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Abstract 

Objective. Artificial proprioceptive feedback from a myoelectric prosthesis is an important aspect in enhancing embodiment 

and user satisfaction, possibly lowering the demand for visual attention while controlling a prosthesis in everyday tasks. 

Contemporary myoelectric prostheses are advanced mechatronic systems with multiple degrees of freedom, and therefore, to 

communicate the prosthesis state, the feedback interface needs to transmit several variables simultaneously. In the present 

study, two different configurations for conveying proprioceptive information of wrist rotation and hand aperture through 

multichannel electrotactile stimulation were developed and evaluated during online myoelectric control. Approach. 

Myoelectric recordings were acquired from the dominant forearm and electrotactile stimulation was delivered on the non-

dominant forearm using a compact interface. The first feedback configuration, which was based on spatial coding, transmitted 

the information using a moving tactile stimulus, whereas the second, amplitude-based configuration conveyed the position via 

sensation intensity. Thirteen able-bodied subjects used pattern classification-based myoelectric control with both feedback 

configurations to accomplish a target-reaching task. Main results. High task performance (completion rate > 90%) was 

observed for both configurations, with no significant difference in completion rate, time to reach the target and path 

efficiency, respectively. Significance. Overall, the results demonstrated that both feedback configurations allowed subjects to 

perceive and interpret two feedback variables delivered simultaneously, despite using a compact stimulation interface. This is 

an encouraging result for the prospect of communicating the full state of a multifunctional hand prosthesis.  

Keywords: Closed-loop control, electrotactile stimulation, myoelectric prosthesis, proprioceptive feedback, sensory feedback. 

 

1. Introduction 

The loss of an upper limb is a traumatic and life-changing 

event leading to a significantly reduced quality of life due to 

restrictions in function, sensation and appearance [1,2]. In an 

effort to restore normal functionality, myoelectric prostheses 

of various complexity have been introduced to replace the 

missing limb [3]. However, despite advancements in 

prosthetic technologies about 25% of users choose to abandon 

their myoelectric prosthetic device [4]. In user reviews, 

different reasons for the low user satisfaction were listed, from 

limitations in ergonomics to problems in control robustness 

and dexterity [5]. The lack of exteroceptive and proprioceptive 

feedback is also often indicated as an important problem and 

future design goal [1,6], and may contribute indirectly to 

suboptimal control. Specifically, without somatosensory 

feedback, the user must rely only on visual observations when 

controlling the prosthesis, which is cognitively taxing [7]. 
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Therefore, closing the loop is expected to improve prosthesis 

utility and user experience. Indeed, several studies have found 

that providing tactile stimulation through substitution 

feedback interfaces can improve user performance [8–12]. 

However, only one commercially available prosthesis 

(VINCENT evolution 2, Vincent Systems Gmbh, Germany), 

provides the user with feedback information about grasping 

force using a single vibrotactile motor [13].  

Some techniques for restoring somatosensory feedback can 

elicit somatotopic sensations; i.e., they are felt as emanating 

from the phantom limb, which presumably enables more 

intuitive interpretation [14]. Although this can be achieved to 

some degree via transcutaneous electrical nerve stimulation 

[15,16]. Such feedback is typically implemented by 

electrically stimulating peripheral sensory nerves [17,18] or 

somatosensory cortex in the brain [19,20] using implanted 

electrodes. Since this activates the same neural structures that 

have been used before amputation, the elicited sensations can 

be felt as emanating from the phantom limb. Some amputees, 

however, can be reluctant to undergo additional invasive 

treatments due to associated risks of post-surgery 

complications [5]. Alternatively, the feedback can be restored 

using a method called sensory substitution [14]. This is a non-

invasive approach in which sensor data from the prosthesis are 

transmitted to the user by delivering mechanical or electrical 

stimulation to the skin of his/her residual limb.  

The two most common substitution feedback methods are 

vibrotactile and electrotactile stimulation [21,22]. The former 

relies on miniature motors to generate vibrations that can be 

tangential or perpendicular to the skin, while the latter elicits 

tactile sensations by delivering low-intensity electrical pulses 

to activate skin afferents. Electrical stimulation can produce 

uncomfortable sensations if the parameters are not 

appropriately adjusted. However, it is also characterized by 

low power consumption, decoupled parameters, and compact 

electronics that can be customized in a wide range of 

configurations with different number and arrangement of 

electrode pads [23]. To deliver feedback information, the 

prosthesis sensor data has to be translated into stimulation 

profiles by associating the sensor information to stimulation 

parameters and location [24]. With parameter modulation, a 

feedback variable is communicated by changing stimulation 

intensity and/or frequency, while with spatial coding the 

variable is conveyed by changing active electrode pads [25]. 

In most studies in the literature, feedback interfaces were 

designed to transmit a single feedback variable, most often the 

grasping force [14,26]. Nevertheless, the users have also 

expressed an interest in receiving proprioceptive information 

[6]. The proprioceptive feedback is particularly important in 

the execution of movements without full visual attention [27]. 

Communicating proprioceptive information might lower the 

need for visual attention during prosthesis use, thereby 

decreasing the cognitive load [6]. Contrary to force feedback 

that was investigated in many studies (reviewed in [14,26]), 

artificial proprioception was addressed in only few works 

using invasive [28,29] and non-invasive [30,31] methods.  

Importantly, commercially available upper-limb prosthetic 

devices have multiple degrees of freedom (DoFs) [5]. A 

typical configuration is a gripper that can open and close 

equipped with a wrist rotation unit. Therefore, to provide full 

information regarding the state of this system, hand aperture 

as well as wrist rotation angle need to be transmitted 

simultaneously.  

