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Abstract— Upper-limb prosthetic technology has significantly
changed in recent years. The devices available and those under
development, have progressed the state of the art considerably.
However, most are based on velocity control and fail to activate
the proprioception of the amputee, as they do not provide their
user with adequate feedback. A novel control configuration
called “Biomechatronic EPP” has been developed to overcome
these shortcomings, which is based on the concept of the
Extended Physiological Proprioception (EPP), an upper-limb
prosthesis proven to be functionally superior to velocity control
configurations. The performance of the “Biomechatronic EPP” is
compared to that of three other control toplogies including: a
“Classic EPP” controller, an “Unconnected” controller and an
“EMG?” controller. Fourteen able-bodied subjects engaged in a 1-
D Fitts’ Law style task, designed with the Psychophysics Toolbox,
a free set of MATLAB®. Performance was evaluated using
several measures. Overall, the experimental results show that the
performance of “Biomechatronic EPP” is comparable to “Classic
EPP” and superior to “Unconnected” and “EMG”. The proposed
Biomechatronic EPP control configuration is an alternative to
various invasive and non-invasive sensory feedback control
integration methods for prosthesis control.

Index Terms—Artificial limbs, Upper-Limb Prosthetics,
Prosthesis, Control, Extended Physiological Proprioception.

I. INTRODUCTION

HE replacement of the human hand by a prosthesis is a
truly challenging task due to the significant mechanical
demands and constraints [1]. To address a variety of user
needs and lifestyles, current upper-limb prosthetics comprise a
number of functional (eg control, grasp patterns) and cosmetic
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enhancements (e.g. appearance). However, the most critical
factor for the proper function and use of an upper limb is its
control.

Of all prostheses, myoelectric devices have been the most
extensively studied. Their development has led to their
acceptance as a routine and valid option for many arm
amputees [2]. Today, there are myoelectric control systems
which can be programmed in the fitting stage to suit the needs
of each particular client [3]. However, such devices are subject
to the stochastic nature of the myoelectric signals and to noisy
control signals. Furthermore, myoelectric devices lack of
adequate sensory feedback mechanisms [4] [5]. These are two
of the major drawbacks limiting prosthesis’ performance [6].

The classic Extended Physiological Proprioception (EPP)
control configuration, first noted by D.C. Simpson in 1974 [7],
as a control scheme for upper-limb prostheses is superior to
myoelectric control due to the direct mapping of velocity and
force between the residual limb and the prosthesis [8]. The
EPP can be thought best of as the extension of the operator’s
proprioception into the prosthesis, that is, the prosthesis
becomes an extension of the amputee’s self. As shown in Fig.
1, Bowden cables are fitted to surgically modified exteriorized
muscles/tendons sites of the residual arm (cineplasty) in order
to mechanically interconnect the prosthetic hand to the rest of
the amputee’s body [9-12]. However, this control
configuration has the disadvantage that it is not aesthetic for
the human user, it is subject to control constraints related to
the direction of the movement, and finally, a post-amputation
plastic surgery is required. These drawbacks led to the gradual
abandonment of EPP.
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Fig. 1. “Classic EPP” control configuration (Adapted from [13])

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

Based on the master/slave architecture from the field of
Telerobotics/Teleoperation [14], a new EPP-equivalent archi-
tecture was proposed in the Control Systems Laboratory of
National Technical University of Athens (NTUA). This new
control configuration, coined “Biomechatronic EPP”, elimi-
nates the drawbacks of the “Classic EPP” i.e. the needs for a
cineplasty procedure and the use of Bowden cables [15]. The
“Biomechatronic EPP” controller had been previously intro-
duced as a microprocessor based “EPP” position controller; in
a later study it was shown functionally equivalent to the
“Classic EPP” [16]. In the same study [16], the real-time delay
of the “Biomechatronic EPP Controller was approximately 78
ms, which corresponds to the delay between applying the
force and the displacement of the slave motor. An initial ther-
mal and power feasibility analysis of the “Biomechatronic
EPP” control configuration was positive also [17].

