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Abstract— Objective: The bidirectional communication between 
the user and the prosthesis is an important requirement when 
developing prosthetic hands. Proprioceptive feedback is 
fundamental to perceiving prosthesis movement without the need 
for constant visual attention. We propose a novel solution to 
encode wrist rotation using a vibromotor array and Gaussian 
interpolation of vibration intensity. The approach generates tactile 
sensation that smoothly rotates around the forearm congruently 
with prosthetic wrist rotation. The performance of this scheme was 
systematically assessed for a range of parameter values (number 
of motors and Gaussian standard deviation). Methods: Fifteen 
able-bodied subjects and one individual with congenital limb 
deficiency used vibrational feedback to control the virtual hand in 
the target-achievement test. Performance was assessed by end-
point error and efficiency as well as subjective impressions. 
Results: The results showed a preference for smooth feedback and 
a higher number of motors (8 and 6 versus 4). With 8 and 6 motors, 
the standard deviation, determining the sensation spread and 
continuity, could be modulated through a broad range of values 
(0.1 - 2) without a significant performance loss (error: ~ 10%; 
efficiency: ~ 30%). For low values of standard deviation (0.1-0.5), 
the number of motors could be reduced to 4 without a significant 
performance decrease. Conclusion: The study demonstrated that 
the developed strategy provided meaningful rotation feedback. 
Moreover, the Gaussian standard deviation can be used as an 
independent parameter to encode an additional feedback variable. 
Significance: The proposed method is a flexible and effective 
approach to providing proprioceptive feedback while adjusting 
the trade-off between sensation quality and the number of 
vibromotors. 

 

Index Terms—Gaussian interpolation, Haptics, Multichannel 
stimulation, Proprioception, Prosthesis, Spatial encoding, 
Vibrotactile stimulation. 

 
I. INTRODUCTION 

VER the past twenty years, the field of multi-functional 
upper limb prostheses was marked with important 
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technological and scientific developments aiming to better 
satisfy the needs of prosthesis users. The loss of an upper limb 
is a traumatic event with a strong impact on the ability to 
participate in the activities of daily living [1, 2], thereby leading 
to a substantial decrease in the quality of life [3]. Despite the 
aforementioned developments, in a recent study, Salminger, et 
al. [4] reported overall abandonment rates of about 44% for the 
users of upper limb myoelectric prostheses. An important 
drawback of modern prostheses is that they lack explicit 
somatosensory feedback. Without the feedback, the user can 
still estimate the state of the device using incidental cues, such 
as visual observation and motor sound [5, 6], but this requires 
constant attention to the prosthesis. Providing explicit feedback 
can reduce cognitive load and fatigue when using prostheses [2, 
7]. 

To mitigate this drawback, methods to restore the missing 
sensory information were proposed in the literature, and the 
results demonstrated that the artificial sensory feedback can 
enrich the prosthesis-user interaction by improving 
performance [8-10] and subjective experience [11, 12] as well 
as by facilitating the feeling of embodiment [13-15]. 
Reestablishing the closed-loop control, characteristic of sound 
limbs, can trigger somatosensory plasticity and promote long-
term learning and adaptation processes for artificial sensations 
[16]. 

To provide sensory feedback, the information about the 
prosthesis state can be conveyed to the subject invasively [17-
21], by electrically stimulating peripheral nerves that 
innervated the lost hand, or non-invasively [7, 22-25], by 
delivering mechanical or electrical stimulation to the skin of the 
residual limb. Despite the invasive methods needing a surgical 
procedure to implant the electrodes, they allow providing 
somatotopic feedback, where the tactile sensation is 
experienced as coming from the missing limb (phantom 
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sensation) [26]. Such invasive feedback was used to convey 
pressure [27], textures [21], slippage [28], pain [17], and 
proprioception [7, 18]. However, this approach has several 
drawbacks including the risks of surgery, subject reluctance to 
undergo additional surgical operations, high cost, lack of 
access, and limitations in perceptual performance due to the 
difficulty in selective activation of target nerves. Non-invasive 
methods are simpler to implement and can be particularly 
relevant in those subjects that are reluctant to undergo further 
surgical procedures [29]. Although the non-invasive 
stimulation results in a less natural sensation (e.g., non-
somatotopic), the subjects can quickly learn to interpret the 
feedback and integrate it into the body scheme [30]. In most 
studies, prosthesis grasping force was selected as the variable 
to be transmitted to the user [7, 8, 23-25, 31-35], while the 
artificial proprioceptive feedback, conveying the position of the 
prosthesis joints (e.g., wrist rotation and hand aperture), was 
seldom considered [22, 36-41].  

Different methods have been presented in the literature to 
provide artificial proprioceptive feedback. The most natural 
approach is to induce a realistic kinesthetic illusion [38, 40, 42, 
43], where a phantom sensation of the movement of the missing 
limb is created, for instance, by vibrating muscles to activate 
muscle afferents [44-46]. This is modality-matched feedback 
and hence likely most intuitive for the subject, but the setup can 
be cumbersome. Another approach that can be implemented 
using a more compact setup is the sensory substitution 
feedback, where proprioceptive information (e.g., wrist angle) 
is provided indirectly, using tactile stimulation [7]. In this 
approach, at least a brief training is required to teach the subject 
to associate the tactile sensation with the provided information. 
Tactile stimulation can be delivered mechanically (e.g., using 
vibration motors) or electrically, but regardless of the 
stimulation interface one of the critical questions when 
designing such feedback is the choice of the encoding scheme, 
which defines the mapping between the feedback variable and 
stimulation profile [7]. 