The studies investigating the communication of more 

feedback variables have used different tactile displays 

[9,10,28,32–34]. In [9] and [10], Witteveen et al. transmitted 

the sensory feedback of grasping force and hand aperture 

through a single vibrator and an array of vibrotactile actuators, 

respectively. Schiefer et al. [28] implemented the feedback of 

fingertip pressure and hand aperture delivered through 

peripheral nerve stimulation. Arakeri et al. [33] provided 

information regarding grip force and hand aperture by 

modulating the amplitude of two independent electrode pairs 

located on the dorsal left and right side of the neck. In [34], 

D’Anna et al. provided hand aperture and grip force 

information via amplitude modulated intraneural electrical 

stimulation.  

Therefore, most of the previous studies relied on the 

parameter modulation via two stimulation channels to 

simultaneously communicate two feedback variables. The 

other coding schemes such as spatial modulation were not 

investigated (expect in [9,10]) and more importantly, different 

encodings have not been compared in terms of effectiveness. 

The latter is particularly relevant considering that the compact 

solutions for multichannel tactile stimulation are becoming 

available (see [32]). Such systems, equipped with many 

channels and independently adjustable parameters, allow a 

great flexibility in designing stimulation patterns that can be 

modulated in time, parameter and space to communicate the 

feedback on multiple DoFs simultaneously.   

In the present study, therefore, a compact electronic 

stimulator with 16 channels [32] was used to directly compare 

the performance of two novel stimulation schemes based on 

spatial and amplitude coding, respectively. The encodings 

were designed to convey simultaneous electrotactile 

proprioceptive feedback from two DoFs of a prosthesis, 

namely, wrist pronation/supination and hand aperture. In this 

case, the challenge is that the subject needs to independently 

perceive and interpret two electrotactile information channels 

that are delivered at the same time to the skin using a compact 

interface with closely spaced pads. The use of the 

simultaneous multi-DoF feedback was tested during online 

myoelectric control, which includes not only perception and 

interpretation of elicited sensations but also mapping of the 

feedback into appropriate command signals. The hypothesis 

was that the spatial modulation, communicating 

proprioceptive information by a moving stimulus, would 
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perform better than the amplitude encoding since the former 

might be more intuitive and easier to discriminate.  

 

2. Methods 

The two feedback schemes were evaluated by integrating 

the electrotactile interface into a commonly used setup [35–

39] for the assessment of online myoelectric control based on 

pattern classification and target reaching task. 

2.1 Experimental setup 

The experimental setup is shown in Fig. 1. For the recording 

of electromyographic (EMG) signals, the Myo Armband from 

Thalmic Labs was placed on the dominant forearm, 

approximately 5 cm distally from the elbow crease with the 

main module (signed with the logo) positioned in the middle 

of the dorsal side. The Myo Armband integrates eight dry, 

stainless-steel electrode channels that are equidistantly 

arranged around the circumference of the forearm. The 

armband was connected via a Bluetooth 4.0 unit to a standard 

desktop PC. Despite having a limited sample rate of 200 Hz, 

high classification accuracy for myoelectric control can be 

achieved [40]. This configuration of EMG electrodes has been 

commonly used for myoelectric control [41].  

The electrode array used to deliver electrical stimulation is 

shown in Fig. 2. The electrode array consisted of a single 

elongated pad designated as a common reference electrode 

and 16 circular pads designated to act as active electrodes. The 

electrodes were made by screen-printing conductive Ag/AgCl 

and dielectric inks for biomedical applications over 150 µm 

thick PET film. All pads were covered with conductive 

hydrogel (AG725, Axelgaard, Denmark) to enhance skin-

electrode contact. A compact multichannel stimulation device 

(MaxSens, Tecnalia, Spain) generating biphasic pulses was 

connected to the standard desktop PC via USB. The pulse 

width and amplitude could be modulated independently for 

each pad whereas the frequency was common to all pads. The 

pulse width could be adjusted within a 50 - 1000 µs range 

with 10 µs steps, frequency from 1 - 400 Hz with 1 Hz steps 

and current amplitude from 50 - 10000 µA with 0.1 µA steps. 

The electrode array was indeed designed to provide feedback 

on the forearm [25,32,42], and it can be placed either 

longitudinally or transversely. A recent study has shown that 

there was no substantial difference between the two 

arrangements [43], and therefore, the circumferential 

placement was selected in the present setup because it is more 

compact. The electrode was wrapped around the non-

dominant arm of the participant (Fig. 1) to avoid 

contaminating the recorded EMG [44,45]. It was fitted such 

that the end pads had a maximum gap of 3 cm centrally on 

the volar side. Hence, the distal location of the electrode array 

depended on the circumference of the subject's forearm. This 

positioning strategy was applied to assure that the electrode 

covered as much of the circumference as possible. Therefore, 

the stimulation could be delivered to both sides of the arm 

with no spatial overlap between the most distal pads. The 

electrode connector (Fig. 2) was aligned with the axis of the 

forearm and positioned along the middle of the dorsal side. 

The electrode was strapped by an elastic sport band and the 

stimulator was attached to the top of the band (Fig. 1). 

The subject was seated in a comfortable chair. During the 

experiment, the non-dominant hand was placed on the table 

and the dominant hand was held vertically relaxed by the side 

Fig. 1.  Illustration of the experimental setup: 1) the stimulation system 

with the electrode array (see Fig 2) wrapped circumferentially around the 

non-dominant forearm and a stimulator placed on the dorsal side connected 

to a computer via USB; 2) the Myo armband placed on the dominant 

forearm to record EMG; and 3) the computer screen displaying the tasks to 

be performed in the experiment. 