According to the envisioned control configuration, low-
power devices are to be implanted and connected to specific
pair of agonist-antagonist muscles during or after the initial
amputation surgery. Forces from the muscles of interest are
exerted directly to the implants which play the role of the mas-
ter robots of the teleoperation scheme. These forces are meas-
ured and used as input for the prosthesis, which is the slave
robot of the system. The force measurements are wirelessly
transmitted, while the controller of the control configuration
achieves the dynamic coupling between the implanted motors
and the prosthesis, providing this way the desired propriocep-
tive feedback to the amputee. The proposed control configura-
tion is illustrated in Fig. 2. Before the miniaturized and bio-
compatible “Biomechatronic EPP” system shown in Fig. 2 is
designed, verification and validation of the “Biomechatronic
EPP” with appropriate target experiments is necessary in order
to provide us with confidence of the quality of the proposed
control configuration compared to traditional EPP and myoe-
lectric control.

agonist and antagonist
muscles

master
device
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master
device
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Fig. 2. Proposed control configuration of “Biomechatronic EPP”.

In this paper, we present an experimental comparison
amongst the proposed control configuration “Biomechatronic
EPP”, the “Classic EPP” control configuration, a torque
controller without feedback, coined as “Unconnected” and the
“EMG” control configuration.

The test wused to experimentally compare the
aforementioned control configurations was a target acquisition
test, built accordingly to Fitts’ Law, a physiological model of
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human movement which is employed extensively in the
evaluation of Human Computer Interfaces (HCI). However,
only recently biomedical applications have been shown to
form a breeding ground for Fitts” Law testing [18].

It has been demonstated that the sense of touch and
proprioception is of paramount importance for object
manipulation in able-bodied subjects [19]. The restoration of
the sensory feedback improves the motor control in terms of
sensorimotor, coordination and dexterity performance [20-23]
Different strategies have been presented to restore
proprioceptive feedback in prosthetics: (a) the agonist-
antagonist myoneural interface presented by Hugh Herr [24-
26], where the natural agonist-antagonist pair is preserved
during the amputation procedure, (b) the tendon vibration non-
invasive technique used to elicit proprioceptive illusions [27,
28] which has been shown to restore proprioceptive
information in amputees [29], (c¢) Electrical Nerve stimulation
using implanted intraneural electrodes to provide one degree
hand aperture feedback [30-32] or to provide sensory
substitution as an alternative effective solution [33].
Additionally, researchers have demonstrated direct neural
control of a multi-degree of freedom prosthesis using
implanted peripheral electrodes [34, 35].

II. METHODS

A. Experimental Setup

Fig. 3 shows the mechatronic setup used to prototype all
four configurations. The dSpace DS1103 real-time controller,
a legacy in rapid control prototyping, (A) in Fig. 3, was used
for the implementation of the control configurations. The
setup, see Fig. 3, also includes a slave (prosthesis) motor (D),
corresponding to the slave motor in Fig. 3, a Bowden cable
(C), corresponding to the cables in the “Classic EPP”
cofiguration, and as an alternative to it, i.e. a set of two-master
DC motors (B), connected to a set of screw-nut mechanisms
and in-house fabricated housings equiped with force sensitive
resistors (FSRs) and appropriate signal conditioning circuits
(E), corresponding to the master devices in Fig. 3. A forearm
cuff /pulley system, corresponding to the real muscles in Fig.
5 (discussed later), connects to the setup by pulling either the
ends of the Bowden cable (C), or the FSR housings (E).

Fig. 3. The mechatronic prototype setup of all four configuration controllers.
(A) dSPACE, (B) two master DC motors and screw-nut mechanisms, (C)
Bowden cable, (D) slave (prosthesis) motor, and (E) housings with force
sensitive resistors (FSRs).
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Fig. 4 presents the “Biomechatronic EPP” control configu-
ration in detail. The screw-nut mechanisms convert angular
displacements to translations, and forces to torques. Their nuts
are connected though inextensible strings to the FSR housings,
which measure the forces applied to them. The user pulls the
housings, through a forearm cuff/pulley system, the applied
forces are measured by the FSR’s, the slave motor rotates de-
pending on the difference between the FSR applied forces, and
the two master motors rotate so that the housings, through the
screw-nut mechanisms yield to pulling. In other words, the
command from the user to the prosthesis is a force command.
The prosthesis transmits position feedback to the master mo-
tor’s controller, which then affects the force feedback that the
user feels via the leadscrews, providing this way the proprio-
ceptive feedback, see Fig. 4 and Fig. 5. The master motors are
commanded to follow the slave’s angular motion via a low-
power Bluetooth link.