When a single-channel stimulation is used, the feedback 
information can be encoded by modulating stimulation 
parameters, such as intensity. A conventional approach would 
be to modulate the intensity or frequency of electro or 
mechanotactile stimulation [31, 47, 48]. Recently, Battaglia, et 
al. [38] and Kayhan, et al. [37] presented a novel solution to 
convey wrist rotation and/or hand aperture by stretching the 
skin. When multiple stimulation channels are available, 
feedback information can be conveyed also by changing the 
location of stimulation (active channel), the approach known as 
spatial encoding. Witteveen, et al. [49] used arrays of 
vibromotors or electrotactile stimulators to convey hand 
aperture feedback. In Garenfeld, et al. [50] wrist orientation and 
hand aperture information were provided using electrotactile 
stimulation delivered through a 16-pad electrode array. Finally, 
the most flexible scheme is to combine spatial encoding and 
parameter modulation, which is a so-called mixed encoding 
approach. For instance, Erwin and Sup IV [51] combined the 
spatial activation of three vibration motors with the modulation 
of vibration frequency to convey the position of a virtual wrist. 
Despite different methods have been used to encode the 
proprioceptive information, they are rarely compared against 

each other (see [36] for the comparison between spatial and 
amplitude schemes). In addition, the methods are usually 
implemented by heuristically predefining the configuration 
parameters (e.g., number of motors, intensity) instead of 
systematically investigating the performance across the 
parameter space. However, such comparisons are important as 
they can help to make informed choices when designing 
feedback interfaces. 

The present study describes a novel approach to providing 
wrist rotation feedback using an array of vibromotors and a 
mixed encoding paradigm. Multiple vibrators were activated 
simultaneously to produce the moving phantom sensation, 
while the vibration intensity was interpolated across the array 
following the Gaussian profile. This approach provided a 
continuous sensation of motion around the forearm that was 
congruent with the motion of the prosthesis. In this scheme, the 
quality of the elicited sensations critically depends on the 
number of motors in the array as well as the “width” of the 
Gaussian. For instance, increasing the width makes the change 
in sensation around the forearm more smooth and hence 
continuous. In addition, decreasing the number of motors can 
simplify the integration of the feedback interface into the 
prosthetic socket. Such continuous feedback that directly 
follows the motion of a prosthesis would be intuitive and 
thereby easy to interpret (direct relation between sensation and 
feedback variable), could enable higher spatial resolution, and 
improve user experience by generating smooth and pleasant 
sensations [52]. These factors could in turn lead to more 
effective control and a decrease in the cognitive load and fatigue 
required to use a prosthesis. However, a “wider” Gaussian 
could also jeopardize the identification of the current wrist 
orientation conveyed by the momentary location of the peak of 
the Gaussian profile. In the present study, we have therefore 
investigated the impact of both of these factors on the 
effectiveness of vibrotactile feedback during the closed-loop 
control of a hand prosthesis. To this aim, the subjects performed 
a virtual target achievement test (TAC) [53], using a novel 
framework that simulates the behaviour of the Hannes 
prosthesis [54] while providing vibrotactile feedback to control 
the rotation of the virtual hand. The subjects performed the task 
with different combinations of the number of motors and 
Gaussian width, thereby systematically exploring the parameter 
space of the novel feedback approach. With the small width of 
the Gaussian, our method “reduces” to discrete spatial feedback 
used previously in the literature [46], where a single vibromotor 
is activated at a time (hence, localized stimulation which 
"jumps" around the forearm). Therefore, in addition to 
exploring the parameters, the present study also compares the 
conventional approach (discrete feedback) to the novel method 
that produces smooth sensations congruent to the orientation of 
the prosthesis. 

 

II. MATERIALS AND METHODS 

A. Subjects 
Fifteen healthy able-bodied subjects (aged 26.7 ± 3.2, 8 

males), and an individual with congenital limb deficiency 
subject (aged 25, female) with no prior experience with 
proprioceptive tactile feedback, participated in this study. 
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Before starting the experiment, the subjects were informed 
about the protocol, and they signed the informed consent form. 
The experimental protocol was approved by the Research 
Ethics Committee of the Nordjylland Region (approval number 
N-20 190 036). 

