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Abstract

Background: To effectively replace the human hand, a prosthesis should seamlessly respond to user intentions but
also convey sensory information back to the user. Restoration of sensory feedback is rated highly by the prosthesis
users, and feedback is critical for grasping in able-bodied subjects. Nonetheless, the benefits of feedback in
prosthetics are still debated. The lack of consensus is likely due to the complex nature of sensory feedback during
prosthesis control, so that its effectiveness depends on multiple factors (e.g., task complexity, user learning).

Methods: We evaluated the impact of these factors with a longitudinal assessment in six amputee subjects, using a
clinical setup (socket, embedded control) and a range of tasks (box and blocks, block turn, clothespin and cups
relocation). To provide feedback, we have proposed a novel vibrotactile stimulation scheme capable of transmitting
multiple variables from a multifunction prosthesis. The subjects wore a bracelet with four by two uniformly placed
vibro-tactors providing information on contact, prosthesis state (active function), and grasping force. The subjects
also completed a questionnaire for the subjective evaluation of the feedback.

Results: The tests demonstrated that feedback was beneficial only in the complex tasks (block turn, clothespin and
cups relocation), and that the training had an important, task-dependent impact. In the clothespin relocation and block
turn tasks, training allowed the subjects to establish successful feedforward control, and therefore, the feedback
became redundant. In the cups relocation task, however, the subjects needed some training to learn how to properly
exploit the feedback. The subjective evaluation of the feedback was consistently positive, regardless of the objective
benefits. These results underline the multifaceted nature of closed-loop prosthesis control as, depending on the
context, the same feedback interface can have different impact on performance. Finally, even if the closed-loop control
does not improve the performance, it could be beneficial as it seems to improve the subjective experience.

Conclusions: Therefore, in this study we demonstrate, for the first time, the relevance of an advanced, multi-variable
feedback interface for dexterous, multi-functional prosthesis control in a clinically relevant setting.
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Background
The human hands are an essential and sophisticated in-
strument for stable grasping, dexterous manipulation,
haptic exploration as well as social contact and commu-
nication. These functions are possible thanks to a rich
network of feedforward (motor) and feedback (sensory)
pathways connecting the brain and the hand. Acquired
or congenital loss of the hand has a profound impact on
the life of the affected. To restore the missing functions,
patients are often equipped with myoelectric prostheses,
which aim at replacing the human hand morphologically
and functionally. Such prostheses are controlled by
translating muscle signals, e.g., the contraction of wrist
flexors and extensors, into closing and opening of the
prosthetic hand. This allows intuitive control as the
mapping between the muscles and the resulting move-
ments is preserved as before the amputation. However,
while state-of-the-art (SoA) commercial myoelectric
prostheses do provide control of a dexterous, multi
degrees of freedom (DoF) hand, thereby restoring the
motor function, an effective method to provide sensory
feedback is still missing [1–3].
Prosthesis users explicitly indicate the recovery of sen-

sory capabilities through artificial sensory feedback as an
important priority [4–9]. One survey reported that the
users rated prostheses as functionally most unsatisfying in
the tasks that required high dexterity, and they indicated
the need for explicit feedback during those tasks [9, 10].
Moreover, since sensory input is so instrumental in nor-
mal human motor control [11, 12], it is generally assumed
that meaningful feedback from hand prostheses would
increase their utility [3, 13]. Yet, even after decades of
research (the first feedback system was developed in the
early 1950s [14]), no commercial implementation of artifi-
cial sensory feedback is available.
Over decades, researchers have explored several methods

for providing feedback. The approaches can be invasive and
non-invasive (recently reviewed by Svensson et al. [1]; here,
we focus on the latter). To close the control loop, a pros-
thesis needs to be equipped with proprioceptive (joint an-
gles) and exteroceptive (grasping force) sensors. The sensor
data are read online and translated into stimulation profiles
which are then delivered to the sensory motor structures
available after the amputation. In a non-invasive approach,
the stimulation is applied to the skin of the residual limb
using electrical currents, vibration motors, and force and
torque applicators. In most studies on sensory feedback,
grasping force was the variable transmitted to the user. This
is a reasonable choice, as the grasping force cannot be read-
ily estimated in all cases using vision alone. As demon-
strated before [15, 16], in routine grasping the resulting
force can be estimated from the prosthesis closing velocity.
However, this feedback cannot be used for force modula-
tion once a rigid object has been grasped. In this case, the

force increase is not followed by visually perceivable pros-
thesis movement.. The force magnitude was communicated
to the user via parameter modulation, where the stimula-
tion intensity and/or frequency was proportional to the
measured force, spatial modulation, where each stimulator
within a multichannel interface communicates a specific
force range, or using mixed coding. As shown in [17],
spatial and mixed coding occupy a larger area but allow
easy interpretation of the feedback. In most studies, a single
or at most two variables (grasping force and hand aperture)
have been considered, and this is in marked contrast to
contemporary prosthetic devices that are flexible systems
with multiple functions (e.g., many grasps, active wrist or
elbow function).
Feeding back sensor information to the user of the

prosthesis is therefore relatively straightforward from the
technological point of view. Nonetheless, the results in the
literature on the benefits of feedback have been so far in-
conclusive and sometimes even contradictory. Only studies
that fully blocked the vision and hearing (e.g., the subject
wearing headphones and blindfold) consistently reported
that feedback improved the performance whereas studies
not blocking them showed inconsistent results. However,
this is an expected outcome, as these studies compare the
condition of full sensory deprivation to the condition in
which the artificial stimulation was the only feedback
source. Therefore, the performance with any feedback is
likely to be better than with no feedback at all. When using
a more realistic setup, on the other hand, there is no con-
sensus regarding the benefits of feedback. Some researchers
reported that non-invasive feedback was clearly beneficial
[18–21] but sometimes the improvement was observed
only in experienced users and under certain conditions
[22]. For example, in [23] electrotactile feedback signifi-
cantly improved the force control even in the presence of
abundant visual cues (e.g., compliant object). Similarly, a
longitudinal study [24] reported that amputee subjects were
consistently better in performing a delicate grasping task
across multiple sessions when vibrotactile feedback was
provided. However, and in striking difference to the previ-
ous studies, in some cases [15, 25–28] feedback did not
bring any improvement over vision, even when using a
low-impedance device affording fine force control [26] or
while performing a dual-task drawing the visual attention
away from the prosthesis [29].
We have identified three main factors that have not been

sufficiently considered in the current literature, but that we
deem critical to determine the usefulness of feedback. Our
hypotheses are based on the principles of human motor
control, in which anticipation and learning play a significant
role [30]. As demonstrated in [31] in experiments on able-
bodied subjects, after an initial training the subjects success-
fully scaled the prosthesis grasping forces (economical
grasping) even in the condition of full sensory deprivation.
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We believe that the same factors are operative in an
amputee controlling a prosthesis. First, as demonstrated by
deafferented subjects, simple repetitive tasks can be accom-
plished without feedback [32]. Therefore, we hypothesize
that artificial feedback is objectively useful only in suffi-
ciently complex tasks. Second, able-bodied subjects develop
feedforward control through practice (internal models [33],
sensorimotor memory [30]), and there is an indication that
amputees rely on similar mechanisms [34, 35]. In fact, two
recent studies [36, 37] investigated the mechanisms of
motor adaptation in the context of myoelectric control with
simulated prosthesis dynamics. Hence, we assume that
prosthesis users learn to improve their internal model of
feedforward control over time, using the explicit, supple-
mental feedback they receive, but also the incidental feed-
back of the prosthesis (e.g., motor noise, vibration through
the socket, vision) to complete a given task [13, 15, 24, 38,
39]. We suggest that, consequently, the improvement of
prosthesis control through explicit feedback would decrease
with increasing feedforward proficiency [38]. And third, the
subjective impression of any complex form of feedback
depends on the users’ full understanding of it. Hence, we
argue that artificial feedback with more than one feedback
variable can be perceived as pleasant, useful, and easy to
understand if it is introduced gradually. Accordingly, we de-
signed a longitudinal explorative study with a realistic setup
to address these factors and test our hypotheses.
In summary, this explorative study aims to shed light

onto the role and potential benefit of feedback in real-life
myoelectric prostheses applications. In it, we investigate
how the role and the benefit of feedback depend on the
task complexity, training and learning, and how subjective
experience and understanding of the feedback changes
with its complexity. To this goal we propose a novel vibro-
tactile feedback scheme (VFS) that can transmit multiple
variables to support the control of a multifunction pros-
thesis. We use an array of vibrators and mixed coding
(spatial and intensity modulation) to communicate con-
tact, active function and the level of prosthesis grasping
force using tactile patterns that are clear to perceive. We
demonstrate that the presented system provides functional
benefits that are, however, determined by the context in
which the feedback is used. Additionally, to ensure clinical

relevance of our study, we tested limb-deficient instead of
able-bodied subjects and used a realistic clinical setup, in-
cluding custom made sockets, commercial prosthesis and
embedded myoelectric control. We systematically assessed
objective and subjective performance indicators of a scal-
able VFS for multi-DoF hand prostheses. Finally, the
protocol evaluated the subjects’ control performance lon-
gitudinally (across several sessions), with a battery of func-
tional tasks, and in different conditions. The amount
(complexity) of feedback was increased gradually following
the increase in the task demands.