Master motor, \LI T -
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Fig. 4. “Biomechatronic EPP” setup showing the master motors, leadscrews
and nuts, and FSR housings.

For the “Classic EPP”, the master motors are not used. In-
stead, the connection between the user force input and the
slave (prosthesis) motor is achieved mechanically via the
Bowden cable and slave motor pulley, Fig. 3 (C), i.e. the user
receives proprioceptive feedback through the Bowden Cable
directly coupled to the prosthesis via the slave motor pulley.

In the “Unconnected” control configuration, the user force
input drives the slave motor, but there is no direct connection
between them; i.e. no feedback is provided to the user.

In the “EMG” control configuration, the reference input is
provided by myoelectric signals, acquired from the muscles of
interest via the Myo Armband, by Thalmic Labs. Again, in
this case no feedback is provided to the user.

To map an isolated movement of the wrist-flexion extension
of the physiological limb to the opening and closing of the
prosthesis, a forearm cuff (orthosis) was used, which allowed
only wrist flexion and extension. The forearm cuff was used in
all four different experimental configurations in order to in-
crease repeatability. For the “Classic EPP”, the “Biomecha-
tronic EPP” and the “Unconnected” control configurations, the
forces excreted by the user during the flexion and the exten-
sion of its wrist were transmitted to the FSR sensors, (b) in
Fig. 5, via inextensible miniropes and forearm cuff/pulley sys-
tem (a) in Fig. 5. A control system that reads these forces
commanded the prosthetic (slave) motor to move the prosthet-
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ic limb attached to it. For the “EMG” control configuration,
the subject used both the cuff and Myo Armband (c) in Fig. 5.

Fig. 5. A subject during the experiment. (a) systerr‘l of miniropes connected to
FSRs and forearm cuff (orthosis)/pulley system, (b) FSRs (c) Myo Armband.

B. Control configurations

The command input for the “Biomechatronic EPP”, “Clas-
sic EPP” and “Unconnected” control configurations is the dif-
ference between the forces recorded by the FSR sensors. The
control scheme for these control configurations is presented in
Fig. 6. The blocks inside the red box are used as controller for
the “Classic EPP” and “Unconnected” schemes. The signal
provided by the FSR sensors ranges between 0V and +5V. The
dead zone block models the threshold below which the meas-
ured force does not trigger motion to the corresponding limb,
while the saturation block is used as a protection in case the
input exceeded the predetermined levels. The absolute differ-
ence between the two antagonist forces is then normalized to
represent the duty cycle of the PWM signal which is required
as input for the slave motor driver, to control the velocity of
the prosthesis. The prosthesis motion direction is determined
by the sign of the force difference.

In “Biomechatronic EPP” control configuration, the angular
position (0) of the slave motor is translated to linear displace-
ment (x) and serves as input to the PD controllers of the two
master motors. To imitate the proprioception provided by the
Bowden cables in the “Classic EPP” configuration, the power
screws of the master motors move along their axes in opposite
direction. Apart from the PD controllers, feedforward friction
compensation is used so as to enhance the tracking perfor-
mance of the master motors [36]. The design of the closed
loop control scheme for the “Biomechatronic EPP” was part of
a previous related study [37]. In the case of the “Classic EPP”,
the proprioception of the user is preserved via the Bowden
cables, while in the case of the “Unconnected” method, no
feedback is provided.

