and sports tape in a way that the en-
tire range of motion of the master device could be
reached comfortably. The emergency button, which
cuts the power to the actuator, is placed to be eas-
ily accessible to both the subject and the supervisor.
The setup was tested on usability, reproducibility and
robustness during the pilot study.

Figure 2: Schematic drawing of the setup. Mechanical

interactions are depicted by blue arrows; electrical signals

(and thus also virtual ’physical’ interactions) by yellow

arrows. The shoulder harness is anchored to the subject

and they move as one. The different controllers as shown

in figure 1 are implemented by the Bachmann real-time

controller.

Figure 3: Full setup showing the master device with

shoulder harness, emergency stop button, Bachmann real-

time controller and projection of the virtual slave (a) and

the shoulder harness anchored to a subject (b). Subject

gave permission to use this picture.

3.3 Apparatus

The experiment was performed using the ‘Prosthetic
Hand Simulator’, which consists of one side of a one-
dimensional, bilateral master-slave system, shown in
figure 4a. The position of the red arm is measured by
an LVDT (silver rod) with a maximum displacement
of 4.29cm and the feedback forces are provided by an
electric motor (black) capable of providing a static
torque to exert a maximum of 18N onto the bowden
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cable. The simulink model runs on a Bachmann real
time computer, shown in figure 4b, at a frequency
of 2kHz. The virtual slave (see figure 5) is sampled
and projected onto the monitor at a rate of 60Hz.
Feedback forces are applied to the master device at
2kHz. See Appendices 4 and 7 for the device report
and wiring description, respectively.

Figure 4: Master device consisting of an electric motor

(black cylinder), LVDT (silver rod) and a translating rod

(red) (a) and Bachmann real-time controller (b).

Figure 5: Drawing of the virtual slave and environment.
The black lines depict the slave (left is moving, right is
stationary), the spring object is depicted by the red block
and the green lines depict the borders of the target area.

3.4 Task description

The participants were asked to perform a one de-
gree of freedom translational pointing task, which
was based on Fitts’ translational tapping task [21]
The task was to move the moving part of the pros-
thesis from the starting position to within the tar-
get area as quickly as possible and hold it there for
two seconds. The task started when, after a three
second countdown, the prosthesis, object and target
were made visible. After the trial was completed, the
visuals were set to invisible and a message was shown
prompting the subject to return to the starting posi-
tion. This process was repeated until all trials were
completed.

3.5 Experimental design

A within subject telemanipulation experiment was
performed. The six experimental conditions (three
controllers, two object sizes) were randomised by first
blocking the orders in which the controllers were of-
fered to prevent the learning effect on the device to
bias the data and then blocking the order in which
the objects were offered to spread the more fatigu-
ing trials uniformly. The experiment started with
an informed consent (Appendix 3) and a task- and
safety briefing (Appendix 2). Then, the demo envi-
ronment was initiated, which loads the proportional
gain controller, a random object and random target,
but does not register target hits. This mode is used
to show the subject how the interaction between the
user, device and slave works and to fit the shoulder
harness properly and comfortably to the subject. Af-
ter that, the experiment started and the subject was
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told he had five practise trials to get used to the con-
troller that was then initiated. These trials would still
be recorded, but were meant to reduce stress and to
promote focus at the ‘real’ trials. After the practise
trials, 20 more trials were performed. Finally, the
subject was asked to rate his experience and elabo-
rate on his rating.

3.6 Data acquisition

The positions of the master and the virtual slave
were recorded at a sample frequency of 2kHz. Be-
fore analysing the data, the raw data was filtered
using a moving average filter with a window size of
10.. This reduced the noise in the signal to an order
of magnitude of 10e-5.

3.7 Metrics

To determine task performance, time [s] and Fitts’
Index of Performance [bits/s] were used as metrics.
The time metric was then divided into total position-
ing time, gross positioning time, fine positioning time
and time to contact. This is visualised in figure 6.

Figure 6: A normal trial using the proportional gain con-

troller mode (top) and the corresponding slave positions

(bottom)

Total positioning time

total positioning time was defined as the time from
the start of the trial until the completion of the trial.

Gross positioning time

gross positioning time was defined as the time from
the start of the trial until the slave is within 1cm of
the target area.

Fine positioning time

fine positioning time was defined as the time required
to complete the trial after gross positioning time.

Time to contact

time to contact was defined as the time between the
start of the trial and first contact between the slave
and the object.

Fitts’ Index of Performance

Fitts’ Index of Performance was calculated by divid-
ing Fitts’ Index of Difficulty (ID) by the total posi-
tioning time,

ID = log2

(
2D

W

)
IP =

ID

t

where D is the distance from the starting position of
the slave to the centre of the target area and W is
the width of the target area.