Methods
Subjects
Six subjects (36 ± 12 yrs.), including five subjects with an
amputation (traumatic) and one subject with congenital
limb absence participated in the study, all with little or no
prior experience with multi-DoF myoelectric prostheses
(see Table 1). The first four subjects were admitted for
treatment (prosthetic fitting) at the Otto Bock Competence
Center, Duderstadt, and recruited to simultaneously partici-
pate in this study. Subjects five and six were recruited exter-
nally for experimental purposes only and therefore were
fitted with provisional sockets. Hence, the first four subjects
were trained and treated by a professional therapist and
sometimes (re)fitted with improved, refined versions of the
prosthetics socket as their treatment progressed. Except for
this difference, the two subject groups went through identi-
cal experimental sessions, supervised by the experimenter.

Experimental setup and feedback coding
The experimental setup consisted of three components
(Fig. 1a): 1) A Michelangelo hand prosthesis with a wrist
rotator [40] and two 13E200 dry EMG electrodes with
integrated amplifiers (Otto Bock Healthcare GmbH,
Vienna, AT) [41], 2) eight C3 Tactors (Engineering Acous-
tics, Inc., Casselberry, Florida, USA) providing vibrotactile
stimulation, integrated in an adjustable rubber band, and 3)
a standard desktop PC with an Intel i5 processor running
Windows 7 OS and MATLAB 2015b (MathWorks, Natick,
US-MA). All experiments were performed in an upright
position in front of a table that could be adjusted vertically
to the height of the standing subject. The prosthesis socket

Table 1 Overview of subjects participating in the experiment

Subject Age Amputation level Cause of amputation Myoelectric prosthesis exp. Multi-DoF prosthesis exp.

1a 37 Unilateral, transhumeral, non-dominant side Traumatic, 2 years ago None None

2a 38 Unilateral, transhumeral, dominant side Traumatic, 2 years ago None None

3a 25 Unilateral, transhumeral, dominant side Traumatic, 2 years ago None None

4a 23 Unilateral, transhumeral, non-dominant side Traumatic, 2 years ago None None

5 57 Unilateral, transradial, non-dominant side Traumatic, 35 years ago Active user, single-DoF Little, < 30 h

6 25 Unilateral, transcarpal, non-dominant side Congenital Some, participated in experiments Little, < 10 h
aSubjects that were simultaneously treated in the Otto Bock Competence Center, Duderstadt
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covered the entire residual limb up to the shoulder in
transhumeral subjects, and there was no space to place the
vibration bracelet ipsilaterally. Therefore, it was positioned
on the contralateral side, slightly below the elbow. As dem-
onstrated in previous studies, it seems that human subjects
can flexibly integrate feedback delivered to different body
locations [20, 42–44].
The internal controller of the Michelangelo prosthesis

provided commercial state-of-the-art two-channel sequen-
tial and proportional myoelectric control, with trigger-based
(i.e., single- or two-channel bursts of EMG activity) switch-
ing between three available functions (DoFs): palmar grip,
lateral grip, and wrist rotation. For four of the six subjects,
the prosthesis was additionally equipped with a passive
elbow, which was locked in 90° of flexion. The state ma-
chine operating the prosthesis, including the trigger type
and the switching order between the DoFs, was configured
for each subject individually, based on his/her preferences,
and the configuration was not changed throughout the
experiment. The prosthesis was instrumented with three
position encoders (thumb, fingers, and wrist) and a single
force transducer positioned at the base of the thumb, meas-
uring the hand aperture, hand rotation and grasping force,
respectively. The embedded prosthesis controller samples
the sensor data and the processed EMG signals at the fre-
quency of 100 Hz. The maximum prosthesis grip force was
70 N in palmar grip.
The eight C3 tactors were used to implement the vibro-

tactile feedback coding scheme (VFS). The host PC re-
ceived the sensor data from the prosthesis and then
translated this information in real time into the predefined
patterns of stimulation (vibrotactile codes) delivered at four

equidistant locations around the subject’s forearm (medial,
lateral, ventral and dorsal side). This was achieved by simul-
taneously activating two tactors at each stimulation location
(medial, lateral, ventral and dorsal tactor pairs). A C3 tactor
has two control inputs that allow modulating the vibration
amplitude and frequency of a tactor, which vibrates perpen-
dicularly to the skin. Since the vibrations are generated
using a mechanical oscillator including an electromagnet
and a spring, the two parameters are not completely inde-
pendent but coupled through a resonant effect. The max-
imum vibration displacement of the tactor is approximately
0.55 mm and the maximum frequency is 320 Hz. To trans-
mit the full state of a multi DOF prosthesis, the VFS inte-
grated multiple feedback variables of which some were
discrete in nature (contact event, DOF switching) and some
continuous (grasping force). The VFS was designed to be
modular, allowing for arbitrary combinations of activation
patterns. The feedback communicated the following infor-
mation to the subjects: ‘Touch’ events, ‘DoF-switching’
events, and the prosthesis force (Fig. 1b). The vibration fre-
quency was fixed at 180 Hz, which was a tradeoff between
the optimal stimulation frequency of Pacinian corpuscles in
the skin (250 Hz) [45] and the noise that the tactors pro-
duce while vibrating (a well-known drawback of voice coil
vibration motors). The feedback information was transmit-
ted using vibration bursts delivered at different locations
and using different amplitudes (i.e., mixed spatial and amp-
litude coding), as explained below. The ‘Touch’ was de-
tected when the prosthesis grasping force crossed the
threshold of 3% of maximum force (rising edge), and this
was indicated to the user by delivering a single 250-ms long
vibration burst at 50% of the maximum amplitude at all

Fig. 1 The placement (a) and coding (b) of the vibrotactile feedback coding scheme (VFS). The touch, DoF switching and grasping force (blue
annotations) are coded into stimulation patterns (red annotations) presented on the contralateral side. The tactors can be active at a specified
vibration intensity (light red – low intensity, dark red – high intensity) or inactive (white). Activation pattern (red pulses) can be either two short
bursts, one burst, or a single prolonged burst. The information was coded using vibration bursts of different duration, location and amplitude
(see text for explanation). Abbreviations: BD (burst duration) – the duration of a vibration burst
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four stimulation sites simultaneously. The importance of
feedback on contact and release events for grasp control in
able-bodied humans is well established [30] and it has been
also demonstrated in prosthesis grasping in two recent
studies [46, 47]. In the present study, however, the contact
was coded differently (multiple vibrators, different burst
duration) and the release has not been included (as the
functional significance is unclear). The ‘DoF-Switch’ feed-
back comprised three discrete events, namely, switching
into the lateral or palmar grasp and switching from grasp-
ing to wrist rotation control. These events were encoded by
two short vibration bursts (two times 200 ms, with 100 ms
of no vibration in between) at the maximal amplitude
delivered through different tactor pairs, depending on the
selected function: ventral and medial tactor pairs were acti-
vated to denote switching into lateral and palmar grasps,
respectively, and the activation of all four pairs indicated
the switch into rotation. The ‘Force’ feedback communi-
cated five ranges of the grasping force. The first range was
communicated by the aforementioned ‘Touch’ event. When
the subject felt only the ‘Touch’ feedback, he/she knew that
the grasping force was between 3 and 10%. The remaining
ranges were represented using a combination of spatial and
amplitude coding. To indicate that the grasping force was
is in the ranges 11–24%, 25–39%, 40–59% and ≥ 60% of the
maximum force, the tactor pairs were activated sequentially
from ventral to medial side (ventral, lateral, dorsal and
medial tactor pair, respectively) and the vibration amplitude
was simultaneously increased (55%, 70%, 85% and 100%, re-
spectively). The subjects could therefore rely on two cues
to recognize the force range, the position of the activated
tactor as well as the amplitude of vibrations. In order to
prevent habituation [48], the force range was communi-
cated as a single 1500-ms long vibration burst. The burst
was delivered only if EMG activity was detected, indicating
that the subject intended to operate the prosthesis, or if the
force level had changed. It should be noted that if the
generated grip force would rise abruptly above 10% then,
consequently, the ‘Touch’ feedback would be circumvented
and only the current force level would be communicated
back to the user.
The host PC served as integration unit for data acquisi-