In the “EMG” control configuration, surface EMG signals
are collected from Extensor Carpi Radialis (wrist extension)
and Flexor Carpi Radialis (wrist flexion) using the Myo Arm-
band. The range of potentials provided by the Myo armband is
between -128 and 128 in units of activation [38]. The EMG
data is streamed at 200Hz. Myo has also an in-built antialias-
ing filter and a Notch filter at 50Hz. The EMG signals were
then passed into MATLAB® for further processing.

The controller employed is shown in Fig. 7. The collected
signals are high-pass filtered, rectified, and low-pass filtered.
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Fig. 6. Control scheme for “Biomechatronic EPP”. The blocks inside the red box are used as controller for the “Classic EPP” and “Unconnected” schemes.
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Fig. 7. “EMG” control scheme. EMG signals from a pair of antagonist muscles are recorded with Myo Armband and processed in Matlab Simulink® as shown. A

signal proportional to the difference between them is provided to the motor driver.

Both the high pass and low pass filters used were fourth
order Butterworth filters with cutoff frequencies at 30 Hz and
6 Hz respectively. The filters were designed according to [39].
The mean absolute values (MAVs) of the EMG signals were
calculated from 100 ms sliding windows, with a frame
increment of 50 ms. The MAVs of the antagonistic pair were
normalized using the method of Maximum Voluntary
Isometric Contraction (MVIC), and thresholds were applied
[40]. The difference in signal amplitude was then determined
and used to set the duty cycle of the motor driver. More
explicitly, this difference is given by:

%DC=| [M,/G~T]-[M,/G,~T,] [x100% (1)

where M is the MAV of the first muscle in the antagonistic
pair, G1 is the respective value obtained during MVIC, and T:
is the threshold applied. Similarly, M2, G2, and T2 represent
the second muscle MAV, MVIC value, and threshold.
Thresholds are set manually to minimize unintended activity.

C. Fitts’ Law

Fitts’ law is a model of human psychomotor behavior based
on Shannon’s Theorem, a fundamental theorem of
communication systems [41]. Fitts reasoned that a human
operator that acquires targets over a certain amplitude (signal),
and with variable success (noise), essentially is demonstrating

a “rate of information transfer” [42]. Fitts’ Law Test has
become an international standard (ISO9241-9) for the
validation of practically any type of human-computer interface
(HCI) including mice, joysticks, touchpads, and even eye
trackers [43].

Lately, several studies have extended the use of Fitts” Law
as a performance model for different upper limb control
configurations [44] [45] [46] [47] [48]. According to Fitts’
Law, in target acquisition tasks there is a speed and accuracy
trade-off which is defined by:

MT =a+bx ID )
where MT is the time (in seconds) required to reach a target, a
and b are the regression coefficients, and /D is a target’s index
of difficulty (in bits).

The ID-term in (2) expands as follows:

ID, =log,(D/W +1) (3)

where D and W are the target distance and width, respectively.
Fitts proposed a metric initially called index of performance
(IP), now throughput (TP), to quantify the human
performance in the context of the task, device, and
environmental conditions, when each experiment is performed
[49]. The thoughput 7P is calculated by:
TP=1D/ MT 4)
In this stydy, an alternative method, called adjustment for
accuracy was implemented to calculate 7P. This method was
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initially proposed by Crossman as a means to account for a
subject’s accuracy [50, 51]. As described by Soukoreff &
Mckenzie, this technique proposes the use of the effective
width (We) and distance (D.) instead of the target’s actual
width and distance [52], in order to include spatial variability

or accuracy in the calculation. The W

4.133xSD, where SD is the selected coordinates standard
deviation, and D. is the mean of the actual movement
amplitudes in the sequence of trials.

Using the effective values, a task’s effective index of
difficulty can then be defined as:

is computed as

ID,=log,(D,/W,+1) )
Subsequently, the 7P is calculated as:
TP=1ID,/MT (6)

where MT is now the mean movement time (in seconds),
recorded over a sequence of trials. Testing over two or three
separate test conditions, the differences in 7P can be used to
assess performance differences between the conditions. This is
also in agreement with [8].