Mean absolute jerk normalised by peak speed

To determine controller performance, mean absolute
jerk normalised by peak speed of the slave was used
as a metric. Jerk is a measure of smoothness of a
movement; By normalising by peak speed, the effect
of changes in overall speed on the metric are mit-
igated and the metric is a measure of smoothness
only. Smoothness is a measure of how controlled a
movement can be performed by the operator [22].
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3.8 Statistical analysis

Before the statistical analysis was performed, some
assumptions had to be justified. At 1500 data points
over 20 subjects, the effects of individual differences
between the subjects on the data can likely be ne-
glected. To test this assumption, the average time for
large object trials was divided by the average time for
small object trials for every controller mode for ev-
ery subject. The spread of this ratio shows subject
consistency. Then, a cut-off for practise trials was de-
cided. Participants were told the first five trials were
practise trials, but in reality all trials were recorded.
Mean and standard deviation of total task completion
time were calculated for all six experimental condi-
tions, and cut-off was decided at the trial number
where the performance seemed to stagnate and the
learning effect was mitigated. After that, a one-
way repeated measures ANOVA was performed on
the entire data set to find differences between the six
conditions. Mauchly’s sphericity test was performed
to test for equality of variance of the differences be-
tween the conditions, and a Greenhouse-Geisser cor-
rection was applied whenever the test failed. Since
performance on both sides of the range of motion
had to be considered, it was necessary to treat the
object size groups (’small’ and ’large’) as indepen-
dent data sets. To check if this would be allowed, a
one-way repeated ANOVA was performed on the full
data set once again, this time comparing only the ob-
ject size groups. Finally, one-way repeated measures
ANOVAs were performed on the two groups to com-
pare the three control modes and post hoc analysis
showed the effects within individual metrics.

Since the metrics do not necessarily have to be in-
dependent, a Bonferoni correction could be applied.
This method attempts to correct for false positives in
post hoc testing caused by dependence between met-
rics by dividing the value for alpha that is chosen as
threshold for significance by the amount of hypothe-
ses that are considered, in this case six metrics. Due
to the conservative nature of this correction, both the
’normal’ and Bonferoni significance will be shown in
the results section.

4 RESULTS

In this section, the acquired data is analysed. The
raw data for each subject is shown in Appendix 1.

4.1 Individual performance ratio

In this section, the subjects’ average ratio between
task completion time for large and small objects
for every controller and the standard deviations are
shown to determine whether or not the assumption
that individual differences do not bias the data holds.
If so, the entire data set will be treated as indepen-
dent observations. The results are shown in table 3.

µ σ
proportional
gain

1.1888 0.1005

variable gain 1.1858 0.1232
velocity control 1.3206 0.5226

Table 3: Ratio between average task completion time for

large objects to small objects

Considering the proportional- and variable gain
controllers, the small standard deviation shows that
performance is consistent across these controllers. A
subject that performs better while using one con-
troller will not only perform better in another, but
equally as much better. Because of the consistency,
it can be assumed that the human can be neglected
as a factor and the data points can be treated inde-
pendently. This does not hold for the velocity control
mode.
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4.2 Practise trial cut-off

In this section, the optimal cut-off of ‘practise’ trials
to mitigate the learning effect is estimated. For every
experimental condition, the mean and standard de-
viation of the total task completion time have been
calculated for when all trials were used and for when
the first 1 to 23 trials had been discarded.

Figure 7: Task completion time means and standard de-

viations when only trials N to 25 are used.

The results are shown in figure 7. The solid line
shows the average task completion time and the red
band shows the standard deviation. Based on this
experiment, there was decided to discard the first
seven trials. Also, there was decided to discard ve-
locity control altogether as a viable option since the
averages and spread are far inferior to the other con-
trol modes. This was in accordance with literature
on different prosthetic movements, where velocity
control was inferior to position control for shoulder

movement inputs [23, 24]. Velocity control data will
therefore not be further analysed. figure 8 shows the
data for proportional- and variable gain control on a
smaller scale, to show the learning curve more clearly.

Figure 8: Task completion time means and standard devi-

ations when only trials N to 25 are used. Velocity control

removed for readability

4.3 Analysis of variance

In this section, the means and standard deviations are
shown for all metrics for every experimental condition
and the results of the ANOVAs are shown. A p-
value lower than 0.05 is considered significant (α =
0.05). After applying the Bonferoni correction, this
is reflected by a p-value lower than 0.0083.

The initial one-way repeated measures ANOVA
violated sphericity. After applying a Greenhouse-
Geisser correction, a strong significant effect was
found (F = 838.37, p = 0). When comparing the
size groups during another one-way repeated mea-
sures ANOVA, a Greenhouse-Geisser correction was
again required and the effect was again strong (F =
42.65, p = 1.0066e-10). It was now assumed justified
to treat the size groups as independent data sets.
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Both size groups, again, violated sphericity. After
applying a Greenhouse-Geisser correction, a signifi-
cant difference between the controllers was found in
both groups (small: F = 701.06, p¡0.0001; large: F
= 255.91, p¡0.0001). The post hoc analysis provides
insight in the nature of these differences. Figure 9
shows an overview of the results that will be discussed
in this section.