 

Fig. 2.  The 16-pad electrode array and the MaxSens stimulator. The 

electrode consisted of 16 circular active pads and a common reference pad.  
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of the body. A 22” monitor was positioned on the table 

approximately 50 cm from the subject. The monitor was used 

to provide visual feedback when required (see 2.4. 

Experimental protocol). The desktop PC received recorded 

EMG and controlled stimulation parameters. The online 

control loop was programmed in Matlab 2018b (MathWorks, 

USA).  

2.2 Myoelectric control 

The movement classes used for myoelectric control were 

wrist supination and pronation, opening and closing of the 

hand and rest. These DoFs were selected since they can 

provide control of wrist rotation and hand aperture in a 

myoelectric prosthesis. The acquired EMG signals were 

filtered using a 2nd order Butterworth high-pass filter with 10 

Hz cut-off to remove movement artefacts. For feature 

representation spatial features designed by Donovan et al. 

[46], namely, scaled mean absolute value, correlation 

coefficient, normalized mean absolute difference, and scaled 

raw mean absolute difference, were extracted along with the 

waveform length, hence 5 features per channel [47]. The 

features were extracted in windows of 200 ms with a 50% 

overlap to obtain fast update time, while preserving good 

classification accuracy [48].  

Training data were acquired by asking the subjects to track 

a trapezoidal trajectory comprised of 3-s incline time, 5-s 

plateau and 3-s decline. The cursor moved horizontally with 

time while the vertical position was adjusted by the subject’s 

contraction intensity. The plateaus of the trapezoidal profiles 

were at 40%, 50% and 70% of a prolonged maximum 

voluntary contraction (15 s). The three trajectories were 

tracked by the subjects for each movement class [49]. A 15-

s recording of rest was acquired at the end.  

The extracted features were used to train a sequential 

proportional control system. For sequential control, a linear 

discriminant analysis (LDA) classifier was trained and for 

proportional control, multiple linear regression models were 

used, one per movement class. This configuration was 

chosen because it is commonly applied for myoelectric 

control in the literature [50–55]. The LDA classifier can be 

trained fast, while still yielding robust control [52]. Linear 

discriminant analysis models the feature distribution within 

each class using a Gaussian distribution, assuming that all 

classes share the same covariance matrix.  To classify a test 

sample, the posterior probabilities are computed by using 

Bayes’ rule, and the class with the highest posterior 

probability is the output of the classifier, as explained in [56]. 

The multiple linear regression model fitted for the decided 

movement class provided the proportional control output. 

The input of the regression model was a vector of mean 

absolute values calculated from a single window in each 

EMG channel. The output was the normalized level of 

muscle activation within the selected movement class. 

The control of a two-DoF prosthesis was simulated by a 

planar cursor control task similarly to previous work [35]. The 

output of the myoelectric controller was a recognized 

movement class and a normalized value of the intensity of 

muscle contraction. The detected class determined the 

movement direction of the cursor (Fig. 3). Performing 

supination, pronation, opening and closing moved the cursor 

to the right, left, upwards, and downwards along the plane, 

respectively, while the estimated contraction intensity was 

mapped to the velocity of cursor movement. The cursor was 

controlled in velocity since this approach is used with 

commercial prostheses [57], where the muscle activation of 

the user is mapped into the velocity of prosthesis movement. 

The cursor initial position, as indicated in Fig. 3, represented 

a neutral prosthesis state, i.e., hand horizontal and fully open. 

Then, left and right movements of the cursor simulated wrist 

rotation into pronation and supination, while downwards and 

upwards movements corresponded to a decrease and increase 

in hand aperture, respectively. The maximum velocity of the 

cursor was adjusted so that a full range of each DoF could be 

traversed in 2 seconds. This corresponds to a maximum 

velocity of opening and closing in a Bebionic (RSL Steeper, 

United Kingdom) prosthesis [58]. The cursor moved smoothly 

within the plane; however, the plane was divided by a grid to 

indicate that the electrotactile feedback on the cursor position 

was in fact discrete, as explained in 2.3. Each field of the grid 

corresponded to a unique combination of levels of wrist 

rotation and hand aperture. 

Fig. 3.  Illustration of the grid for the planar cursor control task and an 

example of two target cells. For the cursor (blue circle) to reach the target 

cell in first row and first column, a pronation must be performed, and to 

reach the one in fourth row and first column, a pronation followed by a 

decrease in hand aperture must be performed. The striped grid cell indicates 

a neutral position, i.e., a prosthesis, which is fully opened and with the palm 

in a horizontal position. 
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2.3 Feedback configurations 

Two coding schemes were designed to transmit wrist 

rotation and hand aperture information. As in previous studies 

a discrete coding strategy was adopted for both schemes 

[7,32,44,59,60]. Specifically, the full range of each feedback 

variable was divided into five segments, as shown in Fig. 3.  

2.3.1 Spatial configuration.  
This feedback design was chosen in order to be intuitive for 

the subject, similar to what was initially proposed in [32]. The 

two proprioceptive feedback variables were coded by a 

spatially moving electrotactile stimulus. In addition, the 

movement of the stimulus mimicked the directions of the 

motion in the included DoFs. Wrist rotation was 

communicated by producing a stimulus that rotated around the 

forearm. Hand aperture was transmitted by moving two pads 

closer together as the hand closed and further apart during 

hand opening. The illustration of the spatial configuration can 

be seen in Fig. 4d.  

