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Abstract 

The nervous system subconsciously estimates the state of the body as a weighted average of the 

information from various sensory sources, where the weights reflect the perceived reliability of each 

source. Loss of motor functions can be partially compensated using assistive systems (e.g. 

prostheses), which may also restore somatosensory feedback through tactile stimulation. Whether 

such artificial feedback is integrated in the neural state estimation process is not known. In this study, 

able-bodied subjects performed a grasp force matching task with supplementary non-invasive 

electrotactile stimulation with a frequency proportional to grasp force magnitude. Before the task, a 

brief training session taught the subjects to associate the sensation of electrotactile stimulation with 

the generated grasp force. In some trials, the force-frequency mapping was biased to introduce an 

unnoticeable mismatch between natural and electrotactile force feedback, thereby provoking the 

subject to subconsciously estimate the force as a compromise between the two sources of information. 

The outcome of this compromise revealed the weights assigned to each feedback type. The grasp 

forces were significantly affected by the biased mappings, as indicated by the average estimated 

relative weights (electrotactile: 0.69 ± 0.29; natural: 0.31±0.29). Across subjects, this weight was 

correlated (𝑟2  = 0.75) with the improvement in force matching precision when adding the unbiased 

electrotactile feedback to the natural force feedback, as predicted by maximum likelihood estimation. 

This shows that even after minimal training the nervous system adopts electrotactile stimulation as a 

highly reliable source of information that can improve the precision in the estimation of the grip force. 

This result has important implications for the restoration of sensory feedback in upper limb prostheses 

as it indicates that even non-invasive stimulation can be integrated naturally (i.e., subconsciously and 

effectively) in the motor control loop. 

Keywords: Motor control, electrotactile stimulation, sensory feedback, sensory integration, sensory 

substitution, human-machine interface.  

 

Introduction 

Somatosensory feedback is an integral part of human neural control of movement and this is 

particularly evident from the impact on motor performance when the feedback is absent [1,2]. 

Humans integrate information from various sources to generate a state estimate from which future 

movements can be planned [3]. For this reason, interacting with an artificial system (e.g., assistive 

robot) through a human-machine interface is challenging if the interface does not provide rich 
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(multimodal) sensory feedback about the machine actions to the user. One example of this problem 

is the use of upper-limb myoelectric prostheses, where poor controllability and lack of feedback are 

amongst the features which lead to the low acceptance rate by  myoelectric forearm prostheses users 

[4–6].    

Several different approaches have been proposed to restore sensory feedback from the amputated 

limb. In targeted sensory reinnervation, the sensory nerves from the amputated limb are redirected to 

skin areas e.g. on the chest, which implies that touch on these areas can be intuitively associated with 

touch on the prosthesis [7,8]. This has been further exploited to evoke an illusion of limb movement 

by applying vibration on the reinnervated areas [9]. Alternatively, invasive electrical stimulation of 

nerve branches at the periphery [10–13] or at the cortex [14–16] can to some degree generate 

sensations that are perceived as emanating from the amputated limb. These methods elicit 

somatotopic sensations, which are experienced as coming from the missing limb. Importantly, it has 

been shown that the somatosensory information conveyed by this stimulation can be integrated in the 

sensory integrationprocess similarly to natural sensory feedback. For natural feedback, this 

integration occurs optimally as redundant sources of information (e.g. from proprioception, tactile 

sense, and vision) are weighted according to their perceived reliability in accordance with maximum 

likelihood estimation (MLE) [17–20]. Feedback from cortical stimulation in monkeys has been 

shown to be integrated according to this principle [21] and a recent study in one human prosthesis 

user indicated that this was also the case for invasive peripheral nerve stimulation [22]. In this study, 

Risso and colleagues recreated the experimental setup from the seminal study by Ernst & Banks [17] 

by asking the amputee subject to estimate the size of a hand-held object based on proprioception 

arising from the nerve stimulation and from vision. It was found that the weights assigned to visual 

input and nerve stimulation, respectively, when estimating object size were predicted by the accuracy 

of each of these signals as quantified by the Just Noticeable Difference (JND).  

Although the invasive methods can restore somatosensory feedback in a way that is compatible with 

the motor control processes of the central nervous system, they involve complicated hardware and 

specialized surgical procedures. This might be an obstacle to their wider clinical application. For 

instance, even in the case of prostheses, many amputees are reluctant to undergo additional surgery 

[23]. A simpler and more practical solution is sensory substitution feedback, where the sensory 

modality is typically conveyed to the subject by non-invasive electrotactile or vibrotactile stimulation 

and the somatosensory information can be encoded by modulating stimulation parameters (e.g., the 

intensity of the stimulation [24,25]). Such feedback can improve control performance in some 
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conditions [26–29], although this approach requires the subject to re-interpret the perceived sensation 

(e.g. tingling on the forearm) as another sensory modality (e.g. prosthesis grasp force) [30]. Due to 

this additional layer of processing, it is normally assumed that such feedback is exclusively processed 

on a conscious level as opposed to natural feedback which is largely processed subconsciously [25].  

In this study, we investigated the integration of non-invasive electrotactile stimulation by the nervous 

system during closed-loop control of grasping force. Specifically, able-bodied subjects performed a 

grasp force-matching task with natural force feedback (combination of proprioception and cutaneous 

sensation) as well as electrotactile feedback representing the generated force. In a subset of the 

repetitions of this task, an unnoticeable bias was introduced in the electrotactile feedback, provoking 

the subject to subconsciously generate a weighted average of the two sources of information when 

estimating the state of the task (i.e. estimating grasp force to enable adjustments to the appropriate 

level). In this way, a non-zero weight of the electrotactile feedback would indicate that the nervous 

system adopts the information from this feedback and integrates it naturally (i.e. in accordance with 

MLE).  

 

Methods 

Participants 

Fourteen healthy subjects (8 males and 6 females, 29.1 ± 3.9 yrs.) were recruited for the main study, 

and four subjects (2 males and 2 females, 27.4 ± 4.2 yrs.) were recruited for the pilot study. The 

experiment was conducted in accordance with the declaration of Helsinki, approved by the local 

ethics committee, and the subjects signed an informed consent form before commencing with the 

experiment.  