Figure 9: Comparison of all metrics. All metrics are

based on slave data. Significance is shown as stars, with

∗: p < 0.05, ∗∗: p < 0.0083 (Bonferoni significant for α

= 0.05) and ∗∗∗: p < 0.0001

Total positioning time

Post hoc analysis showed a significant improvement
in total positioning time for grasping larger objects
when using the variable gain controller when no cor-
rection was applied (p=0.0437), but analysis after ap-
plying a Bonferoni correction does not result in signif-
icant differences. No significant differences were de-
tected for grasping smaller objects (p=0.1843). See
table 4.

total
posi-
tioning
time

prop.
gain
µ(σ)

variable
gain
µ(σ)

F p > F

small
object

4.3404
(0.7164)

4.2242
(0.9197)

1.77 0.1843

large
object

5.1504
(1.2403)

4.8746
(1.3590)

4.1 0.0437

Table 4: Means, standard deviations, F- and p-values for

total positioning time.

Gross positioning time

A significant improvement was found for gross po-
sitioning time for grasping of all sizes, when using
the variable gain controller. When grasping smaller
objects, the effect was stronger (p¡0.0001) than for
grasping larger objects (p=0.0111). The significant
effect persists for grasping small objects after a Bon-
feroni correction, but not for grasping large objects.
See table 5.

gross
posi-
tioning
time

prop.
gain
µ(σ)

variable
gain
µ(σ)

F p > F

small
object

1.3441
(0.4780)

1.1069
(0.4494)

23.18 <0.0001

large
object

1.5139
(0.6007)

1.3609
(0.5437)

6.52 0.0111

Table 5: Means, standard deviations, F- and p-values for

gross positioning time.
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Fine positioning time

A significant effect was found in fine positioning time
when grasping smaller objects. Using the variable
gain controller increases the time required for fine
movements (p=0.0333). When grasping larger ob-
jects, no effects were found (p=0.3513). After apply-
ing a Bonferoni correction, no significant effects were
found for either size group. See table 6.

fine
posi-
tioning
time

prop.
gain
µ(σ)

variable
gain
µ(σ)

F p > F

small
object

2.9963
(0.4829)

3.1173
(0.5807)

4.57 0.0333

large
object

3.6365
(1.1673)

3.5137
(1.3386)

0.87 0.3513

Table 6: Means, standard deviations, F- and p-values for

fine positioning time.

Time to contact

A significant improvement in the time required from
the starting position until grasping the object was
found when using the variable gain controller for both
small and large objects. The effect was stronger for
grasping smaller objects (p¡0.0001) than for larger
objects (p=0.0223). The significant effect persists for
grasping small objects after applying a Bonferoni cor-
rection, but not for grasping large objects. See table
7.

time to
contact

prop.
gain
µ(σ)

variable
gain
µ(σ)

F p > F

small
object

1.4187
(0.5190)

1.1295
(0.4601)

30.8 <0.0001

large
object

0.9918
(0.3606)

0.9155
(0.2684)

5.27 0.0223

Table 7: Means, standard deviations, F- and p-values for

time to contact.

Fitts’ Index of Performance

Significant improvements in performance were found
for both small and large object tasks. The effect was
stronger for larger objects (p=0.0045) than for small
objects (p=0.0243). The significant effect persists for
grasping large objects after applying a Bonferoni cor-
rection, but when grasping small objects the effect is
no longer significant. See table 8.

Fitts’
IP

prop.
gain
µ(σ)

variable
gain
µ(σ)

F p > F

small
object

1.0824
(0.1631)

1.1252
(0.1928)

5.11 0.0243

large
object

0.9325
(0.1879)

0.9897
(0.1934)

8.19 0.0045

Table 8: Means, standard deviations, F- and p-values for

Fitts’ Index of Performance.

Mean absolute jerk normalised by peak speed

A significant improvement in smoothness was found
when using the variable gain controller when grasping
both small and large objects. This effect was very
strong for both size groups (p¡0.0001). This effect
persists after a Bonferoni correction is applied. See
table 9.

norm.
jerk

prop.
gain
µ(σ)

variable
gain
µ(σ)

F p > F

small
object

7.6490
(2.4951)

2.2385
(1.0546)

701.06 <0.0001

large
object

9.5089
(3.1278)

5.2269
(1.8381)

255.91 <0.0001

Table 9: Means, standard deviations, F- and p-values for

mean absolute jerk normalised by peak speed.
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5 DISCUSSION

The primary goal of this study was to find out if
workspace extension methods can be used to improve
task- and controller performance in either the entire
or partial range of motion for shoulder shrug oper-
ated, by wire controlled grasping prostheses with-
out sacrificing performance in another part of the
range of motion. By ‘shrug’, in the scope of this
paper, is meant a combination of shoulder elevation
and -protraction. The proportional gain controller
was used as a baseline and represents a ‘normal’
behaviour for a cable operated prosthesis, with the
added benefits of reduced friction and spring forces
thanks to the by-wire control method. The hypothe-
sis was that the variable gain would improve perfor-
mance because of the shifted speed-accuracy trade-off
in the small objects tasks, while performing similarly
to the baseline controller for large object tasks; the
velocity control gain would perform worse in task per-
formance compared to baseline performance. During
data analysis, it became apparent that the velocity
gain controller’s task performance was so inferior to
the other controllers to the extent that further anal-
ysis was deemed unnecessary, and the controller was
removed from the data set. The statistical analysis
further seemed to indicate that the hypothesis was
mostly correct, as task- and controller performance
were increased by the variable gain; with the excep-
tion being that the benefits appeared to mostly im-
pact the large objects rather than the small objects.