The pads were divided into two groups each responsible for 

conveying information about a single DoF. The dorsally 

placed pads were allocated for wrist rotation and the volar 

pads for hand aperture. The pads were furthermore paired such 

that each pair would represent one of the four intervals of the 

proprioceptive feedback variable. The absence of stimulation 

in all pad groups indicated the first interval, hence five in total. 

For wrist rotation, the pads were connected in side-by-side 

pairs. For right-handed subjects, the activation of the pairs of 

pads would rotate laterally during supination and medially 

during pronation. For hand aperture, the pairs consisted of 

oppositely located pads on the medial and lateral sides. When 

decreasing hand aperture, the active pads would move towards 

the volar side of the forearm and the distance between the pads 

would become shorter, and opposite for the increase. When 

both feedback variables were outside of the first interval (no 

stimulation), the pad pairs corresponding to the given level of 

hand aperture and rotation would be activated. Thus, a 

maximum of four pads could be active simultaneously. The 

reason for grouping adjacent pads to convey information about 

Fig. 4.  Illustration of the feedback schemes, a) shows the amplitude coding and d) shows the spatial coding. The red lines indicate which pads were coupled 

(see text). For the amplitude coding, the stimulation amplitude represented the position interval, whereas with spatial coding the position interval was 

communicated through location of active pads. The stimulation illustrated in b) and e) correspond to the position interval of the upper target cell in Fig. 3., for 

the amplitude and spatial coding, respectively, where c) and f) correspond to the lower target cell in Fig. 3. 
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the rotational DoF was to improve sensation perception by 

stimulating a larger skin area, as in [25]. 

2.3.2 Amplitude configuration.  
This is a simple coding scheme, in which the proprioceptive 

information is conveyed by increasing the current pulse 

amplitude. The advantage of this approach is that even more 

pads can be grouped together to stimulate a larger area of the 

skin, thereby eliciting clearer sensations. The feedback was 

provided in groups of four pads. An illustration of the 

amplitude-coding scheme can be seen in Fig. 4a.  

The dorsal area of the electrode was associated to wrist 

rotation and the volar to hand aperture, as in the spatial coding 

scheme. However, in the amplitude scheme, the decrease in 

the hand aperture was communicated by simultaneously 

increasing the pulse amplitude of the 4 volar pads through 4 

levels plus no stimulation, hence 5 levels in total. The eight 

pads used for the wrist rotation were split such that the four 

laterally placed pads communicated supination and four 

medially placed indicated pronation. The amplitude of both 

groups could be changed through 2 levels, hence 5 levels in 

total, i.e., 2 pad groups times 2 levels plus no stimulation. The 

increasing amplitude corresponded to increased rotation in the 

respective direction. Since both DoFs were transmitted 

simultaneously, a maximum of eight pads could be active 

concurrently.  

 

2.4. Experimental protocol 

Thirteen able-bodied subjects (12 males and 1 female - 12 

right-handed and 1 left-handed with a mean age of 26.3 ± 2.3 

years) were recruited. The subjects signed an informed 

consent form before commencing with the experiment. The 

experimental protocol was approved by the ethical committee 

of Region Nordjylland, Denmark (approval number N-

20150075).  

Each subject was introduced to each feedback 

configuration, trained to perceive and interpret the feedback, 

and finally performed an online myoelectric control task. The 

order of the feedback schemes was randomized across 

subjects. The duration of the experiment was approximately 

2.5 hours.  

First, the electrotactile and EMG recording systems were 

placed on the subject, as explained in 2.1. Then, the training 

data for the myoelectric controller were collected, as described 

in 2.2. Next, the subject practiced controlling the cursor 

movement using the myoelectric interface and visual 

feedback. It was crucial for the subject to achieve effective 

control since poor control could mask potential differences in 

performance between feedback configurations. The quality of 

closed-loop control was assessed by employing a target 

reaching task, which is a commonly used experimental 

paradigm to evaluate online myoelectric control [35–39]. The 

subject was presented with a grid shown in Fig. 3. The cursor 

was in the initial position. The subject training was divided 

into two runs of three minutes with a different visual feedback 

in each run. In the first run, the subject moved the cursor 

continuously and the current cursor position was shown on the 

screen. In the second run, the subject still moved the cursor in 

a continuous way; however, the visual feedback indicated only 

the cell of the grid currently containing the cursor. Therefore, 

the discretized visual feedback transmitted the same 

information as the electrotactile feedback that would be used 

later in the session. 

After this brief training, the subject performed the target-

reaching test using a discretized visual feedback. The task for 

the subject was to move the cursor from the initial position to 

the highlighted target position (grid cell highlighted in red) 

and dwell in that position for 1.5 s. The subject had 30 s to 

reach the target. This time was selected through pilot tests. The 

aim was to provide enough time so that the subjects were not 

pressured by the timer while still limiting the total duration of 

the experiment, as well as mental and physical fatigue due to 

continuous control. If the target was reached successfully, or 

the time limit expired (trial unsuccessful), the cursor would 

reset to neutral position and a new trial began. The grid cells 

were selected as targets in a random order and the test was 

finished when all the grid cells had been highlighted, hence 24 

targets. If the subject did not achieve a completion rate > 90% 

and a mean time to reach the target < 10 s, the control was 

deemed ineffective and the subject was excluded. To reach the 

cells in the first row and third column (hereafter, single DoF 

targets), the subject would ideally move along a single DoF, 

and for the other cells, the subject needed to adjust both DoFs 

(hereafter, combined DoFs targets).  