tion, processing, and recording. It ran MATLAB 2015b
with a custom-built Simulink model that executed in hard-
ware real time and used the custom-developed Closed-
Loop Framework Toolbox [49] in order to acquire the data
from the prosthesis and control the feedback. The pros-
thesis was controlled using a commercial real-time control-
ler embedded into the socket. The prosthesis sensor data
were transmitted to the PC wirelessly via the Otto Bock
proprietary Bluetooth (BT) interface, while the commands
to the C3 tactors were sent from the PC using a wired USB
connection. The overall control loop operated at 100 Hz,
with the BT communication delay of approximately 80 ms.

Experimental tasks and outcome measures
Four experimental tasks were used for evaluation of the sub-
jects’ control performance. The Box and Blocks Task (BOX,
see Fig. 2a) is a well-established method for testing the man-
ual dexterity of human subjects [50]. The test setup consists
of a wooden box (53.7 cm by 25.4 cm) with a partition in the
middle. The subjects were instructed to transfer as many
wooden blocks (2.5 × 2.5 × 2.5 cm3) as they could from one
side of the partition to the other in 1 min, and this was
counted as one run of the task. During the BOX, the
subjects needed to control only opening and closing of the
prosthesis in palmar grip, without activating other functions.
If they accidentally generated a trigger and switched the
function, they were instructed to switch back to the palmar
grasp and continue the test. During this task, the subjects
received the ‘Touch’ feedback. In contrast to the other three
tests, the time was not paused if the user dropped a block
during the transfer. The number of successfully transferred
blocks and the number of dropped blocks (called “retries” in
the following for consistency) were used as primary and
secondary outcome measures, respectively.
The Cups Relocation Task (CUP, see Fig. 2b) was inspired

by the tasks that are commonly used for training the sub-
ject to use a new prosthesis in the Otto Bock Competence
Center. It tests the ability of amputees to handle fragile ob-
jects, in this case plastic cups. A total of 11 plastic cups
were stacked and placed bottom-up on the table in front of
the subject. To prevent movements of the stack along the
table surface, the bottom-most cup was glued to the table.
The subjects were instructed to take one plastic cup after
another from a location ipsilateral to the amputation side
and restack them again at the marked point located 30 cm
towards the contralateral side. During the CUP, the users
received ‘Touch’ as well as ‘Force’ feedback. The CUP
demanded fine control of grasping, because the subjects
were required to lift a single cup from the stack, which was
possible only by producing small enough forces (< 3 N). To
successfully accomplish the task, the subjects were sup-
posed to close the hand so that they felt the ‘Touch’ stimula-
tion only, indicating that the grasping force was within the
first force range. If the feedback indicated the second or a
higher force range, the subject knew that the exerted force
was too high. If a cup was dropped during manipulation
(force too low) and/or the subjects grasped multiple cups at
the same time (force too high), the trial was unsuccessful
and the time was paused until the cup(s) was returned to
its initial position (hereafter called “retry”). The total time
needed to transfer 10 cups (equaling one run; the 11th cup
was glued to the table) and the number of retries were pri-
mary and secondary outcome measures, respectively.
The Block Turn Task (TURN, see Fig. 2c) was first de-

scribed in [51] to assess the dexterity of control in transra-
dial amputees. In the present study, the test was adjusted
for transhumeral amputees. The test evaluates the subjects’
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Fig. 2 Overview of the experimental tasks and the corresponding feedback information communicated to the users (annotations on the right).
The tasks are sorted in the order of increasing complexity, which was also how they were introduced to the subjects during the multisession
experimental protocol (see section 2.4). (A) Standardized Box and Blocks Task (BOX), where the task was to transfer as many blocks as possible in
60 s from left (A1) to right (A2) compartment; (B) Cups Relocation Task (CUP) where the subjects needed to lift and pick up, one by one, 10 cups
from the ipsilateral stack (B1) and transfer them, without dropping, to the contralateral stack (B2); (C) Block Turn Task (TURN) where the subjects
needed to perform a set of dexterous actions (C2) manipulating the wooden block; and (D) Clothespin Relocation Task (PIN), containing
“breakable” clothespins that lit up (D2) when the force exerted on them was excessive. The subjects’ task was to remove each of the four
differently colored clothespins from the horizontal bar and place them on the vertical bar without “breaking” or dropping them (D1)
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ability to switch between DoFs while manipulating a solid
object. One run of the task comprised the following se-
quence of actions: grasping an upright standing wooden
block (size 3 × 5 × 15 cm3) using a lateral grip, pronating
the wrist by 90°, releasing the block by opening the hand,
grasping it anew using a palmar grip, supinating the wrist
(90°) to bring the block back to its original position and
placing it upright on the table. Since the task requires
reliable grasping as well as switching through all available
DoFs, the users were provided with the full feedback
including ‘Touch’, ‘DoF-Switch’, and ‘Force’ information. If
the block was dropped during manipulation or a wrong
grasp was used, the trial was unsuccessful (“retry”) and the
time was paused until the block was returned into the
position corresponding to the end of the previous
(successfully) completed action. The total time needed to
finish the full sequence of actions (single run) and the
number of retries during the run were used as primary and
secondary outcome measures, respectively.
The Clothespin Relocation Task (PIN, see Fig. 2d) is an

established method for evaluating the subjects’ ability to
dexterously manipulate an object while maintaining a stable
grasp. The task, first described in [52], includes relocating
five plastic pins with different spring resistances from a
horizontal to a vertical bar. The subjects therefore needed
to take each pin using palmar grasp, supinate that arm (90°)
, release the pin by opening the prosthesis, and then pro-
nate back to take the next pin. In principle, the subjects
could grasp each of the pins using maximum force. To
avoid this and require that the subjects control the grasping
force, we equipped each pin with a switch and a small LED.
If the subjects produced an excessive force during grasping,
the pin opened too much, closing the switch and activating
the LED (see Figure 2D2) [53]. An activated LED simulated
the breaking of the clothespin and forced the subjects to re-
peat the grasp. Therefore, to successfully complete the re-
location, the users needed to apply the right amount of
force to open the clothespin enough so that it can be re-
moved from the rack, while avoiding excessive force that
would trigger the simulated breaking (see Table 2). Since
this task required not only dexterous object manipulation
but also fine regulation of force, the subjects received the

full feedback (i.e., ‘Touch’, ‘DoF-Switch’, and ‘Force’). If during
transfer the clothespin was dropped or broken or a wrong
grasp was used, the trial was unsuccessful (“retry”) and the
time was paused until the clothespin was returned to its
initial position. One run of the task comprised relocating
four pins of different colors (i.e., spring stiffness and break-
ing force). The total time that the subjects needed to trans-
fer all four clothespins and the number of retries within the
run were taken as the primary and secondary outcome
measures, respectively.
In summary, the two outcome measures characterizing

each run in each task were 1) the run completion time in
TURN, CUP and PIN or the number of transferred blocks
in BOX, as the primary outcome measure, and 2) the
number of retries per run, as the secondary outcome
measure. Importantly, the primary and the secondary
measures were not fully independent. Although the time
was paused when the subjects made an error, the run
completion time still included the time from the begin-
ning of the run/action until the error had been made, e.g.,
from reaching to grasp a clothespin to dropping or “break-
ing” the object. Therefore, the primary measure was used
to assess performance, whereas the secondary measure
was employed as an additional check. Specifically, it was
deemed that the performance improved only if a subject
decreased the run completion time without simultan-
eously increasing the number of retries. On the contrary,
a significant decrease in completion time with an increase
in the number of retries was not considered as an im-
provement in performance.
As previously stated, the amount of feedback was ad-

justed to the demands of the experimental task. This
was done to avoid providing feedback irrelevant for the
task execution and, more importantly, to gradually intro-
duce the subject to the tactile feedback.