D. Target Experiments

To imitate the movement a hand makes during flexion and
extension, a 3D-printed rectangular link (shaft) was added to
the gearhead of the slave (prosthesis) motor (see Fig. 8). The
bounds of the wrist movement were modeled by adding two
mechanical stops restraining the link motion, the first at 90
degrees in the clockwise direction and the second at 75
degrees in the counterclockwise direction. Thus, the 3D-
printed link emulates the role of the prosthetic limb, and the
slave (prosthesis) motor of the prosthetic limb actuator.

The goal of the experiment was to determine the ability of
the subjects to manipulate the displacement of the slave motor
and link using the four aforementioned control configurations.

Fig. 8. Shaft (here in vertical position) added to imitate wrist movement and
the mechanical stops of the setup.

1) Subjects

Fourteen able-bodied subjects participated in this study. Of
them 12 were male and 2 female, and ranged in age between
20 and 33. The subjects signed an IRB form which contained
the description of the experiment and all the risks involved.
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2) Procedure

The task was designed to be similar to Fitts’ original serial
task [42]. A monitor was used to display the current position
of the prosthesis link by means of the position of a cross
cursor, see Fig. 9. The subjects performed reciprocal pointing
on the pair of targets provided. The targets were limited to one
DoF and appeared on the periphery of a green semicircle,
which corresponded to the link endpoint orbit. Their position
was described by their central angle with respect to the
semicircle. The grey circular target corresponds to the starting
point and the red to the target point (see Fig. 9).

Subjects were asked to move the cursor (black cross) to the
location of the target circle and remain within the width of the
target for the predetermined dwell time (1 s). The subject was
guided through the block of trials by intechanging the colors
of the targets. Participants were instructed to acquire the
targets as quickly and accurately as possible. If too many
errors were made, they were instructed to move slower, while
if they never (or rarely) made an error, they were instructed to
move faster. Each subject was given one warm-up block of
trials prior to data collection, for each unique control configu-
ration.

270°

Starting ‘,-\st”‘c'e
Point

90°
Reach the highlighted target to begin

Fig. 9. Monitor display during the experiment. The grey circle is the starting
point, and the red the target point. The cross is at the starting point.

3) Design

A within-subjects design was used. Independent variables
were the control configuration (four levels), the task (one
level), the target distance (five levels), and the target width
(five levels). TABLE I details the combinations of the target
widths (W) and distances (D) and the resulting indices of
difficulty (/D) used in the experiment.

The experiment was structured by trials, blocks and
sessions. Trial was a single target-select task, block was a
group of 15 trials for the same target-select task, and session
was a group of 25 random blocks (each block represented one
different combination of distance and target width) in
descending order of target widths.

Different control configuration sessions were conducted on
four separate days for each subject, since only one was done in
one day. The order was randomized. After the completion of
the required experiments for all control configurations, one
subject had completed 1500 trials (15 x 5 x 5 x 4),
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TABLEI
Combinations of widths (W) and distances (D) and resulting
Indices of Difficulty (ID)

D()
W)
27.5 67.7 80 90 135
3.88 5.12 5.36 5.60 6.10
3 3.34 4.56 4.80 5.03 5.52
2.70 3.86 4.09 4.32 4.81
10 1.91 2.95 3.17 3.39 3.86
15 1.50 2.46 2.67 2.87 3.32

E. Performance Metrics

Although 7P provides a useful over-all measure of
performance, metrics of movement time (MT) and error rate
(ER) (calculated from the reaching central angle) were also
calculated to complete the picture [53]. The movement time
was measured from the beginning of a move to the reaching of
a target (dwell time and reaction time excluded from the
measurement of movement time). The beginning of a new
movement occurred with the first cursor position change
following the end of the previous one. The error rate was
computed using the following formula:

# Trials —# Hits

#Trials

A trial was claimed as a “Hit” only if the subject managed
reaching the target and remaining inside it for 1s (dwell time),
as it has been previously mentioned. An error was defined as
overshooting the target, when the subject had managed reach-
ing the target but not remain inside it long enough. No correc-
tive movement was allowed. The next movement was initiated
from the point at which the last one had terminated.