Next, four distinguishable stimulation levels were 

determined for each electrode pad. The stimulation levels 

were determined by changing amplitude while the pulse width 

and frequency were constant and set to 500 µs and 50 Hz, 

respectively.   

To determine the stimulation levels the ascending method 

of limits [61] was applied to assess the sensation and 

discomfort thresholds. For the sensation threshold, the 

amplitude was set to 0 µA and increased in steps of 100 µA 

until the subject reported that he/she felt the sensation. For the 

discomfort threshold, the amplitude was initialized at the 

sensation threshold and increased in steps of 200 µA until the 

subject reported the stimulation as uncomfortable. First, the 

sensation thresholds were determined for all pads and then the 

amplitude values were fine-tuned by comparing the sensation 

intensity in neighboring pads. The goal was to achieve similar 

sensations across pads. The resulting amplitude was adopted 

as the first stimulation level. The same was then done for the 

discomfort threshold, and the resulting amplitude was adopted 

as the fourth stimulation level. The second and third 

stimulation levels were determined as the points that 

equidistantly divide the range between the first and fourth 

level.  

In the spatial-coding scheme, all electrode pads were 
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activated at the second level of stimulation intensity. The 

second intensity level was used to ensure that the stimulation 

elicits a sensation that could be clearly perceived by the 

subjects. This intensity was well above the detection threshold 

and still below the discomfort threshold. In the amplitude-

coding scheme, the aperture pad group was activated at all 

four intensity levels, and the two wrist rotation groups were 

activated at the second and third level of stimulation intensity.  

Following the psychometrics test, the subject was trained in 

understanding the sensory feedback schemes. The feedback 

schemes were first explained to the subject verbally. The 

sensory feedback training was divided into two phases: 

familiarization and reinforced learning. The familiarization 

phase provided the subjects with a short introduction to the 

scheme. The cursor was visualized and moved by the 

investigator from the neutral position to a designated target 

cell. At the same time, the subject received electrotactile 

feedback on the cursor position. Therefore, the subject could 

associate visual feedback (the currently highlighted grid cell) 

to the electrotactile feedback that is being delivered. The 

experimenter visited the grid cells along the row and column 

containing the neutral state, which corresponded to moving 

along a single DoF. This was deemed most important, since it 

was assumed that the subject will be able to recognize 

simultaneous feedback if he/she understands each DoF 

individually.  

In the reinforced learning phase, the subject was asked to 

look away from the screen. The experimenter moved the 

cursor to a designated target cell and the subject was asked to 

report the grid cell solely by focusing on the electrotactile 

feedback. If the subject answered correctly, the cursor was 

reset to the neutral position and then moved to a new grid cell. 

If the subject answered incorrectly, the experimenter would 

indicate the correct cell verbally. Every cell of the grid was 

presented as the target once by moving the cursor along the 

optimal path (the cursor was moved fully in one DoF and then 

in the other). However, the order of the DoFs was varied to 

avoid biasing the subject. When all 24 cells were trained, the 

subject was given a short break before repeating the reinforced 

learning. The order of the target cells and DoFs was changed 

in the second run. The subject was given two minutes rest 

between the runs to avoid sensory adaptation.  

Until this point, the subject trained the cursor control and 

sensory feedback separately. Both components were finally 

combined in the last phase of the experimental session, where 

online closed-loop control was assessed.   

The subject was given a three-minute training period to be 

reacquainted with the myoelectric control and to further train 

the understanding of the feedback scheme. After a two 

minutes break, the subject performed a target-reaching test 

identical to that used with the visual feedback at the beginning 

of the session (target cell indicated by red color). However, 

this time the visual feedback on the cursor position was 

removed. Therefore, the subject had to estimate the cursor 

position solely by relying on the electrotactile feedback. The 

target-reaching test was performed two times with all cells of 

the grid as targets (24 repetitions) and there were two minutes 

of rest in between the two tests. 

In order to preliminary assess the subjects’ preference 

regarding the coding schemes, they were asked two questions 

at the end of the experiment: 1) whether they found the coding 

schemes intuitive to understand, and 2) which coding scheme, 

amplitude or spatial, they favored (if any).  

2.5. Data analysis 

The outcome measures were the number of successfully 

reached targets expressed in percent (completion rate), time to 

reach the target and path efficiency. These measures are 

commonly used in literature to evaluate the quality of control 

in target reaching tasks [35,36]. Ideally, the subjects would be 

able to employ the closed-loop interface (myoelectric control 

and electrotactile feedback) to navigate the cursor from the 

initial to the target cell (configure the prosthesis DoFs) in 

minimum time and using the shortest path. Importantly, only 

successful trials were considered when computing the time to 

reach the target and path efficiency. Unsuccessful trials in 

which the 30-s timer has expired before the target was reached 

were excluded from this analysis. They were instead used to 

compute the distance error. The time to reach the target was 

measured from the start of a successful trial until the target 

was reached, including the dwell time. Path efficiency was 

computed by dividing the length of the shortest path from the 

initial position to the target with the length of the path that was 

actually traversed during online control. For single DoF 

targets, the shortest path was the distance in a straight line 

from the initial position to the border of the target, and for 

combined DoF targets, it was the distance to the target corner 

closest to the initial position. The distance error was calculated 

as the number of grid cells between the cursor and the target 

cell at the end of a trial. For instance, if the cursor was inside 

the target when surpassing the time limit, the distance was 0. 