Experimental protocol
The total length of the experiment was around 1.5 weeks
(Fig. 3). Upon admission to the study, the subjects were pre-
sented with an entry questionnaire (Additional file 1: Ap-
pendix I) that inquired about relevant personal data as well
as the information on prosthesis-usage. After completing
the entry questionnaire, the subjects performed a set of ex-
perimental tasks that were introduced in the order of in-
creasing complexity (see Section 2.2): first Box and Blocks
(BOX), then Cups Relocation (CUP) and Block Turn
(TURN), and finally Clothespin Relocation (PIN). The ex-
periment comprised several sessions (days) which com-
prised one or more blocks. Each block was dedicated to
performing a single task, and the task was never repeated in
a single experimental session. In each block, a single experi-
mental task was performed in two conditions, with and
without the supplemental feedback (FB and NFB). The tasks
were scheduled so that each subject performed every task in

Table 2 Summary of minimal and maximal forces/aperturesa

allowed for clothespins used in the PIN test

Pin color Min
aperture
[%]

Max
aperture
[%]

Aperture
window
size [%]

Min
force
[%]

Max
force
[%]

Force
window
size [%]

Yellow 33 71 38 7 15 8

Red 33 66 33 13 23 10

Green 33 57 24 23 32 9

Black 33 57 24 35 43 8
aThe values are relative to the prosthesis’ maximal grip force (70 N) and the
clothespins’ maximal aperture (3.2 cm)
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at least two sessions. For example, in the first and second
session, subject 2 performed one block of the BOX and in
the third and fourth session, one block of the TURN. In the
fifth session, subject 2 was tested in the PIN. In the sixth
session, subject 2 performed one block of the TURN and
the CUP, and in the seventh session one block of the CUP
and the PIN. For comparison, subject 1 managed to per-
form one block of the TURN, CUP and PIN, all in a single
(sixth) session. Such flexible organization of the experiment
across days as well as within each session was necessary as
the subjects had very different time constraints and abilities.
In general, the subjects’ confidence increased over time and
they could therefore perform more blocks per day. With
the introduction of each new task, the subjects needed to
control additional prosthesis functions (e.g., opening/closing
in the BOX, opening/closing and wrist rotation in the
TURN) and, to support this, the feedback provided more
information (e.g., touch in the BOX, touch and active DoF
in the TURN), as explained above (Fig. 1). Whenever new
information was introduced in the feedback, the subjects re-
ceived a brief training to recognize and interpret the novel
coding. They played a 5-min long guessing game, which
helped them to intuitively connect different stimulation pat-
terns to specific prosthesis functions. The experimenter ac-
tivated the feedback to deliver the information (e.g., a force
level), and the subjects were asked to report verbally the
meaning of the stimulation. After that, the experimenter
would provide a correct answer (reinforced learning). This
was done until the subjects could recognize the stimulation

successfully several times in a row for each novel code. The
novel feedback was trained using the guessing game only
once, when a novel task in which that feedback was used
was introduced for the first time.
The order of the conditions (FB, NFB) was random-

ized. Within each condition, a task was performed for a
minimum of two and a maximum of six times (runs),
depending on the subject’s individual performance and
physical condition. The number of runs in each condi-
tion (FB, NFB) was identical. Once a condition was com-
pleted, the subject was presented with the extended,
custom-modified NASA task-load index (TLX) question-
naire [54] (Additional file 2: Appendix II). In addition to
the standard NASA-TLX questions, which assess the
physical and mental task load on the subject, our modi-
fied version included questions regarding the benefit,
comprehension, intelligibility, and sensation of the feed-
back (in FB condition only) as well as one question re-
garding the perceived prosthesis embodiment during the
task execution. The experimental protocol was finished
once a subject had performed each of the four experi-
mental tasks in at least two sessions. If there was enough
time and the subject was willing, the session was contin-
ued and additional blocks (with different tasks) were
performed. Normally, the subjects would perform 2–3
blocks of each task. At the end of the experimental
protocol, the subjects were presented with a final ques-
tionnaire that evaluated their overall impression about
the feedback (Additional file 1: Appendix I).

Fig. 3 Overview of the experimental protocol. After filling in the entry questionnaire, the subjects started the experimental protocol that spanned
several days (sessions), where each session included one or multiple experimental tasks performed with (FB) and without (NFB) supplemental
feedback. After each condition, the subjects filled in the questionnaires. The protocol was finished once the subject performed each experimental task
in at least two sessions. The last step in the study was to fill in the final questionnaire. (* denotes that the starting condition [FB/NFB] was randomized)
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The following outcome measures were used: 1) Two
objective measures obtained in each run, reflecting the
subject’s performance; 2) perceived workload, embodi-
ment, and VFS performance (only in FB condition),
measured subjectively once per condition in a respective
session. Additionally, the subjects’ overall impressions
about the VFS and feedback in general were evaluated in
the final questionnaire that was presented to the subjects
at the very end of the experimental protocol.

Data analysis
The aim of the data analysis was to assess the influence
of feedback on the task performance at the beginning (i.
e., first session in which the task was performed) and the
end of the experimental protocol (i.e., last session in
which the task was performed). Depending on the sub-
ject, the last session was either the second or the third
in the series (see Table 3).
For a given experimental task, the overall mean of the ob-

jective performance measures (completion time, retries)
were calculated and presented for each subject individually
by averaging the values of all runs that were performed
within the same session (first and last) and condition (FB
and NFB). The outcomes were then statistically compared
between conditions separately for each task and session.
Since the questionnaires were presented once per con-

dition, the subjective outcome measures were obtained
by computing the average, subject-wise, across sessions
and then pooling across tasks. The resulting data were
statistically compared between the two conditions (FB
and NFB). Finally, Questions 3–5 from the final ques-
tionnaire (Additional file 1: Appendix I), which assessed
the subjective impression about the usefulness of ‘Touch’,
‘Force’, and ‘DoF-Switch’ feedback, respectively, were sta-
tistically compared to each other.
The data analysis was performed using MATLAB 2015b

(MathWorks, Natick, US-MA) and since the data did not
pass the normality test (Lilliefors test), the results are re-
ported as median [inter-quartile range (IQR)]. The Wilcoxon
signed-rank test was used for the comparisons between con-
ditions (FB vs. NFB). A p-value of 0.05 was selected as the
threshold for statistical significance. The scores for questions
3–5 from the final questionnaire were compared using the
Friedman’s test.