B. Experimental Setup 
The experimental setup (Figure 1) comprised the following 

components: (i) a virtual reality (VR) environment simulating 
the Hannes prosthetic hand [54-57] with 3 active DoFs (hand 
open/close, wrist pronation/supination, and wrist 
flexion/extension), (ii) fourteen eccentric rotating mass 
vibromotors (Vybronics, VC0625B001L) with a custom-made 
control unit to provide tactile feedback, (iii) a custom-made 
master board to establish the communication between a host PC 
and feedback control unit, (iv) a battery pack, and (v) a standard 
laptop (DELL XPS 15, Intel Core i9 @2.60GHz, 32GB RAM) 
running Windows 10, an 18’’ computer monitor and a 
keyboard. The master board communicated with the feedback 
controller using CAN Bus protocol, while it was connected to 
the laptop via Bluetooth. The VR framework was developed 
using the Unity development suite and C# language. The 
framework acquired the data from the master board and sent 

control commands to the feedback controller to generate 
desired vibrotactile stimulation. 

As explained later (see section II.D), up to eight vibromotors 
were placed circumferentially and equidistantly around the 
subject’s right forearm (see Figure 1.a and c), approximately 15 
cm distal to the elbow, and strapped using an elastic band 
(Figure 1.c). Regardless of the number of motors used (i.e., 8, 
6, 4), the first vibromotor was always placed in the middle at 
the volar side while the last was positioned in the middle of the 
dorsal side, covering thereby the half of the forearm (its internal 
portion). The rest of the motors were then placed equidistantly 
between the first and the last motor. This placement was 
selected because the spatial extent of the vibrotactile interface 
matched the range of motion of the virtual prosthesis and the 
elicited sensations were thereby congruent to the prosthesis 
motion. More specifically, the generated sensation indicated the 
position of the dorsal side of the prosthetic hand, as shown in 
Figure 3. Alternatively, the vibromotors could have been placed 
to cover the full circumference of the forearm. This would 
increase the spatial separation between the neighboring motors, 
potentially facilitating their discrimination, but the exact 
correspondence between the spatial configuration of the 
prosthesis and the forearm sensation would have been lost. 

 

Figure 1 Experimental Setup. a: The subjects were seated in front of the monitor (2) wearing the armband with the vibromotors (8) placed equidistantly around 
the interior aspect of the right forearm. The virtual reality scenario showed the orientation of the target and the controlled hand (3). The graphical controls (4) 
allow for setting the parameters of the feedback scheme. The keyboard (5) was used to move the controlled prosthesis while its state (wrist angle) was conveyed 
through vibrotactile feedback. The setup also included a laptop (1), a master board with a battery pack (6), and a feedback control board (7). b: The elastic 
band with vibromotors placed around the medial part of the right forearm of an amputee participant. c: a detailed photo of the wristband with vibromotors with 
indicated dimensions. 
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Only up to eight vibromotors, out of fourteen available, were 
used in the present study. 

As noted in the introduction, the proposed approach provides 
feedback to the user by generating a specific intensity profile 
(Gaussian interpolation) that moves across multiple 

vibromotors. To be able to generate a well-controlled complex 
sensation, the elementary sensations elicited by a single motor 
need to be localized below the motor. Therefore, the 
vibromotors were covered with a soft silicone case to absorb the 
stimulation radiating from each motor. The case was thicker 
laterally (10mm) to separate two consecutive vibromotors while 
the side in contact with the skin was thin (1mm) to enable 
vibrations to be delivered effectively while avoiding the heating 
of the skin during prolonged motor activity. Finally, the silicon 
case allowed placing the vibromotors vertically to further 
spatially separate the consecutive motors and thereby allow the 
subjects to better detect the transitions between active motors. 
Vertical placement also provides a stronger sensation as shown 
in the pilot test that we conducted. The center-to-center distance 
between the consecutive motors is 20 mm, which is within the 
ranges of the two-point discrimination (2PD) thresholds 
reported in the literature [58]. However, for our encoding 
approach, it is not critical that the motors are separated by the 
2PD. This is because the subjects do not need to recognize the 
activation of a random motor (absolute recognition); instead, 
they can rely on detecting the smooth transitions between active 
motors (relative recognition), as explained in section II.C.  

The silicone case had a Velcro on top to be fixed to the elastic 
band, to prevent slips. The elastic band was strapped to the 
subject forearm with Velcro by applying the level of pressure 
which was enough to hold the motors securely in place, without 
masking the vibration sensation and/or constricting blood flow. 
To check the tightness, the subject was asked to rotate the 

 

Figure 2 Closed-loop control of a virtual prosthesis. The subject controlled 
the rotation of the virtual hand by pressing on the keyboard (1a) with the 
left hand (4a). The Unity virtual environment (1b) visualized the target 
hand and recorded the trajectory performed by the controlled hand. The 
laptop (1) communicated via Bluetooth with the master board (2a) sending 
the feedback shape, while the master board, in turn, sent the commands to 
the feedback control unit (2b), which activated the vibromotors (3) to 
provide the feedback to the subject’s right forearm (4b). 

 

Figure 3 Illustration of the novel feedback encoding approach. The left panel displays three wrist positions and the corresponding stimulation profiles (vibration 
intensity across motors) generated for the different numbers of motors (8 or 4) and values of standard deviation (σ) of the Gaussian profile. The representation 
on the right shows the concept: a Gaussian profile with variable width (standard deviation parameter) that “rotates” around the forearm.  