If the cursor reached an adjacent grid cell directly above, 

below, left or right from the target, the distance was set to 1, 

and if the cursor ended up in an adjacent cell placed diagonally 

to the target, the distance was set to 2. This considered that the 

myoelectric control was sequential and the subjects could 

therefore move only in horizontal and vertical direction, 

hence, two cells would need to be traversed before reaching 

the target. The maximum score would then be 8, if the end-

point was e.g. in the top-left grid cell when the target was the 

bottom right grid cell. The outcome measures were computed 

for each trial and then averaged across all trials of a single 

subject in each feedback condition. The outcome measures 

computed for the online control with the visual feedback were 

used as the benchmark. Since the data were not normally 

distributed based on one-sample Kolmogorov-Smirnov tests, 

comparisons were made using non-parametric statistics. For 

the completion rate, time to reach the target and path 

efficiency, the Friedman test was used to assess if there was a 
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statistically significant difference between the feedback 

modalities, and Tukey’s honestly significant difference test 

was used for post-hoc pairwise comparisons. As the control 

with the visual feedback resulted in only three unsuccessful 

trials overall, the distance error was not evaluated in this 

condition. The distance error achieved with the spatial and 

amplitude feedback was compared using Wilcoxon signed-

rank test. A significance level was set at p < 0.05. The results 

in the text are reported as median{interquartile range (IQR)}.  

 

3. Results 

3.1. Representative trajectories 

Fig. 5. shows examples of trajectories generated by subjects 

using spatial feedback to reach a target (red square) 

corresponding to the combined movement along both DoFs. 

The cyan dashed lines demonstrate very good 

performances, while the blue dashed line is an example of a 

detour from the ideal path. The former trajectories indicate 

that the subjects successfully used the feedback to reach the 

target via a short route, i.e., the sequential movements along 

both DoFs were of appropriate magnitude. The two traces 

illustrate that the subjects could chose to move along the DoFs 

in a different order, that is, first adjust wrist rotation and then 

hand aperture, or vice versa. In this example, the subjects 

achieved a high performance in both cases, namely, a 

completion time of 7 s and 5.5 s, respectively, and a path 

efficiency of 74% and 70%, respectively. In the example with 

a detour, however, the subject misinterpreted the hand 

aperture interval before performing supination. When 

reaching the correct supination interval, the subject moved to 

a lower hand aperture before realizing the error and moving to 

the correct aperture. Therefore, the subject utilized the 

feedback to detect an erroneous level of a feedback variable 

and correct the cursor position accordingly. In this case, the 

completion time was 16 s and the path efficiency 46%. The 

orange dashed line demonstrates an unsuccessful trial. The 

subject initially overshot the target supination interval and 

then moved into higher hand aperture intervals. Finally, he/she 

moved towards the correct supination but did not successfully 

correct the hand aperture, thereby failing to reach the target 

(30-s timer expired). In this example, the path efficiency was 

Fig. 5.  Examples of prosthesis trajectories when reaching a combined DoF 

target (red box) in the target-reaching test. The black circle and red box 

indicate the starting point and target cell, respectively. The cyan dashed 

lines are examples of very good performance and the blue dashed line is a 

trajectory with several feedback-driven corrections. The orange trajectory 

is an example of an unsuccessful attempt at reaching the target.  The green 

and red circles are end positions, indicating whether a particular trial was 

successful or not, respectively. 

 

 

Fig. 6.  Box plots of the outcome measures extracted from the target-reaching tests using visual, spatial and amplitude feedback: a) the completion rate, b) 

the time used to reach a target, c) the path efficiency and d) the distance error. The red line, blue box, and black whiskers indicate the median, interquartile 

range and maximum and minimum values, while the red crosses are outliers. The asterisks indicate a p-value (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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20% and the distance error was 2 cells. 

3.2. Summary outcome measures 

The success rate (median{IQR}) in estimating the grid cell 

using electrotactile feedback in the reinforced learning phase 

was 75{22}% and 79{14}% using spatial and amplitude 

coding, respectively, with no significant difference between 

the two feedback schemes. The summary results for the 

quality of online control using three feedback modalities are 

shown in Fig. 6. Overall, only 7% of trials were unsuccessful. 

The median completion rate for the amplitude coding was not 

significantly different to that of the spatial coding. 

Importantly, the performance was high with both feedback 

configurations, with the median completion rates of more than 

90% (94{10}% for spatial and 94{2}% for amplitude coding). 

Similarly, no significant difference was found in the time to 

reach the target (9{2} s for spatial and 10{3} s for amplitude), 

path efficiency (51{10}% for spatial and 47{14}% for 

amplitude) and in distance error (2.5{1.9} grid cells from 

target for spatial and 2{1.4} grid cells from target for 

amplitude). Nevertheless, the mean completion rate and the 

time to reach the target were less variable across subjects when 

using amplitude coding. The amplitude condition was favored 

by 8 out of 13 subjects. However, most subjects struggled in 

choosing a favored feedback scheme as they found that both 

configurations were intuitive to understand. Accordingly, 

there was little difference in the completion rates across the 

preferred and non-preferred scheme (subjects preferring 

amplitude coding: 94{14}% for spatial and 94{3}% for 

amplitude; subjects preferring spatial coding: 90{9}% for 

spatial and 96{7}% for amplitude). As expected, the visual 

feedback outperformed both electrotactile feedback schemes. 

Almost all subjects reached all targets when using visual 

feedback and they were substantially faster (approximately 

3.5 s per target) compared to online control with electrotactile 

feedback. Interestingly, the path efficiency for electrotactile 

feedback was similar to that of the visual feedback. 

3.3. Completion rates for individual targets 

Fig. 7. shows the completion rate for all targets 

individually. In both feedback schemes, the subjects were 

more successful in reaching the peripheral targets located 

along the edges of the grid, i.e., first and last row and column. 