Results
In total, 67 blocks with an average of 3.5 ± 1.0 runs per
block were recorded (Table 3). An equal number of data
was collected for the two conditions (FB and NFB).
The results for the objective performance measures

are shown in Fig. 4, for each subject individually. The
time to complete the task (primary measure) was signifi-
cantly lower in the FB condition compared to NFB con-
dition in the first session for Block Turn (TURN, 9 s
faster, p = 0.031) and Clothespin Relocation Task (PIN,
33 s faster, p = 0.031) as well as in the last session for
Cups Relocation Task (CUP, 9 s faster, p = 0.031). At the
same time, in all these cases, the run completion time
decreased without a significant increase in the number
of retries, i.e., there was no significant difference in re-
tries between FB and NFB and, in fact, the retries de-
creased in most cases. Therefore, when the feedback was
provided, the subjects improved their performance in
the first session of the TURN and PIN tasks and in the
last session of the CUP task. In these cases, the subjects
were faster in performing the task when the feedback
was provided. The only task that did not show benefit
from the supplemental feedback was the BOX.
Figure 5a shows the overall subjective outcome meas-

ure, i.e., the questionnaire results, for both conditions.
The subjects rated the feedback as comprehensible,
pleasant, and beneficial, as reflected by the overall high
median rating (> 80%) of the respective questions. Add-
itionally, they rated the attention required to properly
feel and interpret the feedback as rather low (median of
~ 5%). The additional attention demand, however, still
contributed to the perceived overall workload that in-
creased slightly but significantly from 24% in the NFB to
32% in the FB condition (p = 0.023). Finally, the subjects
reported significantly higher scores for the overall feeling
of prosthesis embodiment with feedback compared to
no feedback (49% in NFB vs. 68% in FB, p < 0.001). In
summary, the subjects perceived the feedback as com-
prehensible and useful. While it marginally increased the
perceived workload, the overall sensation of prosthesis
embodiment strongly increased. However, the results for
some measures, especially perceived benefit and embodi-
ment, exhibited a large dispersion and were subject- and
task-specific.

Table 3 Summary of subject participation in the experimental protocol. All subjects except for the first two, participated in three
sessions in each of the experimental tasks

Task Total number of blocks / average number of runs per block and condition

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6

Box and Blocks 2/2.5 2/3 3/4.5 3/2.5 3/3.5 3/3.5

Cups Relocation 2/3 2/3 3/6 3/2 3/3.5 3/3.5

Block Turn 3/4 3/3 3/6.5 3/3 3/3.5 3/3

Clothespin Relocation 3/4 2/3 3/3 3/2 3/3 3/3
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The results from the final questionnaire (Additional file 1:
Appendix I) are depicted in Fig. 5B. The subjects consist-
ently expressed that the feedback in general (Q1 = 73%) as
well as the specific coding scheme that they had tested in
the present study (Q2 = 80%) would be beneficial in daily
life. They valued all feedback variables (‘Touch’, ‘Force’, ‘DoF-
Switch’) similarly (no significant difference) with an overall
average median of ~ 85%.

Discussion
To investigate the impact of task complexity and subject
training on the role and the benefits of feedback, we have
performed a longitudinal experiment using multi-
functional prosthesis, advanced feedback scheme (VFS) and
amputee subjects performing functionally relevant tasks.
The evaluation addressed both objective (time or score,
error rate) and subjective performance indicators at the be-
ginning and end of task training (first and last experimental
session with each task) and in two conditions (FB and
NFB). Therefore, the study provides a comprehensive,

multi-layered insight into different aspects of closed-loop
prosthesis control with practical implications about the
relevance of feedback across different tasks.
Our principal findings can be summarized in the follow-

ing: 1) The benefit of the feedback depends on the task
complexity. Only demanding tasks will profit from the
feedback; the performance in simple tasks will remain un-
affected as they can be accomplished by relying on inci-
dental feedback sources (e.g., vision, sound). 2) The user
experience has critical but complex impact on the useful-
ness of feedback. As the user becomes more acquainted
with the task he/she might be able to improve his feed-
forward control to such an extent that the feedback be-
comes redundant. In some tasks, however, an opposite
trend is possible, where only after the users learned how
to properly utilize the myoelectric control, they were able
to benefit from the feedback. 3) Users consistently experi-
enced the feedback as useful, comfortable and pleasant
and they considered that it would help them in their daily
life. The present study therefore demonstrated the clinical

Fig. 4 Individual subject results for the average run completion time/score (primary outcome) and the average number of retries per run
(secondary outcome) across different experimental tasks, conditions (NFB/FB) and sessions. Please note that the conditions were not presented in
the order shown here (NFB, FB) but randomized. Subjects are displayed in different colors. A star denotes the statistically significant differences
(*, p < 0.05). Abbreviations: NFB – no supplemental feedback; FB – with supplemental feedback

Markovic et al. Journal of NeuroEngineering and Rehabilitation  (2018) 15:28 Page 10 of 15



advantages of the novel vibrotactile scheme designed for a
multifunction prosthesis, revealing however that this im-
pact is not consistent but depends on the context (training
and task).

Feedback interface
The developed vibrotactile feedback coding scheme (VFS)
presents a novel and original approach for closing the loop
in the context of a multi-DoF (3 DoFs) prosthesis control.
To the best of our knowledge, this is the first feedback
interface that was clinically evaluated in a series of func-
tional tasks (BOX, CUP, TURN and PIN). Previous studies
focused on the methods for feeding back a single variable,
most often grasping force [3], and the assessment was typ-
ically conducted using simple prosthesis (a single DoF
gripper). There are studies in which force and aperture
were provided as feedback to control a single gripper and
estimate stiffness. However, state of the art prosthetic sys-
tems integrate multiple functions. In a recent study [55],
the electrotactile feedback was used to communicate
flexion angles in the fingers of a dexterous robotic hand,
but the assessment did not include functional tests with
the hand mounted on the subject. The VFS in the present
study introduces a novel feedback variable, e.g., an active
state of the prosthesis to support DoF switching, and it is
therefore suitable for use with a contemporary multi-DoF
systems. The information transmission relies on the mixed

coding which is easy to interpret, as demonstrated in our
previous work [17]. Furthermore, the VFS provides 5-level
force feedback which allows for fine object manipulation
as demonstrated in the PIN and CUP tasks.

The role and benefit of feedback
Feedback and task complexity
The results demonstrated that the benefit of feedback in
the subjects naïve to the task (first session) depended on
the type of task performed. The feedback improved per-
formance in the first session of PIN and TURN but had no
effect in BOX and CUP. The BOX is a simple task where
the subjects controlled hand closing and opening. They
could easily inspect visually if the prosthesis had grasped
the object and, since the goal was to transport as many
blocks as possible within the given time, they closed the
prosthesis as fast as possible by strongly contracting the
muscles. Since the prosthesis force is directly proportional
to the muscle contraction, they generated firm, stable
grasps easily, and the feedback information (‘Touch’ event)
was redundant (< 1 drop per run, Figure 4A2). Contrary to
BOX, the TURN task required dexterity and skill in order
to be executed fast and with minimal errors, as the subject
needed to switch through the prosthesis DoFs several times
in each run (3 DoFs, at least 5 switches per run). Without
feedback (NFB condition in the first session), the subjects
were unsure if they were in the correct DoF, and they were

Fig. 5 Summary of subjective ratings. The condition questionnaire (a) addressed the subjective impression of the feedback (sensation pleasantness,
comprehension, benefit, and attentional demand, first four items) as well as the overall task workload (NASA TLX), and the prosthesis embodiment
across different conditions (NFB/FB, last two items). The final questionnaire (b) summarizes the overall impression about the potential daily benefit of
feedback in general, the present feedback coding scheme, and its different feedback variables (‘Touch’, ‘Force’, ‘DoF-Switch’). Boxplots depict the median
(circle), interquartile range (box), maximal/minimal values (line) and outliers (+). Stars denote statistically significant differences (*, p < 0.05).
Abbreviations: VFS – vibrotactile feedback coding scheme, NFB – without supplemental feedback; FB – with supplemental feedback
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therefore cautious in handling the wooden block, thereby
increasing the overall run time (Figure 4C1). As the feed-
back directly assisted the DoF switching, the subjects im-
proved the performance. Finally, in the PIN task, the users
had to perform less complicated switching between the
DoFs (2 DoFs, at least 12 switches per run) but they needed
to control the force, in order not to break the pin. Again,
this resulted in a rather careful approach in the NFB condi-
tion of the first session, which increased the overall task
execution time. Therefore, the benefit of feedback was
expressed in the more complex tasks that required more
challenging prosthesis control (PIN and TURN vs. BOX).
In [31], the feedback did not provide any benefit in a simple
task (grasping a light and heavy object), even when the sub-
jects performed the task in the condition of full sensory
deprivation.