This article has been accepted for publication in IEEE Transactions on Biomedical Engineering. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TBME.2023.3285850

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: SSEN. Downloaded on July 06,2023 at 12:31:31 UTC from IEEE Xplore.  Restrictions apply. 



5 
TBME-01961-2022 
 
forearm, and if the elastic band moved accordingly without 
slipping, the band was deemed tight enough. The appropriate 
level of tightness was additionally confirmed during the 
calibration phase by checking that the sensation thresholds were 
not excessively high (compared to those obtained during pilot 
tests). 

For each vibromotor, the vibration frequency was set to 
200Hz using a supply voltage of 2.5V [59], which lay within 
the range of maximum sensitivity of the Pacinian corpuscles 
[60]. The gain of each vibromotor was individually adjusted for 
every subject (see section II.D). 

Despite the virtual hand implementing 3 DoFs, only wrist 
rotation was controlled in the present study. The subject 
controlled the prosthesis movements using the keyboard and 
contralateral hand (“3” key for pronation, “4” key for 
supination). Such a setup provided reliable control and focused 
the subjects’ attention on the feedback, ensuring thereby that 
the results reflected the changes in the feedback parameters (σ 
and the number of motors) rather than the influence of control 
strategy (e.g., changes in sensation due to movement of the 
forearm). The subjects sat comfortably in front of the monitor, 
with their right arm relaxed over the desk, taking care to avoid 
contact between the vibromotors and the table. The computer 
monitor was placed approximately 50 cm from the subject. The 
VR environment displayed two prosthetic hands, where one 
showed the target position (Figure 2.1b, transparent) while the 
other was controlled by the subject (Figure 2.1b, solid). 

C. Vibrotactile feedback encoding 
A novel encoding scheme was implemented to provide 

proprioceptive feedback (Figure 3). The rotation angle of the 
prosthesis wrist was conveyed to the subject by modulating 
both vibration intensity and location. To convey feedback that 
is spatially congruent to the prosthesis movement, a Gaussian 
profile of vibration intensity was “rotated” around the forearm 
in synchrony with the rotation of the hand (Figure 3, right). 
More specifically, the location of the profile peak always 
matched the orientation of the wrist, i.e., the Gaussian was 
centered at the first vibromotor (volar side) when the wrist angle 
was 0° (wrist starting orientation, completely pronated), then 
gradually moved across the vibromotors, to reach the last 
vibromotor (dorsal side) for the wrist angle of 180° (wrist end 
orientation, completely supinated). Interpolating the intensity 
using a “rotating” Gaussian function elicited a smooth sensation 
that was gradually moving around the forearm, thereby 
replicating a smooth movement of the prosthetic hand.  

The following equation was used to define the Gaussian 
mapping between wrist orientation and vibration intensity: 

 � 𝑦𝑦 = 𝑒𝑒
−(𝑘𝑘−𝑚𝑚)2

𝑔𝑔∗𝜎𝜎2

 𝑚𝑚 = 𝑝𝑝 ∗ 𝑁𝑁
 (1) 

where y is the normalized vibration amplitude of the motor k, m 
is the mean of the Gaussian computed as the normalized 
position (𝑝𝑝) of the virtual hand multiplied by the number of 
motors (N) in the array, g is a parameter set to 2.25, and σ is the 
standard deviation of the Gaussian. Effectively, m determines 
the location of the peak of intensity within the array of vibration 
motors while σ adjusts the spread of intensity across the motors. 
The interpolation function (1) can be used to define the 

mapping for different numbers of motors in the array, as 
determined by the parameter (N). The effect of the different 
number of vibromotors and the values of σ is visualized in 
Figure 3. In general, the σ adjusts the level of interpolation 
across the given number of motors thereby generating a more 
discrete or continuous sensation of movement around the 
forearm. 

D. Experimental protocol 
First, the minimum and maximum amplitude for each 

vibromotor were determined using the method of limits [61]. 
To this aim, the vibration intensity was increased in small steps 
(i.e., 4-5% in the normalized scale of pulse width modulation 
(PWM)). When the subject reported a sensation or discomfort 
felt for the first time, the momentary PWM was adopted as the 
sensation and discomfort threshold, respectively. This 
procedure is standardly performed to compensate for the 
individual perceptual abilities, and in this case, the possible 
differences in the tightness of the band holding the motors 
against the forearm. During the rest of the experiment, the 
vibration intensity was then modulated between these two 
thresholds, to generate clearly perceivable and localized 
vibrations that were not intrusive to the subject.  

The subjects then performed the main experimental task, 
namely the target achievement test (TAC) [53]. They used the 
keyboard to rotate the virtual prosthesis to bring it into the target 
orientation (desired rotation angle). Importantly, the hand 
indicating the target position was always shown on the screen, 
whereas the hand controlled by the subject was not visible while 
the subject performed the task. At the beginning of each trial, 
both hands were visible thereby showing the target orientation 
and the starting position of the controlled hand. When the trial 
started, the controlled hand disappeared, and its momentary 
wrist angle was then conveyed to the subject through 
vibrotactile feedback. To ensure minimally intrusive feedback 
and avoid adaptation to stimulation, the vibration was provided 
only while subjects pressed the control keys, otherwise, the 
vibration was deactivated. The subjects were asked to press the 
space bar key when they thought to have reached the correct 
position. At that moment, the controlled hand was revealed to 
the subjects (however, the vibration was deactivated) so that 
they could see the deviation from the target rotation angle. This 
was done to increase the subjects’ motivation during the 
experiment. 