Experimental setup 

The experimental setup consisted of the closed-loop system depicted in figure 1.A. The system 

included a grip force dynamometer (G200, Biometrics Ltd, USA; sensitivity: 1.5 V/mV), a standard 

PC, an electrical stimulator (DS8R Biphasic Constant Current Stimulator, Digitimer, USA) connected 

to a pair of stimulation electrodes (Dura-Stick Self-Adhesive Premium Stimulating Electrodes, round, 

Ø: 3.2 cm), and a data acquisition card to sample the force and also generate analog input (command 

signal) to the stimulator. The test bench model was implemented in Matlab 2019a (MathWorks, 

USA), Simulink, using a toolbox for human manual control [31] and Simulink 3D Animation. The 

force signal was sampled and processed on a PC, where it was encoded in real time in the train of 
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pulses generated by the stimulator. The recorded force signal was mapped linearly to the frequency 

of the stimulation pulses. In addition, the system included a visual representation of the generated 

force on the computer screen, where a vertical bar illustrated the instantaneous force. In this way, the 

generated grasp force was fed back to the user by up to three different channels: natural feedback 

(hand grasping the gripper), the sensation of the electrotactile stimulation, and visual feedback on the 

screen. The control loop ran at 1 kHz, where each cycle included sampling of the force signal and 

updating the command input into the stimulator. 
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Figure 1. The closed-loop system (A) records the force signal generated by the subject through the handgrip 

dynamometer and encodes it into a stimulation pattern delivered by electrical stimulation. In the primary 

experimental task (B), each trial was started by a target task where the subject was asked to produce a 

specific force based on visual feedback and hold this force as accurately as possible over a period of 5 s 

(target task).  After relaxing for 5 s, the subject was asked to generate the same force without visual 

feedback and to hold it for 3 s (matching task). In a subset of trials, the stimulation frequency encoding the 

force was either increased during the matching task (bias+ and bias+d; Eq. 2&3) or decreased (during bias-

; Eq. 2&4) by 80% of JND with respect to the baseline mapping (Eq. 1). In the target task, the baseline 

mapping (Eq.1) was always used. In addition to the conditions illustrated in this figure, the tasks were also 

completed without electrotactile feedback (natural feedback only condition).  
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Experimental procedure 

Throughout the main experiment, the subject was seated comfortably in front of a desk with the force 

transducer and a computer screen positioned approx. 50 cm away from the subject (figure. 1.A). The 

subject placed the dominant arm on the surface of the table. First, the maximum voluntary contraction 

(MVC) force was measured by asking the subject to grasp the hand dynamometer with maximum 

strength for 5 seconds. The mean force during the force plateau was extracted. The average plateau 

force across the three repetitions separated by >1 min was adopted as the MVC. In the following 

phases of the experiment, the generated force was normalized to the MVC so that all force signals 

were expressed in the range from 0 to 100%. 

Next, the participants underwent two training sessions lasting approximately 5 minutes in total to 

generate an intuitive understanding of the relation between natural feedback (proprioception, 

cutaneous and visual input) and the generated force. First, the subject was asked to generate a specific 

force level (randomly selected from the range 15-30 %MVC) indicated by a horizontal line on the 

screen. The resolution of the bar indicating instantaneous force was 5 % MVC/cm. In 12 consecutive 

trials, the subject had 6 s to match the target force and 4 s to relax before the start of the next trial. 

The second training task was similar to the first, but the visual feedback of the instantaneous force 

was absent for the first three seconds, leaving the subject to rely only on natural feedback to produce 

the desired force. The bar reappeared during the last three seconds of the trial, so that the subject was 

able to see the generated force and correct it if necessary.  

After this training procedure, the subjects performed two blocks of trials with the primary 

experimental task illustrated by figure 1.B. Each trial consisted of two contractions. First, the subject 

was asked to generate a specific force based on visual feedback by reaching and holding this force as 

accurately as possible over a period of 5 s, hereafter denoted as the target task. As long as the applied 

force was in the range of ± 5% of the target force the floating bar turned green as an indicator of 

success. After relaxing for at least 5 s, the subject was asked to generate the same force without visual 

feedback and hold it for 3 s, hereafter denoted as the matching task. In each trial the target force was 

set to a random value in the range 15-30 %MVC. Each of the two blocks contained 15 trials and the 

blocks were separated by 2 minutes. We refer to these trials as the natural feedback only condition.  

Next, electrotactile feedback was introduced. First, this feedback was calibrated by measuring the 

subject’s detection threshold, pain threshold and Just Noticeable Difference (JND). The JND was 

defined as the smallest change in stimulation frequency that could be detected by the subject (see 

Calibration section for details). Following the psychometric tests, the subject repeated the two 
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training sessions, but this time frequency-modulated electrotactile feedback (Eq. 1) was also provided 

in order for the subject to learn to associate the generated force with the sensation evoked by the 

stimulation. The amplitude of the stimulation was set to the average of detection and pain threshold 

to produce a clear non-painful sensation (pulse width: 500 µs). In the training, the instantaneous 

frequency of the electrotactile stimulation (F) was determined based on the normalized force (f) as:  

𝐹𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝑡) = 60𝑓(𝑡) + 5     (1) 

 

In this way, the complete range of force evoked stimulation frequencies in the range 5-65 Hz. This 

range was adopted from a previous study with frequency-modulated electrotactile feedback [32] and 

is compatible with the typical range of discharge rates for cutaneous receptors [33]. This mapping 

will be referred to as the baseline condition (figure 1.C). After the training, the subjects performed 

eight blocks (total of 120 trials) of the primary experimental task with electrotactile feedback. Each 

block was separated by breaks of 2 minutes to minimize mental and muscle fatigue. In the matching 

task of a subset of these trials, the mapping indicated by Eq. 1 was altered (biased mapping, Eq. 2) so 

a given force would now generate a different stimulation frequency (figure 1.C).  In this way, if the 

subject perfectly repeated the target force in the matching task, the stimulation frequency would be 

different, and vice versa for the force if the frequencies were matched across the two tasks. The 

magnitude of this mismatch in the stimulation frequency was always equal to 80% of JND, which 

implied that in principle all mappings should be consciously perceived as identical by the subject. 

Importantly, while the subjects were informed about the experimental task and the number of blocks, 

they were not informed that the mapping would be biased in some trials. Any implicit or explicit 

indication that the subject noticed the bias in some trials were noted by the experimenter, and after 

the experiment the subject was asked if he/she had noticed any variations in the force-frequency 

mapping across trials. 

Specifically, the biased mappings were characterized by Eq. 2:  

 

𝐹𝑏𝑖𝑎𝑠(𝑡) = 𝐵 × 𝐹𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒(𝑡) (2) 

 

, where B determines the magnitude of the bias. In the bias+ condition B was calculated as  

𝐵 = (1 +
0.8∙𝐽𝑁𝐷+

100
)                       (3) 

and as  

𝐵 = (1 −
0.8∙𝐽𝑁𝐷−

100
)  (4) 
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in the bias- condition, where 𝐽𝑁𝐷− and 𝐽𝑁𝐷+ correspond to the JND measured by approaching the 

baseline from below and above, respectively (see Calibration section). According to Eqs. 3 and 4 the 

stimulation frequency encoding the force was either increased or decreased by 80% of JND with 

respect to the baseline mapping (Eq. 1). This implies that during the matching task in the bias+ 

condition, the subject received electrotactile stimulation with higher pulse train frequency when 

generating a lower force than in the target task. Similarly, in the bias- condition, the stimulation 

frequency at a given force was lower compared to the baseline mapping. Finally, in the biasd+ 

condition (Eq. 4), the mapping was the same as in the bias+ condition, but a delay of 125 ms was 

imposed between the measured force and the corresponding frequency. This delay was selected to 

simulate a realistic time lag between activation and movement of a prosthesis [35]. 