The Bonferoni correction is often criticised for be-
ing too conservative, since the way it reduces false
positives has a tendency to introduce false negatives.
Since the uncorrected analysis, due to possible depen-
dency between metrics, might have been influenced
by false positives and the corrected analysis by false
negatives, the truth was assumed to lie somewhere in
the middle and the decision was made to show both
the corrected and uncorrected significance levels.

5.1 Interpretation of effects on
metrics

Gross positioning time

Gross positioning time significantly improved over
the entire range of motion when using the variable
gain controller, compared to the proportional gain
controller. This effect was strongest for grasping
smaller objects, which was to be expected since for
those tasks, the gross positioning took place mainly
before contact with the object was established; the
gain, and thus speed, was higher for most of the gross
positioning compared to the proportional gain. For
large objects, the slave will still receive a ‘head start’
because of the increased speed before contact is es-
tablished, the non-linearity will be less noticeable -
especially when the target is farther from the con-
tact point - and the fast motion is performed with
slightly increased accuracy. Overall, these result in
an improved gross positioning time.

Fine positioning time

For grasping small objects with the variable gain, the
non-linearity was a lot more noticeable than for larger
objects. This resulted in a sudden decrease in move-
ment speed after contact with the object was estab-
lished. The fine positioning time was significantly
longer when using the variable gain because of this.
This was expected, as the variable gain controller was
designed to favour accuracy over speed when grasp-
ing small objects.The average fine positioning time,
however, only increased by about a tenth of a sec-
ond. The controller was designed to be similar to the
proportional gain when grasping large objects, and
the absence of an effect between the proportional-
and variable gain for large objects indicates this was
done successfully.

Time to contact

The time to contact significantly improved when us-
ing the variable gain controller over the entire range
of motion. This was to be expected; This controller
increases the gain when no contact is established yet,
increasing the speed at which the slave moves.
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Total positioning time

There were no significant differences in total position-
ing time when grasping small objects, but there were
for grasping large objects. What this seems to indi-
cate is that the slight increase in movement speed in
the first part of the movement, combined with the
slightly increased precision during the fast part of
the movement, allows for an increase in overall speed
when grasping larger objects. The non-linearity when
grasping smaller objects is more noticeable than when
grasping large objects and requires more time to deal
with, nullifying the speed benefits for smaller objects
but improving accuracy when the object is grasped.

Fitts’ Index of Performance

Performance significantly increased over the entire
range of motion when using the variable gain con-
troller compared to the proportional gain controller.
The time required to perform the movement either
stayed the same (small objects) or reduced (large ob-
jects). The scaling ‘stretches’ the observed size of
the object, and thus of the target area, reducing the
perceived difficulty of the target and thus making it
easier to hit.

Mean absolute jerk normalised by peak speed

The variable gain controller shows a significant
improvement over the proportional gain controller
across the entire range of motion, which seems to
indicate that the human shoulder can execute larger
movements much smoother than smaller ones. Allow-
ing the user to use a larger motion for fine positioning
thus results in a smoother, more controlled motion.

5.2 Conclusion for metrics

Based on the metrics, using a variable gain is pre-
ferred to using a proportional gain, since performance
either remains the same or improves for task perfor-
mance. The increased fine positioning time for small
objects indicates a shift from speed to accuracy as
designed, and is compensated for by the increased
speed over the gross positioning which indicates no
overall loss in performance anywhere on the range of
motion. The controller performance is significantly
better as well.

5.3 Limitations and future work

The virtual slave and -environment allow for all vari-
ables to be perfectly constant and thus allow for a
perfect comparison of the dependent variables - as
long as the signals are within the virtual environment.
Sensors and actuators are never perfect and neither
is the environment the device is supposed to be used
in. This experiment offers an abstract task in an ab-
stract, simplified representation of reality to check
for significant differences between modes of control
in a speed-precision task, which is then executed by
the subject using the same sort of harness a body
powered prosthesis would use. What this experiment
shows is the behaviour of the human shoulders when
met with different types of control schemes, so see
what the major differences are. Now that is estab-
lished that a variable gain in a system like this could
be viable, this model has to be refined, made adapt-
able to individual users and built into a real-world
prototype to see if this theoretical benefit would hold
up in the physical world.

An important limitation that has to be noted is
the absence of gravity in this experiment. Heavier
objects require higher grasp force to be held, but
this would require a method to apply a weight to the
subject that would only be applied when the sub-
ject ‘lifts’ the weight after grasping. It would require
additional hardware and make the experiment more
complicated, which is why grasping and squeezing
was chosen for this experiment rather than grasping
and lifting.