Each subject performed the task in 21 conditions, i.e., using 
8, 6, and 4 vibromotors × 7 values of σ (0.1 – 3, in steps of 0.5). 
These values were determined heuristically and via pilot tests. 
For instance, the maximum number of vibromotors was set to 8 
as this was the highest number that could be reasonably fitted 
around half of the forearm in most people. The minimum 
standard deviation was set to the value (0.1) that elicited 
discrete motor activation (hence discrete feedback). The other 
values were selected so that the parameter space was well 
explored while still maintaining a reasonable overall duration 
of the experimental session. In each condition, the subjects first 
received a short training to associate the new sensation scheme 
to the hand orientation. We also asked the subjects if the 
sensations were clear, to further check that they received the 
correct feedback, and that the sensation was not affected by 
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adaptation during the experiment. Although the adaption was 
not explicitly measured, it is highly unlikely that it had an 
impact on the results of the present study, as the stimulation 
profiles were dynamic (varying in both intensity and position) 
and they were delivered intermittently [62]. Indeed, none of the 
subjects complained about the loss of sensations during the 
experiment. The virtual prosthesis was programmed to rotate 
back and forth, 5 times through the full range of motion. On this 
occasion, the controlled hand was visible to allow the subjects 
to associate the visual feedback of hand orientation with the 
feedback sensation. Afterward, they performed an assessment 
block comprising 21 trials. Seven orientations, equally 
distributed between 0° and 180° excluding the extremities 
(Figure 4), were used as targets and each target was repeated 3 
times. The sequence of target positions was randomized while 
ensuring that the same position was not repeated in succession. 
Furthermore, the order of target positions was different across 
conditions. At the beginning of each trial, the controlled hand 
was placed at the opposite end of the range of motion (0° or 
180°) furthest from the target orientation, as shown in Figure 4. 
In addition, to prevent the subjects from using feedforward 
control and motivate them to rely on the feedback, the velocity 
of the prosthesis was changed across trials by multiplying the 
maximum speed (1.26 rad/s) with a gain randomly selected 
from the interval 0.4 – 1. The order of conditions was obtained 
by randomizing the tests with the different number of 
vibromotors. For the given number of motors (4, 6 or 8), the 
subjects then tested all σ values in random order. Before 
switching to the next number of motors, the subject was asked 
to choose which σ produced the best sensation. Similarly, when 
all the numbers of motors were tested, the subjects chose the 
preferred number of vibromotors. 

E. Data Analysis 
Two outcome measures were used for this study: error and 

efficiency (Figure 4). The end-point error in orienting the hand 
(Figure 4, top) was computed as the difference between the final 
position of the controlled hand and the target position, 
expressed as the percentage of the range of motion. The end-
point error measures how accurately (close to the target) the 
subject can orient the hand using vibrotactile proprioceptive 
feedback. In addition, for the given motion speed of the 
controlled hand in each trial, the path efficiency was calculated 
as the ratio between the area associated with the optimal 
trajectory (Figure 4 bottom plot, yellow area, optimal path) and 
the area associated with the trajectory generated by the subject 
(Figure 4 bottom plot, green plus yellow area, generated path). 
The optimal path corresponded to reaching the target 
orientation from the initial position in one uninterrupted motion 
at a fixed speed imposed by the TAC test at the beginning of 
each trial. Therefore, while the literature normally uses only the 
length of the trajectory [53], the efficacy in the present study 
was a function of both trajectory and time and was thus 
computed as the ratio of the respective areas. This parameter is 
always less or equal to 100% and indicates how much the 
subject deviated from the optimal path in each feedback 
condition. These values were calculated for each condition 
varying the number of vibromotors and the Gaussian σ. 

The data were tested for normality using the Shapiro-Wilk 
test. As the test showed that the data were not normally 
distributed, the Friedman test was performed, while the post-
hoc pairwise comparisons were performed using Wilcoxon 
signed rank test with Bonferroni correction. OriginPro 2020 
Graphic & Analysis (OriginLab Corporation, Northampton, 
MA, USA) and MATLAB 2020b (The MathWorks, Inc., 
Natick, MA, USA) were used for the statistical analysis. The 
average of the outcome measures (error and efficiency) was 
computed for each subject and condition and compared across 
conditions. 

More specifically, the performance achieved with different σ 
values was compared for the given number of vibromotors, to 
test how sensitive were the different number of vibromotors to 
the modulation of σ. In addition, the performance achieved with 
different numbers of vibromotors was compared for the given 
value of σ, to assess whether the number of motors could be 
reduced without sacrificing the performance. 

In addition, the error and efficiency were calculated 
individually for each target angle. In this case, the angle error 
and efficiency were calculated by varying the number of 
vibromotors (averaging across σ), and by varying σ (averaging 
across the number of vibromotors). 