Relevance of feedback as a function of subject’s skill
Since the feedback was provided in each session, it is pos-
sible that subjects used feedback to learn the task, and
then used the acquired skills even when they didn’t have
the feedback anymore. On the other hand, it is equally
possible that they learned the tasks simply through re-
peated practice (with and without feedback). Due to the
study design, it is not possible to decouple these two ef-
fects from the current results. Nevertheless, this study
points out to some interesting conclusions concerning the
relevance of feedback as a function of the overall user ex-
perience. On this discussion point, the way in which the
subjects learned (i.e., training with feedback and/or re-
peated practice) is not relevant since the focus is on the
relation between performance with feedback and prior
subject skills. In CUP, the feedback became beneficial with
training (last vs. first session), whereas the trend was op-
posite for TURN and PIN. In BOX, the training had no
impact on the benefit of feedback. With training, the sub-
jects could generate the small force levels (< 3 N) better,
which was necessary to handle delicate objects (plastic
cups) in CUP. Once they improved force control, they
could also better exploit the feedback. This demonstrates
that the feedback cannot be beneficial if the control is not
sufficiently accurate. In a recent longitudinal study [24],
the amputee subjects used a prosthesis equipped with
contact feedback to perform a delicate grasping task,
which is a similar context as in the present study with
CUP. This previous study reported a similar trend as the
present study, with the subjects improving the perform-
ance across sessions with feedback.
An opposite trend in the tasks PIN and TURN demon-

strated that the feedback can become redundant with train-
ing. Initially, the subjects were naïve to the task as well as
prosthesis control. The tasks were therefore challenging, and
the additional information provided by the feedback was use-
ful for control. With training, the subjects learned the task

requirements and mastered the prosthesis control. For
example, in TURN, they became confident in generating
triggers and learned the order of the DoFs during DoF-
switching. Furthermore, they might have learned how to ex-
ploit implicit feedback sources such as the distinct motor
noise or vibrations through the socket, as well as visual cues,
e.g., the clothespin aperture which was proportional to the
applied force in PIN. All this provided the subjects with
enough information, making the feedback redundant, and
thereby, in the last session, they could complete the tasks
with and without the feedback with similar performance. In
a recent longitudinal study [38], the subjects trained to pro-
duce multiple levels of grasping force across sessions. The
electrotactile feedback was beneficial, but the differences in
the quality of open and closed-loop control (feedback vs. no
feedback) decreased as the training progressed. Finally, the
BOX is a task whose inherent characteristics – simple con-
trol (open/close) and lack of constraints (robust blocks, no
breaking) – deemed the feedback redundant by default, and
therefore the training did not bring any change in the
utilization and benefit of feedback.

Subjective evaluation of feedback
Overall, subjects perceived feedback as useful, pleasant and
easy to understand (Fig. 5a). Even though the additional at-
tentional load of the VFS was rated as low, the overall task
workload slightly increased in the FB condition. Importantly,
this increase in workload had no negative effect on any of
the objective performance measures. An interesting outcome
is that the subjects consistently rated the prosthesis embodi-
ment substantially greater in the FB than in the NFB condi-
tion. This occurred even if the feedback was not modality
matched and despite being placed on the contralateral side
due to technical constraints in this study. This observation
may be due to the association between the feeling of pros-
thesis embodiment and perceived functionality. If the pros-
thesis did not react as the subject expected and intended,
which happened more often in the NFB condition, the frus-
tration level might increase, which might then negatively in-
fluence the feeling of embodiment. On the other hand, as
embodiment was evaluated using a single question only (no
control questions), the current results, even though they are
in agreement with other recent evidence [56], remain to be
confirmed in an additional study assessing detailed physio-
logical data. This study could further shed light on the ques-
tion whether integrating the feedback into the socket would
further increase its usefulness and embodiment.
Future research should investigate the interaction be-

tween task learning and feedback and explore how each
of the feedback variables (e.g., ‘Touch’, ‘Force’, ‘DoF-switch’)
contributes to the overall task performance. The subject-
ive relevance of different feedback variables that were
delivered simultaneously during prosthesis grasping was
investigated in a recent study [53].
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In summary, the present study demonstrates that the
role and benefit of feedback is indeed a complex, multi-
faceted issue, which depends on the interaction between
many factors. These need to be considered when investi-
gating and designing effective feedback in prosthetics.
During simple tasks, the users are not likely to profit
from feedback since these are easily manageable by rely-
ing on implicit feedback sources and feedforward con-
trol. In complex tasks, in contrast, users can profit from
supplemental feedback, but the extent might be limited
by the users’ experience. The more experienced the
users are in the task, the less they will need the add-
itional feedback. However, in some tasks, users might
benefit from the feedback only after a period of adapta-
tion during which they improve prosthesis control and
learn how to exploit the feedback. Interestingly, the ex-
perienced 1-DoF myoelectric user (Subject 5) and the
congenital amputee (Subject 6) expressed similar trends
across sessions and conditions as the naïve transhumeral
amputees (Subjects 1–4) enrolled in the Otto Bock fit-
ting program. In general, the subjective user impressions
surpassed the objective benefits. The users rated posi-
tively almost any explicit feedback that they received,
and they were motivated to learn even relatively com-
plex feedback coding schemes (e.g., ‘DoF-Switch’, ‘Force’)
if these were introduced gradually and appeared to be
relevant for prosthesis operation. A similar result was re-
ported in [25], where the users indicated that they expe-
rienced feedback as useful although there was no
objective improvement in grasping performance. These
results affirm that there is the need for shifting the de-
velopment focus from simple, force-driven to complex,
multi-functional feedback systems, which acknowledge
that modern prostheses are dexterous devices.

Conclusions
This study presents, for the first time, a non-invasive feed-
back coding scheme for multi-functional, dexterous pros-
theses. We measured objective and subjective benefits of
the VFS in six upper-limb impaired subjects over several
sessions. Objective benefit was measured with four func-
tional tasks with increasing complexity, subjective benefit
and load was measured with a modified NASA TLX after
each task and a final questionnaire at the end of the study.
The results showed that our multi-functional feedback
was objectively useful in complex tasks, and subjectively
useful in all tasks, regardless of the objective benefits.
Overall, the present study provides an important insight

into the role and usefulness of feedback in the context of
upper-limb prosthesis control. Moreover, it also presents
an effective, multi-functional coding scheme on a small
number of vibrotactile motors (four effectively), which
makes it an ideal solution to be used in advanced dexter-
ous prosthetic devices.

Additional files

Additional file 1: Appendix I. Entry and Final questionnaire. (DOCX 19 kb)

Additional file 2: Appendix II. The extended NASA-TLX questionnaire.
(DOCX 22 kb)

Abbreviations
BD: Burst Duration; BOX: Box and Blocks Task; BT: Bluetooth; CUP: Cups
Relocation Task; DoF: Degrees of Freedom; EMG: Electromyography;
FB: Feedback; NFB: No Feedback; PIN: Clothespin Relocation Task; SoA: State-
of-the-Art; TLX: NASA Task Load Index; TURN: Block Turn Task;
VFS: Vibrotactile Feedback Scheme

Acknowledgments
We would like to thank all of our participants and the team at the Otto Bock
Competence Center.

Funding
We acknowledge financial support by the German Ministry for Education
and Research (BMBF) under the project INOPRO and the European
Commission under the MYOSENS (FP7-PEOPLE-2011-IAPP-286208) project.

Availability of data and materials
The dataset(s) supporting the conclusions of this article is (are) available in the
OneDrive repository, https://1drv.ms/f/s!AuMC564EoBREk59N-gWihFtlzsc6Tg.

Authors’ contributions
MM, MS, LE, DF, and SD defined the study protocol with input from DW.
MM, MS. DW recruited the participants. MM, MS, LE, and SD developed the
system. MM, MS, LE, TB, and DW performed the experiments. MM, MS, LE, TB,
and SD analyzed the data. MM, MS, LE, DF, and SD wrote the manuscript. All
authors read the manuscript, gave input, and approved of the final version.

Ethics approval and consent to participate
This study was approved by the Ethics committee of the University of
Göttingen (04/2016). All experiments were conducted in accordance with
the declaration of Helsinki, and all participants provided written informed
consent prior to participation in the experiments.

Consent for publication
We obtained written informed consent for publication from all the study
participants.