13



Feedback from subjects showed one more impor-
tant piece of information: Preferences differ widely
from person to person. All three controllers were
loved by some users, detested by others. The con-
trollers behaved very differently, based purely on the
software model running at that instant. If fitting
prostheses to their users’ preferences becomes more
and more a software problem, the hardware could be-
come more and more standardised - and thus cheaper.
changing the force- or position gains could assist
weaker users or could be changed gradually to in-
crease strength and mobility in their users, or even
monitor performance in real time and adjust gains
to compensate for fatigue. Users could use differ-
ent profiles to initiate different types of controllers,
based on the task they are doing. It could even be
possible to use a neural network to keep improving
performance, based on the collective data of users.
The main takeaway is that the versatility of a sys-
tem with a software model at its core that mimics a
cable operated device opens up a lot of possibilities
for adapting a system to the individual needs of the
users while maintaining the benefits of the intuitive
nature of these low-tech devices.

6 CONCLUSION

Workspace extension can be used to design a con-
troller which improves the overall performance for a
shoulder shrug controlled, by-wire operated grasping
prosthesis without sacrificing performance in part of
the range of motion, but the importance of a clear
position-to-position and velocity-to-velocity relation-
ship between the master- and slave devices is insight-
ful, as it outperformed velocity control to the point
where it could not be considered a viable mode of
control for this task. The non-linear, variable gain
designed to increase the part of the range of motion
used to grasp an object by speeding up while no ob-
ject has been grasped yet was proven to be a promis-
ing method.

Another find was that no matter the individual
performance, the rate of grasping time between a
large and a small object remains the same. This sig-
nifies that performance is constant over the entire
range of motion.
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APPENDICES

Appendix 1: Raw data
Overview of raw data for each subject

Appendix 2: Participant Information

Instructions and information as provided during the

experiment

Appendix 3: Informed Consent

Informed consent as signed by the participants

Appendix 4: Device Report

Device report accepted by the TU Delft Human Research

Safety Committee

Appendix 5: Checklist Ethics Committee

Checklist provided to the TU Delft Human Research

Ethics Committee

Appendix 6: Letter of Approval

Letter of Approval for experiment by the TU Delft

Human Research Ethics Committee

Appendix 7: Wiring Description

Wiring description used to install the Bachmann real

time computer into the experimental setup

Due to availability, an AIO216 module was used

instead of an AIO288 module. This required the following

changes in wiring:

In section 3.1 (Emergency button): on the AIO module,

connect the positive wire to port 12 and the negative wire

to port 14 (instead of to ports 14 and 15, respectively).

In section 3.3 (Futek): on the AIO module, connect the

positive wire to port 7, the negative wire to port 8 and

the ground wire to port 10 (instead of positive to port 9

and negative to ports 10 and 11 (ground)).

In section 3.4 (LVDT): on the AIO module, connect the

positive wire to port 2, the negative wire to port 3 and

the ground wire to port 5 (instead of positive to port 2

and negative to ports 3 and 4 (ground)).
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DEELNEMER INFORMATIEBRIEF 

Betreffende het onderzoek naar de effecten van schaling in prothese-aansturing via by-wire            
master-slave systeem. 

 
Datum 06-12-2018, Versie 1.0 
 
Geachte mevrouw/meneer,  
 
U bent gevraagd mee te werken aan een onderzoek waarin we het effect van schaling op een                 
elektronische koppeling tussen schouders en prothese bestuderen. In deze brief vindt u uitgebreide             
informatie over het onderzoek. Mocht u nog vragen hebben, dan kunt u terecht bij de personen die                 
onderaan de brief zijn vermeld. 
 
Achtergrond van het onderzoek 
Actieve armprothesen, met bewegende delen die de taken van het verloren ledemaat (deels)             
overnemen, zijn te verdelen in twee hoofdgroepen: aangestuurd door lichaamskracht of aangestuurd            
door een externe krachtbron. De eerste soort gebruikt de beweging van een ander lichaamsdeel,              
meestal de schouders of de elleboog, om een kabel aan te trekken die de ‘hand’ bedient. Omdat dit                  
werktuig als een verlengstuk van het lichaam wordt gebruikt, is het een intuïtieve manier van               
bedienen; net zoals men bij een tang aan het handvat voelt hoeveel kracht de tang uitoefent, voelt men                  
bij dit soort prothesen met hoe veel kracht er geknepen wordt. Het nadeel is dat er erg veel kracht                   
verloren gaat, waardoor de kracht door de gebruiker vele malen groter kan zijn dan de kracht die op                  
het gegrepen object wordt uitgeoefend en gebruik op de lange termijn erg vermoeiend kan zijn. Een                
onacceptabel groot deel van deze prothesen eindigt om deze reden ongebruikt in de kast. 
 
Extern aangestuude prothesen werken door de elektrische stroom te meten die door de spieren loopt               
wanneer deze worden aangespannen. Hierdoor kan de prothese worden aangestuurd met een relatief             
lage inspanning, terwijl de krachten aan de ‘hand’ veel groter kunnen zijn. Het nadeel is dat er geen                  
fysieke connectie is waarmee het lichaam kan voelen hoeveel kracht wordt uitgeoefend. 
 