The fact that the bias was implemented as a gain (determined by JND) is compatible with Weber’s 

law stating that the smallest difference in the intensity of a stimulus that can be perceived is 

proportional to the magnitude of the stimulus [36]. In this way, the JND values estimated at a baseline 

frequency of 15 Hz (see Calibration) could be extrapolated to the full range of frequencies. To 

compensate for potential minor deviations from the perfect proportional relation predicted by 

Weber’s law (i.e. the subject may be more sensitive to relative change at other frequencies than 15 

Hz), and to mitigate potential learning effects of long-term exposure to stimulation [37], the gain was 

set to 80% of JND. This ensured a safety margin so that the biased mappings were unnoticed by the 

subjects at all times.  

The order of the trials for the four conditions was randomized, so that each block of 15 trials contained 

different mappings (Eq. 1-4).  

 

Experimental procedure, pilot experiment 

The aim of the pilot test was to investigate whether the presence of electrotactile stimulation impaired 

the reliability of natural force sensation. The task was similar to experimental task of the main study 

but included two conditions (each 30 trials): natural feedback only in which the subject did not receive 

the electrical stimulation and constant feedback in which the subject was stimulated with a constant 

frequency of 30 Hz during both target and matching tasks. In the latter condition, the electrotactile 

feedback did not convey any task-relevant information. The subject performed 6 blocks of 5 trials of 

each of the two tasks in randomized order.  

Calibration  
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To calibrate the electrotactile feedback the stimulation electrodes were placed on subject’s skin at 

one third of the length of the radial side of the forearm measured from the wrist. This location is 

potentially relevant in practical applications for electrotactile feedback, including prosthesis users 

with transradial amputation. First, the detection and pain thresholds were determined using the 

method of limits [38]. Specifically, a number of 1-s trains of stimulation pulses were delivered, 

separated by 0.5 s pause. The stimulation amplitude was increased in steps of 0.1 mA while the 

stimulation frequency and the stimulus pulse width were kept constant at 50 Hz and 500 µs, 

respectively. The detection threshold was set to the lowest current amplitude producing detectable 

sensation, while the pain threshold was the lowest current at which the subject perceived the 

stimulation as painful. Both thresholds were measured three times and the average values were 

adopted as the final thresholds. The electrical stimulation in the present study was used to generate 

superficial current flow that activates skin afferents, thereby eliciting “pure” tactile sensations located 

below the electrodes. Accordingly, if the stimulation at any point during this procedure evoked 

radiating sensations or motor responses (muscle twitching), the electrodes were repositioned to ensure 

that only local sensations below the electrode were evoked. In one subject, the electrode placement 

was adjusted by approximately 1 cm with respect to the initial position due to muscle twitching. 

To determine the JND (main experiment only), the adaptive weighted staircase procedure was used 

[39]. Specifically, two 1-s trains of stimulation pulses with different, constant frequencies were 

delivered, separated by a pause of 0.5 s. For both pulse trains, the pulse amplitude was set halfway 

between the detection and pain thresholds (pulse width: 500 µs) to produce a clear and comfortable 

sensation. The frequency in one of the pulse trains was constant across all trials (baseline frequency: 

15 Hz), while the frequency of the other train (test frequency) was modulated across trials. After 

receiving the two trains of pulses in randomized order, the subject was asked to indicate if the first or 

the second pulse train had the higher frequency. If the subject selected the correct pulse train, the test 

frequency for the next trial was adjusted to be closer to the baseline frequency and vice versa when 

indicating the wrong train. This procedure was repeated until the subject guessed incorrectly seven 

times. The JND was computed by averaging the test frequencies in the trials with wrong answers (i.e. 

“reversal” of the staircase). The test frequency was adjusted by 1 Hz in the case of a correct answer 

and 3 Hz following a wrong answer. This procedure implied that the estimated JND corresponded to 

the difference in frequency that the subject was able to recognize with a success rate of 75% [40]. 

The JND was measured three times for initial test stimulus set to 5 Hz (below the baseline, JND-; test 

stimulus frequency increased for correct answers) and 25 Hz (above the baseline, JND+; test stimulus 
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frequency decreased for correct answers), respectively. JND- and JND+ were determined as the 

average values across the three repetitions and were expressed in percent of the baseline frequency. 

Data analysis 

The main outcome measure was the plateau force in the matching task (𝑓𝑚𝑡) expressed as a percentage 

of the plateau force in the target task (𝑓𝑡𝑡), hence 100% indicates that a subject has perfectly 

reproduced the target force. 𝑓𝑚𝑡 was extracted from the matching force by computing the average of 

the recorded signal between 17 to 20 s (when the hold on message appeared on the screen; figure 

1.B). Additionally, the parameter 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜 was defined as the force that the subject would need to 

generate to obtain the same frequency of electrotactile stimulation that he experienced when 

producing the target force in the target task (Figure 2). This parameter was also expressed as a 

percentage of 𝑓𝑡𝑡. Specifically, in the bias conditions, 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜{𝑏𝑖𝑎𝑠∗} where * stands for (+, -, +d), is 

the force that fulfills  

𝐹𝑏𝑖𝑎𝑠 = 𝐹𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒     (5) 

,which cf. Eq. 1 and 2 is equivalent to  

𝐵(60𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜 + 5) = 60𝑓𝑡𝑡 + 5     (6) 

and this implies that  

𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜 =
1

𝐵
(𝑓𝑡𝑡 +

1

12
) −

1

12
     (7) 

Prior to analysis, the erroneous trials were removed from the dataset. For example, in a subset of 

trials, it was clear that the subject momentarily lost focus. This was evident from trials with a large 

difference between the forces during the two tasks, or highly variable force during the matching task. 

Specifically, trials with matching task plateau force >10% MVC from the target force or trials with 

coefficient of variation (standard deviation/mean of matching task plateau force) > 20 were excluded. 

The average 𝑓𝑚𝑡 for all included trials for each of the five conditions (natural feedback only, baseline, 

bias+, bias-, and bias+d) as well as the variance of 𝑓𝑚𝑡 across trials were calculated. In addition, the 

force at the first force turn in the matching task (i.e. force amplitude where the force had its first 

negative slope after the initiation of that task) normalized to 𝑓𝑡𝑡 and the time to the first turn was 

calculated for all included trials.  
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The average 𝑓𝑚𝑡 and force at the first force turn were compared across bias-, baseline, bias+, and 

bias+d conditions using one-way repeated measure analysis of variance test and Bonferroni post-hoc 

test for pairwise comparison across the conditions.  

The weight assigned to the electrotactile feedback (𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜) by the CNS in the sensory integration 

process relative to the weight of the natural feedback (𝑊𝑛𝑎𝑡𝑢𝑟𝑎𝑙) was estimated from the bias-, bias+, 

and bias+d conditions using Eq. 8: 

 

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 =
𝑓𝑚𝑡{𝑏𝑖𝑎𝑠∗}−100

𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜{𝑏𝑖𝑎𝑠∗}−100
 (8) 

, where 𝑓𝑚𝑡{𝑏𝑖𝑎𝑠∗} is the average matching task plateau force expressed as the percentage of the 

target force in each trial, 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜{𝑏𝑖𝑎𝑠∗} refers to the force that should be generated in the matching 

task in order to produce the target frequency (i.e. the frequency experienced at the target force in the 

target task) also expressed as a percentage of the target force, and * indicates the condition (+, -, +d). 