%ER = x 100% (7)

F. Statistical Analysis

Analysis of all collected data was conducted using
MATLAB®. Tests for main effects of the control configuration
on three dependent variables; MT, ER and TP were conducted
using one-way analysis of variance (one-way ANOVA) to
determine whether there were any statistical significant
differences between the means of the four independent control
configurations. Significance was assessed at a = 0.05 and a =
0.01, and Bonferroni corrections were applied to post-hoc
comparisons. The overall significance of linear regression
models was determined using an F-test.

Prior to using ANOVA for the statistical analysis of the
acquired data, a Kolmogorov-Smirnov test was employed to
evaluate the normality for all data sets. All data sets proved to
be no signifficantly different from being normally distributed.

No significant outliers were observed amongst the subjects.
It is important to note that in our previous statistical analysis,
we performed a data analysis in order to remove possibly
misfired individual trials. We considered as outliers the trials
in which a subject either was hurried and started the next
movement before dwell time was completed - even if he or she
had reached the previous target successfully - (spatial outliers)
or paused mid-trial violating the rules that the movements had
to be rapid (timing outliers).
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III. RESULTS

Fig. 10 displays the relationship between movement time
(MT) and effective index of difficulty (/D). Data was
averaged across all subjects for all twenty-five experimental
blocks. The R? values (coefficient of determination) for the
linear regression models, ranged between 0.902 and 0.969,
indicate strong linear relationship supporting the validity of
applying Fitts’ Law model [54]. More precisely, MT and ID-
were found to be strongly correlated for all control
configurations, “Biomechatronic EPP” r(22) = 0.969,
p<0.01, “Classic EPP” - 1(22) = 0.984, p<0.01, “Unconnected”
-1(22) = 0.982, p<0.01, “EMG” - r(22) = 0.950, p<0.01.

Fig. 11 and TABLE II summarize the performance (mean
* standard deviation) of each control configuration across the
various performance metrics. The grand mean for movement
time was 1.73 s. Across the control configuration factor, the
means for “Biomechatronic EPP”, “Classic EPP”,
“Unconnected” and “EMG” were 1.63+0.3, 1.72+04,
1.68 = 0.3 and 1.89 + 0.4 s. The p-value corresponding to the
F-statistic of one-way ANOVA was higher than 0.05
(F352=1.399, p>0.05) suggesting that there was not significant
effect of the control configuration on movement time.

TABLE II
Summary of the performance metrics

MT (s) Error (%) TP (bits/s)
“Biomechatronic EPP” 163+ 03 132%+78 246110398
“Classic EPP” 172+ 04 193112 2402+ 0.547
“Unconnected” 1.68+03 443%139 2000+ 0388
“EMG” 1.89+04 560+93 1.589+0419

An error was defined as overshooting the target. The grand
mean of error rate was 33.2%. The error rates were
13.2+7.8%, 19.3 £ 11.2%, 44.3 £13.9%, and 56.0 = 9.3%,
for “Biomechatronic EPP”, “Classic EPP”, “Unconnected”
and “EMG”, respectively. There was no significant difference
on error rate between “Biomechatronic EPP” and “Classic
EPP” (p>0.05). Subjects made more overshoots using the
“Unconnected”  control  configuration  compared to
“Biomechatronic EPP” (p<0.01) and “Classic EPP” (p<0.01).
The error rate was also greater for “EMG” compared to
“Unconnected” (p<0.05).

The “Biomechatronic EPP” TP (2.461 £ 0.398bits/s) was
significantly greater than both “Unconnected” (p<0.0/) and
“EMG” (p<0.01). However, there was no statistical difference
between “Biomechatronic EPP” and “Classic EPP” (p>0.05).
Subjects presented better performance using “Classic EPP”
than “EMG” (p<0.01), while the Throughput (7P) was
statistically the same for the pairs of “Classic EPP”-
“Unconnected”  (p>0.05) and “Unconnected”-’EMG”
(p>0.05).
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IV. DiscussSIiON

The use of EPP as a control scheme for upper-limb
prostheses has declined over the last decades; surface EMG has
been the standard for clinically available prosthetic devices due
to its non-invasiveness and easiness to apply.