In these targets, one or even both (corner cells) of the DoFs 

are close to the limits of their range of motion, and this 

includes both single-DoF targets (first row cells, bottom cell 

in the third column) and the combined-DoFs targets (all other 

peripheral cells). And indeed, the completion rate 

(median{IQR}) for the non-peripheral targets was 80{11}% 

with spatial feedback and 89{5}% with amplitude feedback, 

whereas the median completion rate for the peripheral targets 

was 96{2}% with spatial feedback and 96{7}% with 

amplitude feedback. The likely reason is that in the peripheral 

targets, the unintended myoelectric commands would not 

move the cursor outside of the cell due to the limits in the 

range of motion (as in a real prosthesis). Therefore, the 

subjects did not need to achieve an ideal rest state, while in the 

non-peripheral targets an unstable rest could lead to a cursor 

drifting outside of the cell during the dwell time. In addition, 

to reach a peripheral target, the subjects could rely on a simple 

control strategy where they would simply saturate the DoF in 

the direction of the peripheral cell.  

The same reason is likely responsible for the fact that in 

both schemes a higher completion rate was achieved for the 

rotational single DoF targets (98{4}% with spatial and 

98{6}% with amplitude coding) compared to the hand 

aperture single DoF targets (90{15}% for spatial and 90{8}% 

with amplitude coding). While moving along rotational DoF 

Fig. 7.  Completion rate for each target in the target-reaching tests using the amplitude and spatial coding, respectively. 
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(first row), the hand aperture DoF is at the limit of the range 

of motion (the “hand” is fully open), whereas while closing 

the hand (third column), the wrist can be rotated both to the 

left and to the right.  

The overall lowest completion rate (a cell with 62%) for 

spatial coding was worse compared to those of the amplitude 

coding (a cell with 85%).  

 

4. Discussion 

A compact multichannel electrotactile system was used to 

develop two electrotactile feedback schemes using spatial and 

amplitude coding to provide proprioceptive feedback about 

two DoFs simultaneously. The schemes were tested in able-

bodied subjects using sequential proportional myoelectric 

control to perform a target-reaching task with a velocity-

controlled cursor (simulating prosthesis operation). A discrete 

electrotactile feedback provided 9 intervals along single DoFs 

and 16 combinations of intervals along two DoFs.  

The results demonstrated that a very good performance was 

achieved with both feedback-coding schemes. The average 

completion rates were high and the path efficiency in the 

electrotactile conditions was not significantly different to that 

achieved with visual feedback (benchmark). Even when the 

subjects were not able to navigate successfully to the target 

cell, they still ended up in the vicinity of the target (median 

distance error ~ 2 cells out of max distance of 8 cells). The 

subjects were therefore able to correctly perceive and interpret 

two independent channels of electrotactile stimulation, despite 

they were delivered simultaneously and through a compact 

interface with closely spaced pads. In addition, the patterns of 

stimulation were substantially different between the two 

schemes (amplitude change versus movement across the skin), 

but nevertheless, the subjects could exploit both 

configurations successfully during the online control.  

Our initial hypothesis was that spatial coding would lead to 

better performance and user experience, since it was assumed 

that this was a more intuitive interface, in which the movement 

of the electrotactile stimuli mimicked the movement of the 

controlled object (cursor/prosthesis). However, both feedback 

schemes resulted in similar performance in both the evaluation 

test and reinforced learning with a slight advantage of 

amplitude coding, which was characterized with less 

variability across subjects. Strictly speaking, the amplitude 

scheme also included a spatial code as the pronation and 

supination were communicated through separate pad groups. 

This had to be done so that the neutral position could be 

communicated as no stimulation. This could have contributed 

to a better consistency of the amplitude scheme across 

subjects.  

The present study further emphasizes the advantage of a 

flexible system for electrotactile stimulation that is capable of 

implementing different coding schemes. A prospective user 

could test both amplitude and spatial modulation and select the 

scheme that feels better. In addition, some users might have a 

low tolerance to stimulation intensity (low dynamic range) 

and in this case, spatial modulation would be the only option. 

A similar coding scheme could be implemented using 

frequency instead of amplitude coding, but this could not be 

included in the present study due to technical constraints 

(frequency is a parameter common to all channels). An 

advantage of a flexible stimulation system is that it could be 

adjusted not only to the preference of the user but also to the 

characteristics of a specific prosthesis (multifunction versus 

dexterous device) or to the demands of a specific application 

(e.g., feedback in a lower limb prosthesis).  

Importantly, the good performance in the present 

experiment was obtained after only a short training protocol 

(training time per scheme < 30 minutes). It is likely that a 

longer training would lead to even higher completion rates, 

approaching the benchmark of visual feedback. The 

importance of training for the interpretation of tactile feedback 

has been demonstrated in [32] and [62]. However, as stated in 

[63], vision is dominant in learning motor control, and an 

equal performance should, therefore, not be expected. 

An additional important conclusion from the present study 

is that the performance of closed-loop control is not 

determined only by the feedforward and feedback method, but 

also by the limitation and “mechanical” interaction between 

the DoFs. The subjects were better in reaching states in which 

one of the DoFs was at the limit of the range of motion, and 

this benefited wrist rotation more than hand aperture. 

Importantly, the times to reach the target were always well 

below the limit of 30 s, and this includes the pads with lower 

success rates placed centrally in the grid. Therefore, in the 

unsuccessful trials, the subjects likely failed not because they 

could not navigate to the correct pad (generate proper 

commands) but because they had difficulties to locate the pad 

by interpreting the feedback. In particular, two pads seemed to 

have been more challenging to find using spatial coding (Fig. 