The numerator in this equation therefore represented the average displacement of the matching task 

plateau force from the target force (100%, since 𝑓𝑚𝑡 was normalized to the target force; Figure. 2). 

This difference was then normalized (denominator) to the force difference expected in the bias 

conditions if the subject aimed at perfectly replicating the stimulation frequency. Therefore, 

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜~ 1 would indicate that the subject strongly reacted to the bias in the electrotactile feedback 

which in turn implies that when reproducing the target force he/she focused mostly on the 

electrotactile stimulation rather than natural feedback input.  

It was observed that in some subjects 𝑓𝑚𝑡 in the baseline condition (𝑓𝑚𝑡{𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒}) was consistently 

above or below the target force. As Eq. 8 assumed that subjects could, on average, generate the 

appropriate target force in the baseline condition, this equation was adjusted to compensate for such 

systematic deviations from the reproduction of the target force in the baseline trials:  

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 =
(𝑓𝑚𝑡{𝑏𝑖𝑎𝑠∗}−(𝑓𝑚𝑡{𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒}−100))−100

𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜{𝑏𝑖𝑎𝑠∗}−100
=

𝑓𝑚𝑡{𝑏𝑖𝑎𝑠∗}−𝑓𝑚𝑡{𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒}

𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜{𝑏𝑖𝑎𝑠∗}−100
 (9) 

𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 for each subject was determined as the average value across the values obtained in the three 

bias conditions.  
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Figure 2: The instantaneous force determined the stimulation frequency in different ways across conditions. 

In the target task, the baseline mapping (blue line; top panel) was always used. In the matching tasks in 

some trials, different mappings were used to introduce an unnoticeable bias. The orange line (top panel) 

illustrates the mapping used in the bias+ condition. The difference in frequency evoked by the force in this 

mapping versus the baseline was determined by the normalized JND+. In this way, the change in frequency 

due to the biased mapping was not noticeable to the subject. From 30 repetitions of the task in each 

condition, the distribution of matching task plateau force (𝑓𝑚𝑡) was derived. Across repetitions of the 

baseline condition, it was expected that the distribution of normalized 𝑓𝑚𝑡would be centered around 𝑓𝑡𝑡 

(blue curve). In the matching task in the bias+ condition, however, it was no longer possible for the subject 

to reproduce the same natural sense of force magnitude as well as the same electrotactile stimulation 

frequency (due to the biased mapping). Here, 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜 refers to the force that must be generated by the 

subject in order to evoke the same stimulation frequency as in the target task (baseline mapping). In this 

case, the center of the distribution of 𝑓𝑚𝑡 (orange curve) would indicate the relative weight assigned to the 

two feedback sources in the neural integration process (𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 and 𝑊𝑛𝑎𝑡𝑢𝑟𝑎𝑙, respectively). The larger 

the displacement of this distribution center with respect to the baseline condition, the higher the weight of 

the electrotactile feedback.  
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MLE predicts that precision of the state estimate based on the available feedback sources can be 

predicted from the variance of these feedback sources [17]. Accordingly, if 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 is high it can be 

expected that the precision of the state estimate improves when electrotactile feedback is provided 

since the variance of the information provided by the stimulation is presumably low (and vice versa 

for low 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜). We tested this hypothesis by comparing the change in variance of 𝑓𝑚𝑡 in the 

conditions with and without electrotactile feedback (i.e. baseline vs. natural feedback only condition) 

depending on the estimated 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 using linear regression analysis. Specifically, the change in 

precision was estimated as the ratio between the variance of all matching task average 𝑓𝑚𝑡 in the 

baseline condition and the natural feedback only condition. In this way, a low value implied a large 

improvement in precision, where the values at or higher than 1.0 indicate the same or lower precision 

with the addition of the electrotactile feedback.  

In addition, the paired t-test was used to investigate the difference between JND+ and JND- and linear 

regression was used to investigate the relation between 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 and the following parameters: 

magnitude of MVC, average magnitude of JND, variance of 𝑓𝑚𝑡 in natural feedback only condition 

and the range between sensation and discomfort thresholds. Adjustment for pairwise comparisons 

was performed using Bonferroni correction.  

To investigate whether learning occurred across the 30 trials in each condition, the rectified 

normalized error (│Fmt-Ftt│) was calculated per trial, per subject split by five conditions. The average 

error for each subject in the first and in last 10 trials was calculated for each condition and was 

compared using t-test. 

The distributions of normalized plateau forces from the pilot experiment were analyzed statistically 

using a two sampled t test and bootstrap resampling to compare the tested conditions (natural 

feedback only and constant stimulation) for each subject. 

Prior to all tests, the normality of the data was checked using one-sample Shapiro-Wilk tests. In all 

above analysis, a significance level was set at p < 0.05. 

 

Results 

The average JND was 18.91 ± 5.91% and 17.47 ± 5.62 % of the baseline stimulation frequency for 

ascending (JND+) and descending (JND-) tests, respectively (𝑝 =  .002). These values implied that 
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in the matching task, the subject should produce forces that deviated, on average, by 15% and 14% 

of the target force (conditions bias+ or bias-, respectively) in order to receive electrotactile stimulation 

at the frequency experienced as in the target task (Eq. 3&4). None of the subjects indicated that they 

noticed that the bias was introduced in the force-frequency relation in some trials: neither 

spontaneously during the experiment nor when asked explicitly after the experiment.  On average, 

5.6 ± 7.7 % (maximum number: 8/30) of the trials were excluded for each of the five conditions due 

to indications that the subject was not attentive to the task in the trial (see Data analysis). Specifically, 

this occurred in 10.9 ± 12.0 % of the trials in the natural feedback only condition, in 3.1 ± 4.0 % of 

the trials in the baseline condition, in 5.4 ± 7.4 % of the trials in the bias+ condition, in 4.0 ± 5.4 % 

of the trials in the bias- condition, and in 3.5 ± 3.5 % of the trials in bias+d. Across all conditions, 6.4 

± 5.1 % of all trials with low target forces (<22.5% MVC) were excluded, while 4.4 ± 3.2 % of the 

trials with high target forces (≥22.5% MVC) were excluded. 