The threshold for statistical significance was set at p < 0.05, 
and outliers were excluded from the statistical comparisons. 
The results in the text are reported as mean ± standard deviation. 

III. RESULTS 
The overall results for error and efficiency are summarized 

in Figure 5, Figure 6, and Figure 7. Figure 5 shows that, in 
general, an increase in σ leads to a decrease in performance (i.e., 
an increase in error); however, the impact of σ is less 
pronounced when the feedback is provided using more motors 
in the array. This is clearly visible from the 3D bars (Figure 5a) 

 

Figure 4 Target positions and outcome measures. The top panel is the error 
between the target and reached position (control accuracy) and the bottom 
panel shows the ratio between the area enclosed by the optimal trajectory 
and the trajectory generated by the subject (control efficiency).  
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and heatmap (Figure 5b). For instance, the heatmap has a 
characteristic diagonal structure, where the area above the 
diagonal has darker colors (higher errors). As shown in Figure 
5c, the performance with 8 and 6 vibromotors was rather 
resilient to the changes in σ. For 8 motors, the error increased 
significantly only for the highest value of σ. Specifically, the 
error for σ = 3.0 (~15.04 ± 2.9%) was significantly higher than 
that achieved with all other σ values (~10.7 ± 3.6%) except σ = 
2.5 (~12.4 ± 3.4%). Similar results were obtained with 6 
vibromotors where the σ of 2.5 (~15.6 ± 2.9%) was the first 
value to produce a significant change in performance (~11.5 ± 
3.4% for σ of 0.1-2.0). On the contrary, the performance with 4 
vibromotors was rather sensitive to the change in σ, and the 
significant increase in error was registered already for σ = 1.0 
(~14.01 ± 2.6% vs ~11.6 ± 3.3% for σ of 0.1 and 0.5, 
respectively). When comparing the performance across the 

number of vibromotors for the given σ, there was no significant 
difference between 8 and 6 motors for any value of σ, while 
there was a significant drop in performance for 4 motors. More 
specifically, the difference arose in the medium range (σ 
between 1 and 2.5), while in the case of low (0.1 and 0.5) and 
high (3.0) σ, the error was not significantly different.  

Differently from the error, the efficiency (Figure 6) was not 
significantly affected by σ regardless of the number of motors 
(~27.4 ± 6.1%, Figure 6c). When comparing across the number 
of motors, the efficiency with 8 vibromotors was in a few cases 
significantly higher (~29.2 ± 5.7%) compared to that obtained 
with 4 vibromotors (~25.7 ± 6.9%), as indicated by the numbers 
between parentheses in Figure 6c. Again, the trends are 
particularly visible in the heatmap (Figure 6b). For the 
efficiency, the heatmap is diagonal but the colour is mirrored 
compared to that of the errors, indicating that efficiency 

 

Figure 5 Summary results for the error in the form of: a) bar plot; b) heatmap; and c) boxplots. In the heatmap, a darker color indicates a larger error (lower 
performance). In the boxplots, V indicates the number of vibromotors, the small circles, and green triangles are the means for the able-bodied subjects and amputee 
participant, respectively, the red lines indicate the medians, boxes are interquartile ranges, whiskers represent min/max values and crosses are outliers. The 
horizontal lines denote statistically significant differences for the comparisons across the values of σ for the given number of motors (8, 6, and 4) (*, p < 0.05 with 
Bonferroni correction) while the numbers in parentheses denote statistically significant differences across the number of motors for the given σ. 
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decreased with fewer motors and higher σ (however, as 
explained, the effect was significant only across the number of 
motors).  

Regarding the amputee subject, the results in both 
performance measures were within the ranges, and mostly 
below the mean performance, obtained in able-bodied subjects, 
as indicated by the green triangles in Figure 5c and Figure 6c. 
This is an encouraging preliminary result showing that a 
prospective prosthesis user can successfully interpret and 
exploit the developed method for control. 

Finally, the performance was analyzed for each target angle 
individually. Figure 7 shows the error (panels a and b) and 
efficiency (panels c and d) for different target angles grouped 
by the number of vibromotors (panels a and c) and Gaussian σ 
(panels b and d). The trends in the heatmaps further support the 
results presented in Figure 5 and Figure 6, showing that the 

error generally increased with fewer vibromotors and for higher 
σ values, while the efficiency was not impacted by those 
factors. However, Figure 7 reveals that performance depends 
on the angle. Specifically, for the angles in the middle of the 
range of motion, the error slightly increased (dark heatmap) 
while the efficiency decreased (lighted heatmap). We computed 
the overall error and efficiency averaged over the number of 
motors and σ and we found that they were 11 ± 7% (error) and 
32.3 ± 5% (efficiency) for the extreme positions whereas for the 
angle of 90° they were 14 ± 6% (error) and 21 ± 8% 
(efficiency), respectively, and the difference was statistically 
significant (p < 0.001) only for the efficiency.  