In this study a comparative assessment was made of
“Biomechatronic ~EPP”, a novel wupper-limp control
configuration, “Classic EPP”, “Unconnected” and “EMG”
control configurations. This investigation was made in the
context of a real time, computer based, target acquisition test
using a Fitts’ law approach. High R? values obtained from
regression plots (Fig. 10) support the notion that Fitts’ law
framework is a viable testing tool for these upper-limb
prostheses evaluation. More specifically, these results confirm
the suitability of Fitts’ law for the assessment of myoelectric
control schemes, previously reported in related studies [18, 48,
55], while they set also the basis for its use with EPP based
control configurations.

As its calculation includes both speed (M7) and accuracy
(ER), TP is indicative of the overall performance. Based on the
results exported from a one-way ANOVA parallel with the
applied Bonferroni corrections for this metric, the superiority of
“Biomechatronic EPP” over the “Unconnected” control
configuration and the “EMG” based control was revealed. On
the other hand, no significant difference was observed in the
performance of the subjects during the “Biomechatronic EPP”
and “Classic EPP” sessions of the experiment. This indicates
the statistical equivalence of these control techniques and
supports the results derived from our previous study [16].

When looking at the performance metric of movement time,
no statistically significant difference is revealed across all con-
trol configurations. However, the duration of the movement, by
its own, is not wholly indicative of the usability of a control
configuration. Lower movement time, for example, corresponds
to higher speed which may cause the prosthesis to move further
in the wrong direction. The picture becomes clearer, if we take
into account the second descriptive metric used, the Error Rate.
Here, the analysis gave us unambiguous results. In terms of the
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Error Rate, the “Biomechatronic EPP” significantly
outperforms the “Unconnected” and “EMG” control
configurations while has statistically equal performance

(p>0.05) to “Classic EPP” configuration. This is illustrative of
the subjects’ ability to acquire the target effectively.

Given the statistically same results in movement time, the
differences mentioned in Error Rate among the control
configurations contributed the most to the results in
Throughput, and subsequently in the overall performance.

Concluding, the absence of proprioceptive feedback during
the sessions of “Unconnected” and “EMG” control
configurations seems to be the main reason for their poor
performance. Especially for the “EMG” based scheme, the
majority of the subjects reported frustration, describing loss of
control, especially when they were close to the target and more
precise movements required. This may have been caused by the
lack of the subjects’ prior experience with “EMG” based
experiments, which require high concentration. Another reason
might be the limitations of the Myo Armband. It has been
observed that we were only receiving EMG measurements with
a somewhat irregular sample-rate over the BLE interface. The
actual rate was found to vary between 175 Hz and 185 Hz, and
not reaching the 200 Hz specified in the data sheet. However,
unintended or unstable muscle activation are generally justified
by the stochastic nature of the EMG signals. On the other hand,
the “Biomechatronic EPP” configuration managed to provide
the users with the adequate sensory feedback of the “Classic
EPP” scheme, leading to more precise and smoother control of
the prosthesis.

It has to be noted that while this study has shown
encouraging results, it is only the second step in our analysis.
The first step was the development of the equivalent to Classic
EPP [13] proposed “Biomechatronic EPP” architecture [15],
along with some preliminary feasibility analysis [56]. The
second step is the work presented in this study, which is the
verification and validation with experiments that the proposed
architecture is equivalent to the traditional EPP and is superior
to myoelectric control. Our third step is a combination of
advanced feasibility and miniaturization design in order for the
slave robots to be implanted in vivo in patients and overcome
problems such as reliability, biocompatibility, size of sufficient
battery and motor. We cannot spend a lot of effort on the third
step without having a positive outcome of the first and second
steps. As a first step, we applied the Biomechatronic EPP con-
cept for one degree of freedom (flexion / extension of the wrist)
at the transradial level. We envision that this work is the build-
ing block, which if scaled up could be applied appropriately for
transhumeral amputations or of various degrees of freedom of
the arm.