In the pilot test, the variance of 𝑓𝑚𝑡  was 185 ± 64 (natural feedback only) and 192 ± 83 (constant 

stimulation). The similarity between these two numbers indicated that the presence of electrotactile 

stimulation did not impair the ability of subjects to estimate the grasp force via natural feedback. No 

statistically significant difference was observed across the distributions of normalized plateau force 

for any of the subjects (p-values in the four subjects ranging from 0.34-0.89). Figure 3.A shows 

representative force traces generated by one subject in three trials with similar target force 

(approximately 20% MVC) with and without bias (baseline, bias- and bias+ conditions, respectively), 

while Figure 3.B depicts the corresponding profiles of instantaneous frequency of the electrotactile 

feedback delivered to the subject. In the target task (contraction during approx. the first 7 s), the 

generated force accurately matched the target for all conditions. Across the three conditions, a force 

close to the target was reached rapidly (at the first force turn) after which slower adjustments in the 

force occurred. The nature of these adjustments, however, depended on the condition. In the matching 

task of the baseline condition, the target force was accurately reproduced, whereas the plateau forces 

were markedly shifted in the two conditions with the bias. Figure 3.B, illustrating the instantaneous 

stimulation frequency, demonstrates that in these conditions the subject subconsciously generated the 

force by making a compromise between matching the perceived force (natural feedback) versus 

replicating the perceived stimulation frequency that were experienced in the target task. Here, a 

compromise was needed since the bias implied that both sensations could not be reproduced as in the 

baseline condition. Specifically, in this example, the plateau force in the matching task of the bias+ 

condition was approximately 2% MVC below the force produced in the target task while the 

Page 15 of 28 AUTHOR SUBMITTED MANUSCRIPT - JNE-104668.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



stimulation frequency was approximately 2 Hz higher than during the target task. The opposite 

behavior was observed for the bias- condition.  

Figure 4 displays the deviations in 𝑓𝑚𝑡  produced across all trials and conditions for two subjects. 

These two subjects responded to the bias in highly different ways. The first subject (No.6; left-hand 

side of figure 4) exhibited a substantial increase in the precision of the plateau force produced in the 

matching task (i.e. variance decreased to <50% of the variance in natural feedback only condition). 

This suggests that the information carried by the electrotactile feedback was exploited by the CNS to 

generate a more reliable, and thus more reproducible, estimate of the target force. Furthermore, the 

magnitude of the matching task plateau force varied systematically with the bias, indicating that 

electrotactile feedback dominated the compromise between the two sensory modalities. Here, the 

dominance implies that the sensation of the electrotactile feedback from the target task was closer to 

being accurately reproduced than the sensation of natural force feedback during the matching task. 

This dominance was not influenced by the delay (bias+d). On the other hand, the electrotactile 

feedback and the bias conditions had little impact on the behavior of subject No.11 (right-hand side 

of figure. 2). Specifically, the electrotactile feedback implied a minor decrease in the matching task 

precision and the mean value of normalized plateau force appeared to be largely unaffected by the 

 

Figure 3.  Force traces (A) and instantaneous stimulation frequency (B) from three trials in baseline, bias- 

and bias+ conditions, respectively, from one subject. Triangles indicate the force at the first turn in the 

matching task for each condition. The dashed black box in the matching task in panel A represents the 

period from which the plateau force was extracted. In some cases, including the target task of the baseline 

condition in this example, the subject terminated the contraction with some delay (in this case 

approximately 1 s) with respect to the instruction. We suspect this reflects that the subject briefly directed 

the attention away from the instructions on the screen. 
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bias. Within all conditions, the error in 𝑓𝑚𝑡 with respect to the target force did not exhibit learning 

effects across the 30 trials, (first 10 trials: 17.80 ± 4.36; Last 10 trials 17.34 ± 3.58; p=0.96).  
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Across all subjects, however, the bias did significantly affect the matching task plateau force (p < 

0.001) (Fig. 5). While the target force was accurately reproduced in the baseline condition (average 

𝑓𝑚𝑡: 99.3 ± 7.5 %),  𝑓𝑚𝑡 was 109.8 ± 11.6 % in the bias- condition and 88.6 ± 7.4% in the bias+ 

 

Figure 4. Distribution of matching task plateau forces normalized to the respective target forces across all 

conditions for two subjects. The dashed, vertical lines in the conditions with the bias in the encoding 

between force and stimulation frequency indicate the felectro in each condition. The 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜in both 

directions are indicated by dashed lines. 

 

 

 

 
Figure 5. Mean ± standard deviation of normalized plateau force (a) and normalized force at the first turn 

(b) during different conditions across all subjects. The horizontal bars indicate statistically significant 

differences (ANOVA followed by the pairwise multiple-comparison test with Bonferroni correction). **, 

p ≤ 0.001; *, p ≤ 0.05.  
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condition. The post-hoc test indicated that there was a highly significant difference (p <0.001) 

between bias- versus bias+ and bias+d and a significant difference (p< 0.05) between baseline versus 

the three biased conditions. This shows that the information carried by the electrotactile feedback was 

exploited in the sensory integration process with a considerable weight. Introducing a delay in the 

feedback did not affect this (𝑓𝑚𝑡  in bias+d: 90.0 ± 7.9%; not significantly different from bias+). 

Conversely, the force at the first turn was not significantly different across the conditions (p = 0.22). 

The time from the onset of force generation in the matching task to the first turn was 0.55 ± 0.11 s 

(bias-), 0.44 ± 0.09 s (baseline), 0.45±0.08 s (bias+), and 0.45 ± 0.07 s (bias+d). One way ANOVA 

detected a significant difference across the groups (p =0.011), however after applying Bonferroni 

post hoc test we only found a significant difference between bias+ and bias-. The estimated average 

relative weight of electrotactile feedback (𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜; 𝐸𝑞.  9) was 0.69 ± 0.29, which implies that the 

weight of natural force feedback was 0.31 ± 0.29. This implies that the subjects, on average, relied 

more on the electrotactile feedback than on natural feedback when selecting the appropriate muscle 

activation level during the matching task. The high variability in this weight across subjects, however, 

showed that this behavior was not consistently observed in all subjects, as the range of relative 

weights was 0.14-0.99 (figure 6). The estimated weights of electrotactile feedback across subjects 

was significantly correlated (𝑟2  =  0.75, 𝑝 <  0.001) with the improvement in the precision of the 

matching task plateau force when including electrotactile feedback (natural feedback only versus 

baseline). This is in accordance with MLE that predicts that a precise source of information would 

be assigned a high weight. The top and right panel in figure 6 displays fitted distributions of matching 

task plateau forces across conditions for two representative subjects. These examples illustrate the 

meaning of values at different ends of the spectrum for the two axes (𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜  and variance ratio). 

The high variance ratio (0.92) for subject No.12 implies that the fitted distributions for the natural 

feedback only and baseline conditions had approximately the same variance. On the other hand, for 

subject No. 8, the variance was much smaller for the baseline condition; hence a low variance ratio 

(0.35).  For this subject, the high 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜  (0.90) reflects a clear shift in the mean value of the fitted 

distributions to the bias+, baseline, and bias- conditions, whereas these distributions are largely 

overlapping for subject No.12. 
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The average range between sensation and discomfort threshold reported by the subjects was 3.67 ± 

0.64 mA (main experiment) and 3.47 ± 0.42 mA (pilot experiment). From the data collected in the 

main experiment, linear regression analysis indicated a significant correlation between the weight of 

electrotactile feedback and this range (𝐵𝑒𝑡𝑎 =  0.871, 𝑝 <  .001, 𝑟2 =  .758). Conversely, there 

 
Figure 6. Scatterplot between the estimated 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 and the ratio of the variance of the matching task plateau 

forces in the baseline and natural feedback only conditions. The red line indicates the best linear fit. The top 

and right panel displays fitted distributions (obtained by applying kernel density estimator) of matching task 

plateau forces across conditions for two representative subjects (No. 8 and 12). The high variance ratio (0.92) 

for subject No.12 indicates the equal variance of the fitted distributions for the natural feedback only and 

baseline. Contrariwise, for subject No. 8, a low variance ratio (0.35) and high 𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑜 (0.90) reflects a clear 

shift in the mean value of the fitted distributions to the bias+, baseline, and bias- conditions, whereas these 

distributions are largely overlapping for subject No.12.  
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were no significant relations between this weight and the subject’s MVC, JND or the variance of 

plateau force during natural feedback only condition. 