Regarding subjective preference, most subjects (11) selected 
8 vibromotors. Five of them chose σ = 1.0, three selected σ = 
0.5, two preferred σ = 0.1 (discrete feedback), and one preferred 
σ = 1.5. The remaining subjects chose 4 (2 subjects, σ = 0.5) 

 

Figure 6 Summary results for efficiency in the form of: a) bar plot; b) heatmap; and c) boxplot. In the heatmap, the darker color indicates higher efficiency (higher 
performance). In the boxplots, V indicates the number of vibromotors, the small circles, and green triangles are the means for the able-bodied subjects and the 
amputee participant, respectively, the red lines indicate the medians, boxes are interquartile ranges, whiskers represent min/max values and crosses are outliers. 
The horizontal lines denote statistically significant differences for the comparisons across the values of σ for the given number of motors (8, 6, and 4) (*, p < 0.05 
with Bonferroni correction) while the numbers in parentheses denote statistically significant differences between the number of motors for the given σ. 
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and 6 motors (2 subjects, σ of 1 and 1.5, respectively). The 
amputee participant preferred 8 vibromotors with a σ of 1.0. 

IV. DISCUSSION 
The present study proposed a novel approach to convey 

proprioceptive information that can be flexibly configured by 
adjusting the smoothness of the moving sensation (σ) and the 
number of vibromotors used. Most of the methods in the 
literature assume a single configuration based on heuristically 
selected parameters, while the present study systematically 
explored the parameter space of the proposed method and 

provides important insights for its successful application. The 
main conclusions of the experimental assessment are: 1) 
discrete feedback consistently showed high performance 
regardless of the number of motors; 2) nevertheless, with 
enough motors, the smoothness of feedback can be increased 
over a broad range without impacting the localization of 
sensation; 3) the subjects prefer smooth rather than discrete 
feedback; and 4) the number of motors can be safely decreased 
from 8 to 6 and, if smoothness is not the priority, even to 4. 
Importantly, the second point additionally reveals that σ might 
be used not only to adjust the smoothness but possibly as an 
extra "degree of freedom" to convey another feedback variable, 

 

Figure 7 Average performance across the target orientation angles: a) Error and c) efficiency for the different number of vibromotors; b) Error and d) efficiency 
for different values of σ. 
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as discussed later. Overall, the novel method allowed an 
effective closed-loop control (average error < 10% for some 
parameter combinations) in able-bodied as well as in an 
amputee subject. Although the method was used to convey 
wrist rotation, other variables could be transmitted using 
identical mapping via a circular or linear array (e.g., aperture 
and grasping force). Therefore, the key contribution of the 
present study is an effective feedback approach that can be 
flexibly customized in terms of sensation quality and 
potentially the nature and the number of feedback variables, 
according to the requirements of an application and/or user 
preference. The aforementioned outcomes are further discussed 
below in dedicated paragraphs. 

The results demonstrated that the Gaussian interpolation of 
intensity is an effective method to generate smoothly moving 
sensations around the forearm. When enough motors were 
available in the array (8 and 6), the amount of smoothing set by 
the value of σ could be modulated substantially without 
significant impact on performance (Figure 5b and d). Therefore, 
the spread of sensation did not negatively affect the subject’s 
ability to locate the peak of intensity and thereby determine the 
associated wrist orientation.  

The possibility of modulating σ without significant impact on 
the ability to locate the peak of sensation is an important result 
for the application of this feedback approach. First, this means 
that the value of σ can be selected based on the subject’s 
preference. The subject can choose the feedback configuration 
with more or less spreading and/or continuity in transition. 
Indeed, when asked to indicate their preference, in most cases, 
the subjects indicated that they prefer smooth rather than 
discrete feedback, selecting different values of σ in the low to 
medium range, namely, from 0.5 to 1.5. Second, since σ does 
not affect the perception of rotation, this parameter could be 
used to encode an additional variable, for instance, hand 
aperture. Increasing σ spreads the sensation around the forearm, 
resembling thereby the movement of the hand enclosing an 
object. Such encoding would therefore allow for a compact 
solution, where the same interface could be used to provide the 
simultaneous feedback of wrist rotation and hand aperture. 
However, the results also show that this approach would work 
only with enough motors in the array. With 4 motors, for 
instance, the range in which σ can be modulated without 
affecting the performance is narrow. Hence, in the case of a 
small number of vibromotors, it could be challenging for the 
subject to clearly perceive the change in the feedback variable 
associated with σ.  

Decreasing the number of motors required to provide 
feedback is an important advantage for the envisioned clinical 
application. Our experimental results showed that the number 
of motors can be decreased from 8 to 6 while still maintaining 
both the smoothness of the feedback (higher σ) and the 
performance. The number of vibromotors can be reduced even 
to 4 if the participant can “tolerate” discrete sensations (smaller 
σ). Fewer motors reduce the complexity of the interface, which 
can improve robustness and simplify the integration of the 
feedback into the socket. The present results demonstrate that 
there is a tradeoff between the value of σ and the number of 
motors, where the former parameter puts a limit on how many 
vibromotors can be decreased without incurring a significant 

loss of performance. For low values of σ (0.1 and 0.5), the 
number of vibromotors (i.e., feedback interface) can be halved, 
from 8 to 4, while σ > 0.5 allows only a smaller reduction (from 
8 to 6). 