Lately, there have been a lot of methods proposed for
controlling multi-degree of freedom prostheses. There is the
idea to control via the brain interface [57] using Brain Machine
Interface via a chip implant, which is not the right methodology
for amputees, but for tetraplegic patients.

Implantable Myoelectric Sensors (IMES), is a technique that
uses miniature BIONs to be implanted in the musculature of the
amputee in order to acquire myoelectric signals of both efferent

http://dx.doi.org/10.1109/TMRB.2020.2980077

and afferent intent to improve the control scheme by adding
feedback [58, 59]. A variation of this technique is using TIME
electrodes [60]. Similarly to TMR, a multi-dimensional
machine learning block with pattern recognition techniques are
needed in order to control a multi-degree of freedom prosthesis.

Osseointegration, similarly to EPP, takes advantage of a
natural and existing proprioceptive channel to augment the
control quality of upper and lower limb amputees by enhancing
the proprioceptive feedback transmitted via the implant which
is rigidly integrated with the amputee’s bone [61].

Targeted Muscle Reinnervation (TMR) is a surgical
technique [62], that is useful for cases where there are not
enough control sites for prosthesis control, which might be the
case during short amputations (eg short transhumeral
amputation) and/or multi-degree of freedom prosthesis control.
It is found that during the sensory reinnervation, the sensory
information and feedback of the nerve is preserved in the new
hosted muscular site [62]. Nevertheless, a multi-dimensional
controller using novel artificial intelligence techniques is
needed for deciphering the intent of movement and provide
appropriate feedback to the amputee.

Regenerative Peripheral Nerve Interfaces (RPNI) are surgical
procedures which are useful to innervate denervated muscles
that can then control a prosthesis [63], with advantages and
disadvantages similar to TMR.

The Implanted Magnets solution [64], proposes the use of
miniature magnets which are implanted in the muscles and their
relative position is acquired via an external tracking system.
This method is fairly new, with no proven quality comparison
to other control configurations and confidence for a good
quality for multi-degree of freedom prosthesis control. This
solution requires extra steps to go from magnet position to
length change of muscle and transformation of that intent of
movement even for a one degree of freedom solution. For
multi-degree of freedom solution,

Similar to the Implanted Magnets solution, there is the
genetic marking and use of visual read to decipher the
activation of a particular muscle or group of muscle fibers in
order to command a prosthesis [65]. This is a fairly new
technology, with advantages and disadvantages similar to the
Implanted Magnets solution.

The “Biomechatronic EPP” takes advantage of the fact that
the “amplifier” of the neuromuscular system - the muscle and
tendon - is intact for many muscles of the amputated patients.
By integrating the slave robots to these “amplifiers,” we omit
the issues of low signal to noise ratio that IMES, or the
Myokinetic Control Interface might have. The proprioceptive
feedback is inherent in EPP and to Biomechatronic EPP,
therefore we do not have to solve the problem of modeling of
the afferent and efferent signals from neurons like other
methods, like IMES might have. These other alternatives have
to synthetically integrate to the human proprioceptive feedback
system. On contrary, integration to the EPP control
configurations is intuitive and part of the command channel
which also serves as the proprioceptive. Of course, we have
other challenges with the Biomechatronic EPP, such as implant
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size, power and biocompatibility; for which we hope to solve
creatively in the near future.

V. CONCLUSION

The study presented here, reveals the supriority of
“Biommenchatronic EPP” over the “Unconnected” and EMG
control configurations in both terms of Error Rate (p<0.01) and
Throughput (p<0.0I), while its performance proved to be
equivalent to that of “Classic EPP”. The results are encouraging
and lead us to invest more in this control configuration, which
in the future can become the core of many DOFs prosthetic
systems. The proposed EPP control configuration restores the
idea of user proprioception in upper-limb prosthetics. We truly
believe that this is a promising novelty and has the potential to
ameliorate the life of perspective amputees. A physically
implemented miniaturized biocompatible “Biomechatronic
EPP” prototype is our next goal.
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