 

Discussion   

In this study, abled-bodied volunteers performed a grasp force matching task while receiving 

electrotactile stimulation with a pulse train frequency proportional to the generated grasp force. 

Careful manipulation of the electrotactile feedback in a range that was unnoticeable by the subjects, 

showed that the feedback was integrated in the neural process of estimating the generated grasp force 

in a way that is compatible with MLE. The latter  model is typically used to describe the way 

redundant natural feedback sources are fused by the nervous system to generate a state estimate [17–

20]. Moreover, the results demonstrated that in this integration the electrotactile feedback outweighed 

the natural feedback for most subjects. In other words, when faced with incongruent information in 

the natural and electrotactile force feedback, the nervous system tended to rely mostly on the 

electrotactile feedback. The electrotactile stimulation evokes a tingling sensation on the forearm, 

which is normally not associated with grasp force. Nevertheless, with minimal training (<5 min), the 

central nervous system adopted this source of information in a new context and judged it more reliable 

than the natural source. This is a remarkable finding since the generation of a range of forces is a 

common element in many every-day tasks, and it could have been expected that the central nervous 

system would not dramatically alter the degree to which it relies on the natural grasp force feedback.  

The pilot experiment indicated that the presence of electrotactile stimulation does not impair the 

perceived reliability of the natural force feedback. Instead, it can be speculated that the high reliance 

on electrotactile feedback reflects that it provided a less ambiguous source of information compared 

to natural force feedback. In natural feedback, the grasp force estimate is obtained from many sources 

including tactile receptors sensing the mechanical deformation of the tissue and Golgi tendon organs 

detecting forces generated by muscles [41,42]. Each of these two classes of feedback comprise 

hundreds or thousands individual receptors, whose individual activity may vary substantially across 

repetitions. For example, even a slight shift in the position of the force transducer during grasping 

would imply a redistribution of the force across the palm and fingers, thereby activating the individual 

tactile receptors differently. Furthermore, the redundancy of the forearm muscles imply that one grasp 

force magnitude can be generated by many combinations of muscle activation patterns. This is not 

merely a theoretical option, but it is well-established that the central nervous system actively exploits 
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different solutions when repeating the same motor tasks [43,44]. Consequently, the activation of 

individual Golgi tendon organs would be expected to vary across repetitions, even in the simple task 

of grasping a gripper [45]. Finally, the information on the overall grasping force, which is the actual 

task relevant variable, must be estimated by the brain from such an intrinsically variable activation 

of a network of receptors. Conversely, the electrotactile feedback provides a simpler and more stable 

representation of the net grasp force, since the task relevant information is transmitted directly, 

encoded in the stimulation frequency, via the same group of nerves activated in a synchronous 

manner.  

The fact that subjects reacted in a systematic way to changes in the relation between grasp force and 

electrotactile stimulation frequency that were not noticed indicates multiple streams of neural 

processing for this signal. In one stream, the stimulation is consciously sensed as a tingling on the 

forearm with a resolution that is limited by JND. In the literature regarding sensory substitution 

feedback, this is normally assumed to be the only stream by which the feedback can be processed 

[25]. Furthermore, exploiting this stream is assumed to imply a substantial cognitive load since the 

sensation of tingling must be actively re-interpreted as the modality that is encoded in the feedback 

(in this case grasp force) [30]. The findings of this study, however, show that the information from 

electrotactile feedback is also processed subconsciously and that the resolution of this stream might 

not be limited by JND. This is similar to the processing of natural feedback, as the CNS continuously 

receives and processes information, most of which is never brought to our conscious attention. 

Nevertheless, this information can be exploited, as shown previously in the experiments from which 

our protocol drew inspiration (tactile and proprioceptive sensory feedback) [17,19], and other studies 

(visual feedback) [46]. The electrotactile feedback is also transmitted through the natural sensory 

pathway (skin afferents) with an advantage that the afferents are stimulated in a way which directly 

encodes the task relevant information (net grasping force). As the results of the present study 

demonstrate, this combination seems to be particularly effective approach of closing the control loop, 

as in most subjects the electrotactile feedback improved the precision of the force-matching task when 

added to the existing natural feedback. Previous studies indicated that the cognitive load of a 

prosthetic control task increases with supplementary tactile feedback [47,48], suggesting that 

primarily cognitive processing was exploited for control. The present study indicates that sensory 

substitution, if implemented to facilitate subconscious integration, could lead to a non-invasive 

feedback that improves performance while minimizing the added cognitive load. However, the 
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translation of this insight into clinical applications is a challenging step, which requires a non-trivial 

transition from hand to prosthesis control, and this will be thus explored in future work.   

The outcome of this study has several important implications for the design of artificial feedback for 

restoration of sensation for prosthesis users. First, several studies have explored invasive stimulation 

of nerves that innervated receptors in the amputated hand to evoke natural phantom sensations [10–

13]. Compared to non-invasive sensory substitution feedback, this method is commonly believed to 

have the advantage of evoking sensations that are intuitively associated with prosthesis actions at the 

cost of a more complex implementation involving e.g. surgery. This study, however, indicates that 

non-invasive sensory substitution can also evoke sensations that are intuitive in the sense that they 

are processed subconsciously by the central nervous system. Additionally, the electrotactile feedback 

had a substantial impact on the state estimate, and in most subjects, it actually dominated over the 

natural feedback. Importantly, this subconscious processing of the feedback was maintained when a 

time-lag representing the delay for mechanical activation of the prosthesis was simulated (Figure 5).  

Second, although most subjects relied primarily on electrotactile feedback in the grasp force task, 

three subjects exhibited weights of electrotactile feedback <0.5 (Figure 6). A previous study showed 

a large variability in such weights for natural feedback sources across subjects [19], indicating that 

such variations may be expected. However, across all subjects the electrotactile weights were 

significantly correlated with the magnitude of the range between sensation and discomfort threshold. 

This suggests that subjects who relied mainly on natural force feedback were those with lowest 

tolerance towards electrotactile stimulation. This implies that, the stimulation intensities used during 

the experiment for  subjects with low electrotactile weights were relatively close to the sensation 

threshold, which may have implied that the evoked stimulation pattern was transmitted to the central 

nervous system via a small number of individual nerves. Accordingly, the subjective sensation of the 

stimulation was weak, which might have decreased both conscious and subconscious perception of 

the frequency modulation, reducing thereby the perceived reliability of this feedback source. It is 

likely that a longer training period with exposure to stimulation prior to determination of the 

discomfort threshold could have familiarized these subjects to the sensation of electrotactile 

stimulation, thereby allowing them to tolerate higher stimulation intensities. In this way, it can be 

hypothesized that higher weights of electrotactile feedback could have been achieved even in those 

subjects, but such effects are to be determined in future studies.  