Our initial assumption was that the small σ would be more 
sensitive to the decrease in the number of motors. Small σ (0.1) 
produced discrete feedback that jumps from motor to motor (no 
interpolation across motors), and hence, with fewer motors, the 
feedback resolution is presumably lower. Contrary to our 
assumption, the subjects achieved good results with small σ 
even when using only 4 motors. The expression (1) that was 
used to generate the intensity introduced a brief period of no 
stimulation when changing between the neighboring motors, 
and we believe that this cue allowed the subjects to effectively 
increase the feedback resolution. Nevertheless, such a 
stimulation pattern was not intuitively related to the prosthesis 
movements (discrete feedback vs. continuous rotation). This 
was confirmed by the qualitative, subjective outcomes, as most 
subjects selected at least some level of interpolation, even when 
using 8 motors. The interpolation produced continuous 
sensation around the forearm by generating virtual tactile points 
between the motors. However, it seemed that this approach 
needed a certain minimal number of motors to be effective (8 
and 6 vs. 4). Finally, the amount of interpolation can be also 
excessive, as the highest values of σ (2.5 and 3) produced a 
blurred sensation that confused the perception of the continuous 
movement around the forearm. Indeed, the highest values of σ 
decreased the performance regardless of the number of motors.  

The overall recommendation for the configuration of the 
proposed feedback interface, therefore, depends on the 
weighing of the subjective versus objective factors. If priority 
is given to the subjects’ preference, 8 motors should be used 
with a medium level of interpolation (smooth sensation). 
However, if there is a need to decrease the number of motors in 
the array, 6 motors could be used with a similar amount of 
interpolation to maintain both the continuity of sensation and 
closed-loop performance. 

The results obtained for each target angle (Figure 7) show 
that it was more difficult for the subjects to adjust the wrist 
orientation for the positions towards the middle of the range of 
motion (ROM). This is an intuitive result because the subjects 
could use the positions at the end of ROM as the well-defined 
anchors since the stimulation stopped changing when the 
subject reached the ROM end.  

The next step in this research will be to expand the proposed 
approach to implement the proprioceptive feedback for all 
DoFs of a multifunctional prosthetic hand. As explained above, 
the second DoF can be added by exploiting the presumed 
“independence” of the two parameters (Gaussian profile peak 
and σ), i.e., using σ to encode the hand aperture simultaneously 
with the rotation of the wrist. To accommodate more DoFs 
(e.g., wrist flexion/extension and force), however, additional 
motors need to be added.  

The proprioceptive feedback was already employed for 
prosthesis control [36, 37, 63], but not in the form presented in 
this study, where Gaussian interpolation was combined with 
spatial encoding to produce the sensation of continuous 
movement around the forearm. A previous study used the 
principle of generating phantom sensations [46] and also 
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reported good results with 6 motors. However, they employed 
a fixed number of motors, discrete activation (instead of 
Gaussian interpolation) thereby producing discrete sensations, 
and the application was wrist guidance and not prosthesis 
control. 

The present experiment was performed by controlling a 
virtual prosthesis via keyboard using the contralateral hand, as 
the focus was on comparing the feedback parameters. However, 
in the envisioned practical application, both control and 
feedback will be performed ipsilaterally, and this could affect 
the effectiveness of feedback (e.g., forearm movements and 
muscle activation can impact the perception of sensations). The 
placement of a feedback interface was investigated in a recent 
study, albeit in a different context (control of balance), and the 
results demonstrated that the placement can be indeed an 
important factor [64]. Therefore, the next step in this research 
will be to test the interaction between feedback and pattern 
classification control in both able-bodied and amputee subjects. 
Importantly, the results of the present study will inform the 
design of the feedback (parameter selection) for this future 
assessment.  

The aim of the present study was not a direct clinical 
translation but a systematic investigation of the novel feedback 
scheme and the effect of its parameters on the performance of 
closed-loop control, i.e., wrist rotation using an ideal command 
interface and the novel feedback method. Nevertheless, the 
results obtained in an amputee who could use the feedback as 
effectively as able-bodied subjects are encouraging from the 
viewpoint of future clinical translation. 

V. CONCLUSION 
The present study is the first effort to investigate the 

application of a novel feedback scheme that combines spatial 
encoding with Gaussian interpolation to provide continuous 
proprioceptive sensation for wrist rotation in prosthetic 
applications. The quality of the produced sensation, namely, the 
location of the peak intensity and the amount of spreading, 
depends on the number of vibromotors used in the array and the 
value of the parameter σ of the Gaussian interpolation profile. 
Overall, the present study has shown that the novel approach 
provided clear rotational feedback that was easy to interpret and 
use for closed-loop control. Nevertheless, there was a clear 
preference for a higher number of vibromotors (8 and 6). An 
increased number of vibromotors was also more robust with 
respect to the change in σ, i.e., the amount of spreading of 
sensation (continuity of the feedback) could be increased to 
higher values without the decrease in performance. This is an 
important outcome for the application of proprioceptive 
feedback, as it points out that the spatial modulation and σ could 
be used to simultaneously encode two feedback variables using 
a compact solution (i.e., an array of vibromotors). 
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