Bij een by-wire connectie worden positie en kracht omgezet in elektrische signalen die door middel               
van elektromotoren worden uitgeoefend. Op deze manier voelt het alsof er een fysieke connectie is,               
maar omdat die er niet echt is kan dit signaal worden aangepast om de gebruiker te helpen. Zo kunnen                   
de voordelen van lichaamsaangestuurde en extern aangestuurde systemen worden gecombineerd. Dit           
soort schaling noemen we ‘workspace extension’. Het onderzoek bekijkt hoe verschillende soorten            
schaling de precisie en gemak waarmee de gebruiker de prothese aanstuurt beïnvloeden. 
 
Doel van het onderzoek 
De krachten die worden ondervonden door de gebruiker tijdens dit onderzoek zijn vele malen lager               
dan bij conventionele lichaamsaangestuurde prothesen, maar vallen binnen de aanbevolen          
krachtniveaus voor gebruikers die een ledemaat missen (Plettenburg et al., 2011). Het doel van het               
onderzoek is te bekijken welke soort schaling het beste kan worden toegepast binnen deze situatie om                
beter gebruik te kunnen maken van dit krachtspectrum. 
 
Wat houdt deelname aan het onderzoek in? 
Om het schouderharnas aan te sluiten worden twee connectoren met dubbelzijdig- of sporttape op de               
huid over uw schouderbladen bevestigd. Deze connectoren houden de geleidende buitenkabel en de             
actieve binnenkabel op hun plek. Dit houdt wel in dat u dit experiment met ontbloot bovenlijf zult                 
uitvoeren. Hierom is een een afgeschermde ruimte beschikbaar waar alleen u en de proefleider              
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aanwezig zullen zijn. De binnenkabel is verbonden met het masterdevice, dat de positie van uw               
schouders vertaalt naar elektrische signalen en u voorziet van feedback in de vorm van krachten. Het                
slavedevice is virtueel en wordt weergegeven op het beeldscherm. 
 
Het experiment omvat 75 trials, waarvan 15 oefentrials. U zult drie soorten controllers, elk met hun                
eigen schaling, gebruiken om een zacht voorwerp vast te pakken en in te knijpen tot de bewegende                 
kant van de virtuele prothese binnen de groene target valt. De volgorde waarin de controllers worden                
aangeboden is verschillend, om leereffecten van omgaan met het harnas op de data te elimineren. De                
controllers zijn een lineair model (geen schaling) als controle, een variabele schaling, en een              
snelheidscontroller (de positie van de schouders bepaalt de snelheid waarmee de slave beweegt). Het              
onderzoek neemt ongeveer een halfuur in beslag. 
 
Het onderzoek vindt plaats in het Laboratorium voor Cognitive Robotics in faculteit 3ME van de TU                
Delft. 
 
Risico’s 
De risico's van de metingen zijn klein. De beweging van manipulator is beveiligd tegen te grote                
bewegingen en te grote of plotselinge krachten. Vóór deelname aan het onderzoek wordt door de               
onderzoeker een inschatting gemaakt of u in staat bent het onderzoek te voltooien. De apparatuur bevat                
een hoog- en een laagspanning circuit en een aantal bewegende onderdelen. Deze zijn afgeschermd              
en/of buiten direct bereik geplaatst. Voor uw eigen veiligheid mag u de apparatuur op de tafel absoluut                 
niet aanraken. 
 
Vrijwillige deelname 

Uw medewerking aan dit onderzoek is vrijwillig. Als u toestemming geeft aan dit onderzoek mee te                
doen heeft u te allen tijde (ook tijdens het onderzoek) de vrijheid om op die beslissing terug te komen.                   
U hoeft hiervoor geen verklaring te geven.  
Als u bereid bent aan het onderzoek mee te doen, zal ter plekke een toestemmingsformulier worden                
voorgelegd.  
 
Vertrouwelijkheid gegevens en betekenis van het onderzoek 
We zullen vertrouwelijk met uw persoonlijke gegevens omgaan. Wij zullen ervoor zorgen dat             
niet-bevoegde buitenstaanders geen inzage hebben in uw persoonlijke gegevens. Wanneer de           
resultaten van het onderzoek gepubliceerd worden, zal informatie niet op u terug te herleiden zijn.  
 
Samenvatting 
Meedoen aan dit onderzoek geschiedt volledig vrijwillig. Het staat u geheel vrij om wel of niet mee te                  
doen. Samengevat betekent het dat als u deelneemt: 

● u bereid bent mee te werken aan het onderzoek waarin metingen aan de schouders worden               
gedaan; 

● u akkoord gaat met het gebruik van de verzamelde data ten behoeve van het onderzoek; 
● u zich realiseert dat u geen onderzoeksuitslag voor uzelf kunt verwachten. 

 
Namens de onderzoeker(s), bij voorbaat zeer hartelijk dank voor uw eventuele medewerking. 
 
Jelle Broekzitter, MSc Student  
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Proefpersoongegevensformulier  
 
Participant nummer:  
Persoonsinformatie  
Deze informatie is vertrouwelijk en wordt niet beschikbaar gemaakt voor derden. 
 