Page 23 of 28 AUTHOR SUBMITTED MANUSCRIPT - JNE-104668.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Finally, the proposed experimental scheme may be an efficient way to objectively compare different 

feedback coding schemes. Artificial feedback may be provided as vibrotactile or electrotactile 

stimulation and encoded in stimulation frequency, amplitude and location. Furthermore, the encoding 

may be based on linear or non-linear relations between the feedback variable and the stimulation 

parameters. Various combinations of these settings for feedback systems have been presented 

previously [24], but their efficiencies are rarely compared and there are several examples of 

contradictory findings [25]. This may be related to different experimental protocols for assessment. 

We believe that estimating the weight of the feedback relative to its natural counterpart provides an 

objective and meaningful measure of its effect. Previous studies have estimated the weight of artificial 

somatosensory feedback relative to visual feedback by blurring the vision to different degrees [21,22]. 

This is an effective solution for demonstrating that the integration follows the principles of MLE, but 

the obtained values of the weights of the feedback are less easy to interpret in an intuitive way. 

Specifically, the approach outlined in this study predicts if the feedback is considered either more or 

less reliable than the natural feedback it seeks to replace, instead of providing the weight relative to 

visual feedback superimposed on a certain amount of noise. In this context, it is important to 

acknowledge that the current experimental protocol cannot be performed by amputees, since they 

lack a natural sense of grasping force. For this reason, the experimental paradigm needs to be adjusted 

in order to verify if the feedback scheme identified as being superior in able-bodied individuals is 

equally effective in amputee subjects. 

When attempting to match the target force, all subjects followed similar strategies. A rapid increase 

in the force to approximate the target force followed by slow adjustments (Figure 3). It is likely that 

the first phase reflects feedforward control since the force at the first turn was not significantly 

different from the target force in any condition (Figure 5). The significant difference in plateau forces, 

however, suggest that feedback control was used after the first turn to fine-tune the generated force 

in a more careful way. Although the forces at first turn were not significantly different from the target, 

it exhibited the same trends as those observed for the plateau force in most conditions (Figure. 5). 

This may reflect that the first turn is not a perfect estimate of the switch between control strategies. 

Instead, it is likely that some subjects simply slowed down the increase in the feedforward-based 

force when beginning to assess the feedback without necessarily making a turn.  

 

Conclusion 
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In conclusion, this study shows that electrotactile stimulation on the surface of the skin with a 

frequency related to the net grasp force is processed subconsciously according to the principles of 

MLE and that the integration is thus not limited by JND. Furthermore, the weight assigned to the 

electrotactile feedback, and thus its impact on the state estimate, exceeds that of natural grasp force 

feedback. These findings have important implications for the understanding and design of the 

methods for the restoration of somatosensory feedback based on the principle of sensory substitution.  

 

References 

[1]  Miall R C, Rosenthal O, Ørstavik K, Cole J D and Sarlegna F R 2019 Loss of haptic feedback 

impairs control of hand posture: a study in chronically deafferented individuals when grasping and 

lifting objects Exp. Brain Res. 237 2167–84 

[2]  Rothwell J C, Traub M M, Day B L, Obeso J A, Thomas P K and Marsden C D 1982 Manual motor 

performance in a deafferented man Brain 105 515–42 

[3]  Shaw M L 1982 Attending to multiple sources of information: I. The integration of information in 

decision making Cogn. Psychol. 14 353–409 

[4]  Biddiss E and Chau T 2007 Upper limb prosthesis use and abandonment: A survey of the last 25 

years Prosthet. Orthot. Int. 31 236–57 

[5]  Salminger S, Stino H, Pichler L H, Gstoettner C, Sturma A, Mayer J A, Szivak M and Aszmann O C 

2020 Current rates of prosthetic usage in upper-limb amputees – have innovations had an impact on 

device acceptance? Disabil. Rehabil. 1–12 

[6]  Peerdeman B, Boere D, Witteveen H, Huis in `tVeld R, Hermens H, Stramigioli S, Rietman H, 

Veltink P and Misra S 2011 Myoelectric forearm prostheses: State of the art from a user-centered 

perspective J. Rehabil. Res. Dev. 48 719 

[7]  Dumanian G A, Ko J H, O’Shaughnessy K D, Kim P S, Wilson C J and Kuiken T A 2009 Targeted 

Reinnervation for Transhumeral Amputees: Current Surgical Technique and Update on Results Plast. 

Reconstr. Surg. 124 863–9 

[8]  Lipschutz R D, Kuiken T A, Miller L A, Dumanian G A and Stubblefield K A 2006 Shoulder 

disarticulation externally powered prosthetic fitting following targeted muscle reinnervation for 

improved myoelectric control Journal of Prosthetics and Orthotics vol 18 (American Academy of 

Orthotists and Prosthetists (AAOP)) pp 28–34 

[9]  Marasco P D, Hebert J S, Sensinger J W, Shell C E, Schofield J S, Thumser Z C, Nataraj R, Beckler 

D T, Dawson M R, Blustein D H, Gill S, Mensh B D, Granja-Vazquez R, Newcomb M D, Carey J P 

and Orzell B M 2018 Illusory movement perception improves motor control for prosthetic hands Sci. 

Transl. Med. 10 

[10]  Raspopovic S, Capogrosso M, Petrini F M, Bonizzato M, Rigosa J, Pino G Di, Carpaneto J, 

Controzzi M, Boretius T, Fernandez E, Granata G, Oddo C M, Citi L, Ciancio A L, Cipriani C, 

Carrozza M C, Jensen W, Guglielmelli E, Stieglitz T, Rossini P M and Micera S 2014 

Bioengineering: Restoring natural sensory feedback in real-time bidirectional hand prostheses Sci. 

Transl. Med. 6 222ra19-222ra19 

[11]  D’Anna E, Petrini F M, Artoni F, Popovic I, Simanić I, Raspopovic S and Micera S 2017 A 

Page 25 of 28 AUTHOR SUBMITTED MANUSCRIPT - JNE-104668.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



somatotopic bidirectional hand prosthesis with transcutaneous electrical nerve stimulation based 

sensory feedback Sci. Rep. 7 

[12]  Scarpelli A, Demofonti A, Terracina F, Ciancio A L and Zollo L 2020 Evoking Apparent Moving 

Sensation in the Hand via Transcutaneous Electrical Nerve Stimulation Front. Neurosci. 14 

[13]  Valle G, D’Anna E, Strauss I, Clemente F, Granata G, Di Iorio R, Controzzi M, Stieglitz T, Rossini 

P M, Petrini F M and Micera S 2020 Hand Control With Invasive Feedback Is Not Impaired by 

Increased Cognitive Load Front. Bioeng. Biotechnol. 8 

[14]  Salas M A, Bashford L, Kellis S, Jafari M, Jo H, Kramer D, Shanfield K, Pejsa K, Lee B, Liu C Y 

and Andersen R A 2018 Proprioceptive and cutaneous sensations in humans elicited by intracortical 

microstimulation Elife 7 

[15]  Flesher S N, Collinger J L, Foldes S T, Weiss J M, Downey J E, Tyler-Kabara E C, Bensmaia S J, 

Schwartz A B, Boninger M L and Gaunt R A 2016 Intracortical microstimulation of human 

somatosensory cortex Sci. Transl. Med. 8 361ra141-361ra141 

[16]  Richer F, Martinez M, Robert M, Bouvier G and Saint-Hilaire J M 1993 Stimulation of human 

somatosensory cortex: tactile and body displacement perceptions in medial regions Exp. Brain Res. 