Competing interests
DW works for the Otto Bock HealthCare GmbH, Germany. However, there are
no competing interests concerned with the company.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department for Trauma Surgery, Orthopedics and Plastic Surgery, University
Medical Center Göttingen, Von-Siebold-Str. 3, 37075 Göttingen, Germany.
2Faculty of Life Sciences, University of Applied Sciences (HAW), Ulmenliet 20,
21033 Hamburg, Germany. 3Biorobotics Institute, Scuola Superiore Sant’Anna,
Viale R. Piaggio, 34, 56025 Pontedera (PI), Italy. 4Georg-August University,
37075 Göttingen, Germany. 5Otto Bock Competence Center, Otto Bock
HealthCare GmbH, 37115 Duderstadt, Germany. 6Department of
Bioengineering, Imperial College London, SW7 2AZ, London, UK. 7The Faculty
of Medicine, Department of Health Science and Technology Center for
Sensory-Motor Interaction, Aalborg University, Aalborg, Denmark.

Received: 4 October 2017 Accepted: 22 February 2018

References
1. Svensson P, Wijk U, Björkman A, Antfolk C. A review of invasive and non-

invasive sensory feedback in upper limb prostheses. Expert Rev. Med.

Markovic et al. Journal of NeuroEngineering and Rehabilitation  (2018) 15:28 Page 13 of 15

https://doi.org/10.1186/s12984-018-0371-1
https://doi.org/10.1186/s12984-018-0371-1
https://1drv.ms/f/s!AuMC564EoBREk59N-gWihFtlzsc6Tg


Devices [Internet]. Taylor & Francis; 2017;14. Available from: https://www.
tandfonline.com/doi/full/10.1080/17434440.2017.1332989

2. Farina D, Amsüss S. Reflections on the present and future of upper limb
prostheses. Expert Rev Med Devices [Internet]. 2016;13:321–4. Available
from: http://www.tandfonline.com/doi/full/10.1586/17434440.2016.1159511

3. Antfolk C, D’Alonzo M, Rosén B, Lundborg G, Sebelius F, Cipriani C. Sensory
feedback in upper limb prosthetics. Expert rev med Devices [internet]. 2013;
10:45–54. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23278223

4. Schmidl H. The importance of information feedback in prostheses for the
upper limbs. Prosthetics Orthot Int. 1977;1:21–4.

5. Castellini C, Artemiadis P, Wininger M, Ajoudani A, Alimusaj M, Bicchi A, et al.
Proceedings of the first workshop on peripheral machine interfaces: going
beyond traditional surface electromyography. Front Neurorobot. 2014;8:1–17.

6. Biddiss EA, Beaton D, Chau TT. Consumer design priorities for upper limb
prosthetics. Disabil Rehabil Assist Technol [Internet]. Taylor & Francis; 2007;2:
346–357. Available from: http://www.tandfonline.com/doi/abs/10.1080/
17483100701714733

7. Pylatiuk C, Schulz S, Döderlein L. Results of an Internet survey of myoelectric
prosthetic hand users. Prosthet. Orthot. Int. [Internet]. 2007; 31:362–370.
Available from: papers3://publication/doi/https://doi.org/10.1080/
03093640601061265

8. Peerdeman B, Boere D, Witteveen H, Huis in `tveld R, Hermens H,
Stramigioli S, et al. myoelectric forearm prostheses: state of the art from a
user-centered perspective. J Rehabil Res Dev US Department of Veterans
Affairs; 2011;48:719–737.

9. Lewis S, Russold MF, Dietl H, Kaniusas E. User demands for sensory feedback
in upper extremity prostheses. MeMeA 2012 - 2012. IEEE Symp Med Meas
Appl Proc. 2012:188–91.

10. Lewis S, Russold MF, Dietl H, Kaniusas E. Satisfaction of Prosthesis Users with
Electrical Hand Prostheses and their Sugggested Improvements. Biomed.
Eng. / Biomed. Tech. [Internet]. 2013; Available from: http://www.ncbi.nlm.
nih.gov/pubmed/24043080

11. Westling G, Johansson RS. Factors influencing the force control during
precision grip. Exp. brain res. [internet], Available from. 1984;53:277–84.
http://www.ncbi.nlm.nih.gov/pubmed/6705863

12. Johansson RS, Westling G. Roles of glabrous skin receptors and
sensorimotor memory in automatic control of precision grip when lifting
rougher or more slippery objects. Exp Brain Res. 1984;56:550–64.

13. Childress DS. Closed-loop control in prosthetic systems: historical
perspective. Ann Biomed Eng. 1980;8:293–303.

14. Gonzelman J, Ellis H, Clayton O. Prosthetic device sensory attachment. US; 1953.
15. Ninu A, Dosen S, Muceli S, Rattay F, Dietl H, Farina D. Closed-loop control of

grasping with a myoelectric hand prosthesis: which are the relevant
feedback variables for force control? IEEE Trans. Neural Syst. Rehabil. Eng.
2014;22(5):1041–52.

16. Dosen S, Markovic M, Somer K, Graimann B, Farina DEMG. Biofeedback for
online predictive control of grasping force in a myoelectric prosthesis.
J. Neuroeng. Rehabil. [Internet]. 2015;12:55. Available from: http://www.
jneuroengrehab.com/content/12/1/55

17. Dosen S, Markovic M, Strbac M, Perovic M, Kojic V, Bijelic G, et al.
Multichannel Electrotactile feedback with spatial and mixed coding for
closed-loop control of grasping force in hand prostheses. IEEE trans. Neural
Syst. Rehabil. Eng IEEE. 2016;25:183–95.

18. Erwin A, Sup FC. A haptic feedback scheme to accurately position a virtual
wrist prosthesis using a three-node Tactor Array. PLoS One. 2015;10

19. Witteveen HJB, Rietman HS, Veltink PH. Vibrotactile grasping force and hand
aperture feedback for myoelectric forearm prosthesis users. Prosthetics
Orthot Int. 2015;39:204–12.

20. Damian DD, Arita AH, Martinez H, Pfeifer R. Slip speed feedback for grip
force control. IEEE Trans Biomed Eng. 2012;59:2200–10.

21. Walker JM, Blank AA, Shewokis PA, Omalley MK. Tactile feedback of object
slip facilitates virtual object manipulation. IEEE Trans Haptics. 2015;8:454–66.

22. Chatterjee A, Chaubey P, Martin J, Thakor N. Testing a prosthetic haptic
feedback simulator with an interactive force matching task. JPO J
Prosthetics Orthot. 2008;20:27–34.

23. Zafar M, Van Doren CL. Effectiveness of supplemental grasp-force feedback
in the presence of vision. Med Biol Eng Comput. 2000;38:267–74.

24. Clemente F, D’Alonzo M, Controzzi M, Edin B, Non-invasive CC. Temporally
discrete feedback of object contact and release improves grasp control of
closed-loop myoelectric transradial prostheses. IEEE Trans. Neural Syst.
Rehabil. Eng. 2015:1–1.

25. Cipriani C, Zaccone F, Micera S, Carrozza MC. On the shared control of an
EMG-controlled prosthetic hand: analysis of user-prosthesis interaction. IEEE
trans. Robot. IEEE. 2008;24:170–84.

26. Brown JD, Paek A, Syed M, O’Malley MK, Shewokis PA, Contreras-Vidal JL,
et al. An exploration of grip force regulation with a low-impedance
myoelectric prosthesis featuring referred haptic feedback. J. Neuroeng.
Rehabil. [Internet]. 2015;12:104. Available from: https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4659194/

27. Chatterjee A, Chaubey P, Martin J, Thakor N V. Quantifying prosthesis
control improvements using a vibrotactile representation of grip force. 2008
IEEE Reg. 5 Conf. 2008;

28. Bouwsema H, Van Der Sluis CK, Bongers RM. Effect of feedback during virtual
training of grip force control with a myoelectric prosthesis. PLoS One. 2014;9

29. Raveh E, Friedman J, Portnoy S. Visuomotor behaviors and performance in a
dual-task paradigm with and without vibrotactile feedback when using a
myoelectric controlled hand. Assist Technol. 2017:1–7.

30. Johansson RS, Cole KJ. Sensory-motor coordination during grasping and
manipulative actions. Curr Opin Neurobiol. 1992;2:815–23.