7, 62% and 69% success rates).  

In general, it was a challenge to achieve a homogenous 

sensation during multi-site stimulation. This was especially 

apparent in the spatial scheme, where the sensation intensity 

was adjusted so that the elicited sensation was approximately 

identical in all pads. Some subjects reported difficulties in 

separating feedback variable levels, due to a notable 

difference in sensation intensity between them. The variation 

in the sensation intensity caused some feedback variable levels 

to be “washed out” when receiving information regarding two 

DoFs simultaneously, as a stronger sensation would mask the 

weaker one. Allocating more time for the psychophysics stage 

of the experiment might have resulted in better 

discriminability between the levels. This was not possible in 

the present experiment due to time constraints, but it will be 

possible in the prospective clinical applications. A recent 

study has proposed a promising approach to decrease the time 

needed for the calibration of stimulation parameters [64].  

One limitation of the study was that the stimulation 

electrodes were positioned on the contralateral arm with 

respect to the EMG recording. Even if this affected the closed-
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loop performance, which is unlikely, this is not relevant for 

the present study since the aim was to compare the relative 

performance of the two feedback schemes under the same 

conditions. Nevertheless, combining recording and 

stimulation into one device is required for clinical 

applications. Methods to minimize the interference have been 

proposed, such as, the use of concentric electrodes to 

minimize current leakage, time-division multiplexing [65], or 

artifact blanking and data segmentation [66]. Another 

limitation is the lack of amputee subjects and the fact that the 

myoelectric control did not involve a physical prosthesis. 

This, however, is unlikely to have affected the main outcome 

of the project, which was the comparison of two different 

coding schemes via a compact stimulation system during 

closed-loop control. Specifically, an amputee subject might 

find it more difficult to accurately perceive the stimulation 

[32,67], but this would likely affect both coding schemes in 

the same way. On the other hand, the presence of natural 

proprioception in the able-bodied subjects used in the study is 

unlikely to have provided an advantage in the test, since the 

cursor position was velocity-controlled and therefore could 

not be derived from wrist motions in a trivial way. Replacing 

the virtual interface (Fig. 3) with a real prosthesis would have 

introduced a movement delay, but this would also likely affect 

both coding schemes similarly. The next step in this research 

would be to investigate the performance while increasing the 

resolution of the feedback scheme. The number of levels with 

the spatial feedback could be increased if the pads would be 

taken individually and not in pairs. With the amplitude 

feedback, more intensity levels could be considered in each 

group of pads. In this case, the device restrictions and subjects' 

sensory discrimination abilities are the only limit to the 

feedback resolution. Recognizing more levels would be more 

challenging for the subjects, especially during combined DoFs 

control. Therefore, a longer training would likely be 

necessary. Importantly, continuous feedback or a higher 

number of feedback intervals might not be more beneficial 

during daily life tasks as high precision is often not necessary 

to accomplish functional tasks [59]. In addition, even though 

the feedback is discrete, the subjects could rely on internal 

models [68,69] and/or incidental feedback [70] to estimate the 

levels in-between those which are explicitly provided by the 

feedback.  
The psychometric properties of electrotactile stimulation 

were extensively investigated in literature [22], and this has 

been considered in the present study. The separation between 

the electrode pads (12 mm) was above the two-point spatial 

discrimination on the forearm (~ 9 mm [71] ). Similarly, since 

the feedback relied on only four, equidistantly arranged, 

intensity levels, the separation between the levels was also 

well above the just noticeable difference in amplitude [72]. 

This ensured that the subjects would be able to detect the 

transition between adjacent electrode pads and amplitude 

levels. Previous studies investigating feedback used a similar 

number of location, amplitude and/or frequency levels, which 

were sometimes combined (mixed coding) to increase the 

feedback resolution [25,32,60,73]. A specific challenge in the 

present study, however, was that the electrotactile codes 

corresponding to the two DoFs were simultaneously active, 

thereby possibly affecting the perception and interpretation 

[74]. Therefore, the previous results on optimal spatial and 

amplitude resolution for a single feedback variable could not 

be directly translated to a two DoF scenario. The four times 

four level coding schemes were selected based on pilot testing. 

Nevertheless, determining the optimal spatial and amplitude 

resolution when providing two feedback variables 

simultaneously is indeed an important future goal. Similarly, 

the coding could be extended to represent more feedback 

variables. For example, grasping force could be 

communicated by modulating the stimulation frequency of the 

hand aperture feedback [25]. This would allow 

communicating the full state of a multifunctional prosthesis, 

which is indeed an ultimate goal. The control was sequential 

in the present study since it was based on pattern 

classification. Therefore, although the subjects felt the 

sensations for two DoFs simultaneously, they could move 

only one DoF at a time. A relevant future step would be to 

evaluate the feedback schemes when using simultaneous 

control via regression [75]. 

 

5. Conclusion 

This study investigated the effectiveness of two novel 

electrotactile feedback schemes using spatial and amplitude 

coding to communicate proprioceptive information about two 

DoFs simultaneously. The results of closed-loop myoelectric 

control showed that even with minimal training (< 30 minutes) 

a very good performance can be achieved with both 

configurations. In addition, the subjects reported that both 

feedback schemes were easily comprehensible and intuitive. 

The stimulation interface used to implement the feedback is 

compact, and therefore, it could be easily integrated in a two 

DoF myoelectric prosthesis, potentially enhancing the 

prosthesis utility and embodiment in users. 
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