93 173–6 

[17]  Ernst M O and Banks M S 2002 Humans integrate visual and haptic information in a statistically 

optimal fashion Nature 415 429–33 

[18]  Alais D and Burr D 2004 The Ventriloquist Effect Results from Near-Optimal Bimodal Integration 

Curr. Biol. 14 257–62 

[19]  Van Beers R J, Wolpert D M and Haggard P 2002 When feeling is more important than seeing in 

sensorimotor adaptation Curr. Biol. 12 834–7 

[20]  Körding K P and Wolpert D M 2004 Bayesian integration in sensorimotor learning Nature 427 244–

7 

[21]  Dadarlat M C, O’Doherty J E and Sabes P N 2015 A learning-based approach to artificial sensory 

feedback leads to optimal integration Nat. Neurosci. 18 138–44 

[22]  Risso G, Valle G, Iberite F, Strauss I, Stieglitz T, Controzzi M, Clemente F, Granata G, Rossini P M, 

Micera S and Baud-Bovy G 2019 Optimal integration of intraneural somatosensory feedback with 

visual information: a single-case study Sci. Rep. 9 1–10 

[23]  Engdahl S M, Christie B P, Kelly B, Davis A, Chestek C A and Gates D H 2015 Surveying the 

interest of individuals with upper limb loss in novel prosthetic control techniques J. Neuroeng. 

Rehabil. 1–11 

[24]  Antfolk C, D’alonzo M, Rosén B, Lundborg G, Sebelius F and Cipriani C 2013 Sensory feedback in 

upper limb prosthetics Expert Rev. Med. Devices 10 45–54 

[25]  Sensinger J W and Dosen S 2020 A Review of Sensory Feedback in Upper-Limb Prostheses From 

the Perspective of Human Motor Control Front. Neurosci. 14 345 

[26]  Franklin D W and Wolpert D M Computational Mechanisms of Sensorimotor Control 

[27]  Dosen S, Markovic M, Strbac M, Belic M, Kojic V, Bijelic G, Keller T and Farina D 2017 

Multichannel electrotactile feedback with spatial and mixed coding for closed-loop control of 

grasping force in hand prostheses IEEE Trans. Neural Syst. Rehabil. Eng. 25 183–95 

[28]  Raveh E, Portnoy S and Friedman J 2018 Adding vibrotactile feedback to a myoelectric-controlled 

hand improves performance when online visual feedback is disturbed Hum. Mov. Sci. 58 32–40 

Page 26 of 28AUTHOR SUBMITTED MANUSCRIPT - JNE-104668.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



[29]  Schweisfurth M A, Markovic M, Dosen S, Teich F, Graimann B and Farina D 2016 Electrotactile 

EMG feedback improves the control of prosthesis grasping force J. Neural Eng. 13 056010 

[30]  Svensson P, Wijk U, Björkman A and Antfolk C 2017 A review of invasive and non-invasive 

sensory feedback in upper limb prostheses Expert Rev. Med. Devices 14 439–47 

[31]  Dosen S, Markovic M, Hartmann C and Farina D 2015 Sensory feedback in prosthetics: A 

standardized test bench for closed-loop control IEEE Trans. Neural Syst. Rehabil. Eng. 23 267–76 

[32]  Dideriksen J L, Mercader I U and Dosen S 2020 Closed-loop Control using Electrotactile Feedback 

Encoded in Frequency and Pulse Width IEEE Trans. Haptics 13 818–24 

[33]  Macefield V G, Häger-Ross C and Johansson R S 1996 Control of grip force during restraint of an 

object held between finger and thumb: Responses of cutaneous afferents from the digits Exp. Brain 

Res. 108 155–71 

[34]  Macefield V G and Johansson R S 1996 Control of grip force during restraint of an object held 

between finger and thumb: Responses of muscle and joint afferents from the digits Exp. Brain Res. 

108 172–84 

[35]  Farrell T R and Weir R F 2007 The optimal controller delay for myoelectric prostheses IEEE Trans. 

Neural Syst. Rehabil. Eng. 15 111–8 

[36]  Fechner G T 2007 Elements of psychophysics, 1860. Readings in the history of psychology. 

(Appleton-Century-Crofts) pp 206–13 

[37]  Stronks H C, Walker J, Parker D J and Barnes N 2017 Training Improves Vibrotactile Spatial Acuity 

and Intensity Discrimination on the Lower Back Using Coin Motors Artif. Organs 41 1059–70 

[38]  Gescheider G A and College H 1997 Psychophysics : The Fundamentals Third Edition 

[39]  Kaernbach C 1991 Simple adaptive testing with the weighted up-down method 49 227–9 

[40]  Kingdom F A A and Prins N 2016 Psychophysics: A Practical Introduction: Second Edition 

(Elsevier Inc.) 

[41]  Jami L 1992 Golgi tendon organs in mammalian skeletal muscle: Functional properties and central 

actions Physiol. Rev. 72 623–66 

[42]  Johansson R S and Flanagan J R 2009 Coding and use of tactile signals from the fingertips in object 

manipulation tasks Nat. Rev. Neurosci. 10 345–59 

[43]  Valero-Cuevas F J, Venkadesan M and Todorov E 2009 Structured variability of muscle activations 

supports the minimal intervention principle of motor control J. Neurophysiol. 102 59–68 

[44]  Latash M L, Scholz J P and Schöner G 2002 Motor control strategies revealed in the structure of 

motor variability Exerc. Sport Sci. Rev. 30 26–31 

[45]  Dimitriou M and Edin B B 2008 Discharges in human muscle receptor afferents during block 

grasping J. Neurosci. 28 12632–42 

[46]  Kunst-Wilson W R and Zajonc R B 1980 Affective discrimination of stimuli that cannot be 

recognized Science (80-. ). 207 557–8 

[47]  Witteveen H J B, Luft F, Rietman J S and Veltink P H 2014 Stiffness feedback for myoelectric 

forearm prostheses using vibrotactile stimulation IEEE Trans. Neural Syst. Rehabil. Eng. 22 53–61 

[48]  Stepp C E and Matsuoka Y 2010 Relative to direct haptic feedback, remote vibrotactile feedback 

improves but slows object manipulation 2010 Annual International Conference of the IEEE 

Engineering in Medicine and Biology Society, EMBC’10 vol 2010 (Annu Int Conf IEEE Eng Med 

Page 27 of 28 AUTHOR SUBMITTED MANUSCRIPT - JNE-104668.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Biol Soc) pp 2089–92 

 

 

Page 28 of 28AUTHOR SUBMITTED MANUSCRIPT - JNE-104668.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t