31. Saunders I, Vijayakumar S. The role of feed-forward and feedback processes
for closed-loop prosthesis control. J Neuroeng Rehabil BioMed Central Ltd.
2011;8:60.

32. Rothwell JC, Traub MM, Day BL, Obeso JA, Thomas PK, Marsden CD. Manual
motor performance in a deafferented man. Brain. 1982:515–42.

33. Davidson PR, Wolpert DM. Widespread access to predictive models in the
motor system: a short review. J Neural Eng. 2005;2:S313–9.

34. Lum PS, Black I, Holley RJ, Barth J, Dromerick AW. Internal models of upper
limb prosthesis users when grasping and lifting a fragile object with their
prosthetic limb. Exp Brain Res. 2014;

35. Dosen S, Markovic M, Wille N, Henkel M, Koppe M, Ninu A, et al. Building an
internal model of a myoelectric prosthesis via closed-loop control for
consistent and routine grasping. Exp. brain res. Springer Berlin Heidelberg;
2015;233:1855–1865.

36. Johnson RE, Kording KP, Hargrove LJ, Sensinger JW. Adaptation to random
and systematic errors: comparison of amputee and non-amputee control
interfaces with varying levels of process noise. PLoS One. 2017;12:1–19.

37. Johnson RE, Kording KP, Hargrove LJ, Sensinger JW. Does EMG control lead
to distinct motor adaptation? Front Neurosci. 2014;8:1–6.

38. Strbac M, Isakovic M, Belic M, Popovic I, Simanic I, Farina D, et al. Short- and
Long-Term Learning of Feedforward Control of a Myoelectric Prosthesis
with Sensory Feedback by Amputees. IEEE Trans. Neural Syst. Rehabil. Eng.
[Internet]. 2017;4320:1. Available from: http://ieeexplore.ieee.org/document/
7940016/

39. Scott RN, Parker PA. Myoelectric Prostheses : State of the Art. J. Med. Eng.
Technol. [Internet]. 1988;12:143–151. Available from: http://www.tandfonline.com/
doi/abs/10.3109/03091908809030173?needAccess=true&journalCode=ijmt20

40. Otto Bock HealthCare. Michelangelo prosthetic hand - Ottobock USA
[Internet]. [cited 2017 Oct 2]. Available from: http://www.ottobockus.com/
prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-
prosthetic-hand/

41. Otto Bock HealthCare. 13E200=50 Electrode - Ottobock USA [Internet].
[cited 2017 Oct 2]. Available from: https://professionals.ottobockus.com/c/
Electrode/p/13E200~550

42. Stepp CE, Matsuoka Y. Object manipulation improvements due to single
session training outweigh the differences among stimulation sites during
vibrotactile feedback. IEEE Trans Neural Syst Rehabil Eng. 2011;19:677–85.

43. Bach-y-Rita P, Kercel SW. Sensory substitution and the human–machine
interface. Trends Cogn Sci [Internet]. 2003;7:541–6. Available from: http://
linkinghub.elsevier.com/retrieve/pii/S1364661303002900

44. Panarese A, Edin BB, Vecchi F, Carrozza MC, Johansson RS. Humans can
integrate force feedback to toes in their sensorimotor control of a robotic
hand. IEEE Trans. Neural Syst. Rehabil. Eng. 2009;17:560–7.

45. Verrillo RT. Vibration sensation in humans. Music percept. An Interdiscip.
J University of California Press. 1992;9:281–302.

46. Cipriani C, Segil JL, Clemente F, Weir RF, Edin B. Humans can integrate
feedback of discrete events in their sensorimotor control of a robotic hand.
Exp. brain res. [internet]. 2014;232:3421–9. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/24992899

47. Clemente F, D’Alonzo M, Controzzi M, Edin B, Non-invasive CC. Temporally
discrete feedback of object contact and release improves grasp control of
closed-loop myoelectric transradial prostheses. IEEE Trans Neural Syst
Rehabil Eng. 2015;4320

Markovic et al. Journal of NeuroEngineering and Rehabilitation  (2018) 15:28 Page 14 of 15

http://www.tandfonline.com/doi/full/10.1586/17434440.2016.1159511
http://www.ncbi.nlm.nih.gov/pubmed/23278223
https://doi.org/10.1080/03093640601061265
https://doi.org/10.1080/03093640601061265
http://www.ncbi.nlm.nih.gov/pubmed/24043080
http://www.ncbi.nlm.nih.gov/pubmed/24043080
http://www.ncbi.nlm.nih.gov/pubmed/6705863
http://www.jneuroengrehab.com/content/12/1/55
http://www.jneuroengrehab.com/content/12/1/55
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4659194
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4659194
http://ieeexplore.ieee.org/document/7940016
http://ieeexplore.ieee.org/document/7940016
http://www.ottobockus.com/prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-prosthetic-hand/
http://www.ottobockus.com/prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-prosthetic-hand/
http://www.ottobockus.com/prosthetics/upper-limb-prosthetics/solution-overview/michelangelo-prosthetic-hand/
https://professionals.ottobockus.com/c/Electrode/p/13E200~550
https://professionals.ottobockus.com/c/Electrode/p/13E200~550
http://linkinghub.elsevier.com/retrieve/pii/S1364661303002900
http://linkinghub.elsevier.com/retrieve/pii/S1364661303002900
http://www.ncbi.nlm.nih.gov/pubmed/24992899
http://www.ncbi.nlm.nih.gov/pubmed/24992899


48. Shannon GF. A comparison of alternative means of providing sensory
feedback on upper limb prostheses. Med Biol Eng. 1976;14:289–94.

49. Dosen S, Markovic M, Hartmann C, Farina D. Sensory feedback in
prosthetics: a standardized test bench for closed-loop control. IEEE trans.
Neural Syst. Rehabil. Eng. IEEE. 2015;23:267–76.

50. Cromwell FS. Occupational therapist’s manual for basic skills assessment or
primary pre-vocational evaluation [internet]. Pasadena: Fair Oaks Print. Co.;
1960. Available from: https://openlibrary.org/books/OL14678039M/
Occupational_therapist%27s_manual_for_basic_skills_assessment_or_
primary_pre-vocational_evaluation.

51. Amsuess S, Gobel P, Graimann B, Farina DA. Multi-class proportional
Myocontrol algorithm for upper limb prosthesis control: validation in real-life
scenarios on amputees. IEEE Trans. Neural Syst. Rehabil. Eng. 2014;23:827–36.

52. Kuiken TA, Dumanian GA, Lipschutz RD, Miller LA, Stubblefield KA. The use
of targeted muscle reinnervation for improved myoelectric prosthesis
control in a bilateral shoulder disarticulation amputee. Prosthet. Orthot. Int.
[Internet]. 2004 [cited 2016 Jan 6];28:245–253. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/15658637

53. Markovic M, Karnal H, Graimann B, Farina D, Dosen SGLIMPSE. Google glass
interface for sensory feedback in myoelectric hand prostheses. J Neural Eng
IOP Publishing. 2017;14:36007.

54. Hart SG, Staveland LE. Development of NASA-TLX (Task Load Index): Results
of Empirical and Theoretical Research. Adv. Psychol. Elsevier; 1988.

55. Patel GK, Dosen S, Castellini C. Farina D. Multichannel electrotactile
feedback for simultaneous and proportional myoelectric control. J. Neural
Eng. IOP Publishing. 2016;13:56015.

56. Giummarra MJ, Gibson SJ, Georgiou-Karistianis N, Bradshaw JL. Mechanisms
underlying embodiment, disembodiment and loss of embodiment.
Neurosci Biobehav Rev. 2008;32:143–60.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Markovic et al. Journal of NeuroEngineering and Rehabilitation  (2018) 15:28 Page 15 of 15

http://www.ncbi.nlm.nih.gov/pubmed/15658637
http://www.ncbi.nlm.nih.gov/pubmed/15658637

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Subjects
	Experimental setup and feedback coding
	Experimental tasks and outcome measures
	Experimental protocol
	Data analysis

	Results
	Discussion
	Feedback interface
	The role and benefit of feedback
	Feedback and task complexity
	Relevance of feedback as a function of subject’s skill
	Subjective evaluation of feedback


	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