 
Leeftijd : 
 
Voorkeurshand : Rechts / Links 
 
 
______________________________________________________________ ___ 
 
 
 
 
 
 
 
 
 
 
 
 
Tijdsduur experiment : 
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PARTICIPANT CONSENT FORM 

Study Title 

 
Workspace extension in grasp-by-wire 
 

 
Participant Name:  Date:  

Researcher Name: Jelle Broekzitter 
 

This section to be completed by the participant: 

Please tick the box at the end of each statement if you agree with it. 

1. I confirm that I have read and understood the Information Sheet for the above study. 

2. I have had the opportunity to consider the information, ask questions and have had 
these answered satisfactorily. 

3. I understand that my participation is voluntary and that I am free to withdraw from the 
study, without giving any reason.  

 
4. I agree to the storage and use of personal information for the purposes of this study. 

5. I agree to take part in the above study. 

Signed: 
 

 
Name in capitals: 
 

 
Date: 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

This section to be completed by the researcher 

I certify that this participant has read, properly completed and signed the screening and consent 
forms, witnessed by myself: 
 
Signed: 
 
 
Date: 
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Please note: All data arising from this study will be held and used in accordance with the Data 
Protection Act. The results of the study will not be made available in a way that could reveal the 
identity of individuals. 
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DEELNAME TOESTEMMINGSFORMULIER 

Titel studie: 

 
Workspace extension in grasp-by-wire 
 

 
Naam Deelnemer:  Datum:  

Naam Onderzoeker: Jelle Broekzitter 
 

Door de deelnemer in te vullen: 

Indien akkoord met de onderstaande stellingen, vink het bijstaande vakje aan. 

1. Ik bevestig dat ik het informatie formulier, horend bij de bovenstaande studie, gelezen 
en begrepen heb. 

 
2. Ik heb de mogelijk gehad de informatie goed in me op te nemen en vragen te stellen, 

die naar tevredenheid beantwoord zijn. 

3. Ik begrijp dat mijn deelname volledig vrijwillig is en dat ik mij op elk moment kan 
terugtrekken, zonder het opgeven van een reden. 

 
4. Ik sta toe dat mijn persoonlijke informatie wordt opgeslagen ten behoeve van deze 

studie. 
 
5. Ik stem toe met deelname aan de bovenstaande studie. 

Handtekening: 
 

 
Naam in blokletters: 
 

 
Datum: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ​Door de onderzoeker in te vullen: 

Hierbij verklaar ik dat de deelnemer het toestemmingsformulier grondig heeft doorgelezen en 
vervolgens getekend, en ik daarvan zelf getuige was: 
 
Handtekening: 
 
 
Datum: 
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Belangrijk! Alle data voortkomend uit deze studie zal opgeslagen en behandeld worden volgens de 
Data Protection Act. De resultaten van deze studie zullen niet op enige manier openbaar gemaakt 
worden waarbij het mogelijk is deze direct aan de identiteit van de deelnemers te koppelen. 
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1 Setup Overview 
1.1 Mechanical system 

The Haptic Gripper designed by Göran A. V. Christiansson consisted of both a master and a slave device. The 
current setup of the finger pertubator exists only out of one module. The differences between the original setup 
and the current setup are marked by the red crosses below. In the current setup the encoder is not in use, and the 
adjustable damper and adjustable stiffness have both been removed.  
 

 

Figure ​2​:​ Overview mechanical system 

 

1.2  
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Controller system 

 

 
 
 

Bachmann overview 
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Figure ​3​:​  ​Overview of the electrical system and RealTime Bachmann controller, front view 
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Figure ​4​:​ Overview of the electrical system, back view 

 
 

1.3 Aerotech Amplifier 
Linear motor amplifier: Aerotech BL-10-40-B. Three channels, 5A continuous, 10A max (see spec. sheet). 
 

 



Date: June 21, 2018 
Version 1.6 

 
Figure ​5​:​ Top view amplifier 
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2 Wiring 230V / Low voltage circuit 
The electric wiring of the 230V and the low voltage circuit are shown in Figure 6 and Figure 7 

 

 

Figure ​6​:​ Electric wiring scheme 230v / Low voltage circuit 

 
 
 

 

Figure ​7​:​ Picture of electric wiring 230V / Low voltage circuit  

 
 
Component list (see specification sheets for more details): 

● PULS - Puls Dimension QS5.241 Power Supply, 24V, 5A.  
● NT255 Bachmann module – Power Supply Module  
● AIO288 Bachmann module – Analog input/output module (see also section: 3.6.1) 
● DIO232 Bachmann module – Digital input/output module (see also section: 3.6.2) 
● FUTEK L2357 + JM-2A – Force sensor + amplifier module, max. 45N (see also section: 3.3)  
● LVDT, Schaevitz 2000 LCIT – Position sensor, max 50,8mm (see also section: 3.4) 
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Date: June 21, 2018 
Version 1.6 

3 Wiring of signals 
3.1 Emergency button/amplifier enable 

 

Figure ​8​:​ Electric scheme emergency button and amplifier enable 
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3.2 Wiring of Motor Controller (Aerotech Amplifier) 
The amplifier settings: 
The amplifier is set to ‘current mode’ and ‘multiple brush motors’, see also “Aerotech BL hardwaremanual” section 
“3.3 ​Torque Command Configuration (Current)”​ and section ​“3.7 Multiple Brush Motor”​. 
 
Setting of DIP switches: closed:1-8 (Current limits) ,10 (Mode)  // open: 9 (Test).  

3.2.1 Amplifier enable 
The amplifier is set to ‘Active high shutdown’ (Control Board Jumper Selection - JP6: Active High Shutdown, see 
Aerotech BL hardwaremanual, p47), meaning that the amplifier is only enabled if the ‘shutdown input’ (J101-10) is 
connected with the ground (J101-14). The enable circuit contains a relay-switch (Normally Open) and an 
Emergency switch.  
 
The amplifier will only be enabled if the EM-switch is not pressed and the relay is digitally activated from the 
Bachmann controller. The implementation is fail save; disconnected cables or power drop will result in a disabled 
amplifier. 
 
 
Table ​1​:​ Wire connections for amplifier enable, see also ​Figure 8​) 

Signal Enable Signal 
ground* Ground Shield 

J101 
connector 
(Aerotech 
BL) 

10 7 14 1 

Cable WH BK BK Shield 
Feedthroug
h # 18  13  

Cable YL  BK  
EM switch   Switch2  
Cable   WH  
Feedthroug
h #   15  

Cable   GN  
Relay 1 11  14  
*Signal ground didn’t work. Ground (pin 14 = shield) appeared to work. 

 

3.2.2 Analog input control signals 
The commanded motor current is send from an Bachmann analog out channel to the Aerotech amplifier. For this 
setup only channel A of the motor controller is used. 
 
Table ​2​:​ Wire connections for amplifier input signals, see also ​Figure 8​): 

Signal Control 
Sign A 

Control 
Sign B 

Control 
Sign C 

Signal 
ground* Ground Shield 

J101 
connector 
(Aerotech 
BL) 

9 22 12 7 14 1 

Cable RD BL GN BK BK Shield 
Feedthroug
h # 14    13  

Cable RD    WH  
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Bachmann 
AIO288 14    15  

*Signal ground didn’t work. Ground (pin 14 = shield) appeared to work. 
 

3.2.3 Analog output to motor 
The + wire (RD) of the motor is connected to TB101-A and the – wire (BK) of the motor to TB101-RT. 
 
Used motor:  

● Maxon motor A: RE35_90W, 118777 -> V: 30V, starting current: 24.4A (stall torque: 949mNm), ​max. 
cont. current: 2,74A​ (max.con.Torque: 107mNm). 

● Maxon motor B: RE40_150W, 148867 -> V: 24V, starting current: 80.2A (stall torque: 2420mNm), ​max. 
cont. current: 6A​ (max.con.Torque: 177mNm). 

 
 

3.2.4 Connector pin assignment Aerotech BL Amplifier 

 
Figure ​9​:​ Connector J101 pin assignment, Aerotech BL hardware manual, p. 15. 
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3.3 FUTEK Load cell amplifier (Force Measurements) 
Details: 

● Futek amplifier: CSG110 (JM-2A)  
● Futek loadcell: LBS200(L2357)  -> FSH00104 (range: 44.5 N, M3x0.5 // 2mv/V) 

 
 
 
 
 

 

Figure ​10​:​ Connections Futek load cell amplifier 

 
 

3.4  
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LVDT Linear distance sensor  
Details:  

● 2000LCIT (Schaevitz Sensors) -> Range +/-25mm, Input V: 7-36V, output V: 0.5-4.5V, 0.018V/mm 
 
 
 

 

Figure ​11​:​ Connections LVDT 

 
 
 

3.5 Cable feedthrough 
 

 

Figure ​12​:​ Picture of cable feedthrough signals 
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3.6 Wiring of Bachmann 
See also specification sheets. 

3.6.1 AIO288 
Slot 5 AIO288 
Chan
. Pin No. Settings Description 

1 1,2,3 IN: +/- 10V LVDT A 
2 20,21,22 IN: +/- 10V LVDT B 
3  IN: +/- 10V spare 
4  IN: +/- 10V spare 
5 8,9,10 IN: +/- 10V Force sensor A 
6 27,28,29 IN: +/- 10V Force sensor B 
7  IN: +/- 10V spare 
8  IN: +/- 10V spare 
9 14,15,16 OUT: +/- 10V Motor A 
10 17,18,19 OUT: +/- 10V Motor B 
11  OUT: +/- 10V spare 
12  OUT: +/- 10V spare 
13  OUT: +/- 10V spare 
14  OUT: +/- 10V spare 
15  OUT: +/- 10V spare 
16  OUT: +/- 10V spare 
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3.6.2 DIO232 
Slot 
6 DIO232 

Chan
. Settings Description 

1 DI E-stop button 
2 DO Amplifier Enable 
..32   
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