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Abstract: The study presented in this paper details the development and experimental testing of a
novel, magnetic, tactile feedback device that is able to deliver a stimulus to a patch of skin on the lower
arm of a user. The device utilizes magnets to deliver a sensation that is not dependent on controlling
specific frequency bands to stimulate the mechanoreceptors, as is the case with vibro-tactile methods.
The device was tested on human volunteers to evaluate its ability to induce a response from the user
through the magnetic interface. The study aims to quantify the ability of the user to sense the stimulus
by analysis of the receiver operating characteristic (ROC) and delay in response under different
experimental conditions. Three different speeds and two different distances were explored for the
magnetic interface. A two-way, repeated-measures ANOVA with post-hoc analysis was performed
for the percentage of correct responses, delay in response time, and area under the curve (AUC) of
the obtained ROCs. The results showed that the different conditions had a significant effect on the
number of correct responses and the AUC, but not on the delay. The magnetic interface thus needs to
be optimized across different parameters to deliver the best detectable stimulus to the user. Future
work includes further development of the device and working towards a comparative trial with other
tactile feedback approaches.
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1. Introduction

The development of tactile feedback devices has been gaining much attention in the past few years
across different healthcare domains. Amputees are one of the main beneficiaries of tactile feedback
devices, as they could further optimize the functionality and utility of (upper limb) prosthetics.
Trans-radial amputees make up a large portion of all amputees in the United States, with an estimated
57% of all upper limb amputees suffering from a trans-radial amputation [1]. The number of new
amputees that reject their prosthetic is quite high, at around 40% [2]; many reasons play a role in
the rejection, but one of the major contributors is the lack of tactile feedback from the prosthetic.
The mechanism of sensation that exists within the skin organ is dependent on the highly abundant
and versatile mechanoreceptors. Four different mechanoreceptors make up the family of sensors
that sense and respond to different external stimuli [3]. The slowly adapting (SA) Type 1 receptors
(SA1) are reactive to indentations of up to 1500 micrometers [4]. They are highly sensitive to edges,
curves, and points, due to their selective nature in sensing strain energy density translated from
the external stimulus. They also have high spatial resolution, which allows them to convey a lot of
information about the spatial image of an external item [3]. The slowly adapting Type 2 (SA2) receptors
are very sensitive to skin stretch [4,5]. Additionally, the SA2 afferents play an important role in the
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perception of the motion of an object or a force on the skin [6], as the motion on the skin stretches the
skin. Rapidly adapting receptors are quite similar to SA1, but are much more sensitive to dynamic
skin deformation and also insensitive to static indentation [3]. Due to their inability to respond to
deformation non-uniformly across their receptive field, rapidly adapting receptors are able to relay
almost no spatial information. Therefore, they act as a detector of micro-vibrations, making them ideal
in detecting sudden movements on the skin and slip motions [7,8]. Finally, Pacinian corpuscles (PAs)
are the most sensitive of all the receptors [9]. They are able to respond to nanometer deformations of
the skin at high vibrations. Additionally, they are able to filter out much of the low-vibration stimuli,
and hence can convey an image of the transient and vibratory motion that occurs to the hand while
delicately manipulating items. PAs are much more sensitive than rapidly adapting (RA) receptors when
it comes to small indentations at high vibrations; they have also been shown to play an important role
in the perception of distant events, through tools that are held in the hand [3,9]. The spatial distribution
of the receptors is of extreme importance to tactile feedback delivery. The density distribution of the
receptors, both in the hand and at the location at which a tactile feedback stimulus is delivered, can be
quite different. Therefore, mapping out the distributions is important for matching the modality of
touch from the hand to the place of tactile feedback delivery.

The current methods that deliver tactile stimulation are limited, and most adopt the vibro-tactile
techniques [10–12]. While they have proven to be quite successful in sending a stimulus to the
mechanoreceptors, they are limited in stimulus variation and provide a stimulus that is not very
common in real-world interactions, as they send signals through controlled frequencies [13]. In natural
tactile stimulation, the signals delivered to the receptors are a lot more dynamic, and are not represented
in the form of a specific frequency that overwhelmingly stimulates a single type of receptor over
another. Due to the limitations with the sort of frequencies and amplitudes that can be delivered,
the effectiveness of recruiting the afferents to send a signal to the brain can be hindered, especially
when it comes to the type of receptors that are triggered. Additionally, there have been issues reported
with how tight the vibrators are attached to the skin [13], and hence the reliability of the signal that is
delivered to the user.

Systems by Li et al. [10], Markovic et al. [11], and Marasco et al. [12] all utilize the vibro-tactile
approach to deliver a sensation that is used in aiding the user in completing a task of dexterity. Their
effectiveness has varied, and there is much room for improvement and more diverse methods of
tactile stimulation that can support new ways of generating sensations. Furthermore, systems by
Kim et al. [14], have tackled multiple types of sensation delivery, but have been proven to be extremely
complex in design and mechanism. The utilization of magnetic interactions to drive tactile feedback
sensation has various different advantages over some of the traditional techniques that currently exist.
The ease in control and safety [15,16] are two main advantages, along with the ability to create complex
dynamics with a reduced number of components. This is becoming a much more robust and favorable
system in comparison to mechanical approaches.

Additionally, the lack of modality matching for different natural stimuli makes the perception less
effective [17]. Therefore, the need for a system that delivers a more natural stimulus is desired, as it
would help in interfacing such a technology with amputees and would exploit the plasticity of the
brain much better, since it is closer to what the amputee’s brain is used to sensing from the past.

This research study looks at further understanding the delivery of tactile sensation driven through
a magnetic field. The parameters that effect the stimulus delivered are also explored and controlled, in
order to identify the optimal control parameters. For the focus of this study, two main parameters are
controlled—namely, the speed of the driver magnet and the distance between the driver magnet and
stimulus magnet. The primary aim of the study is to understand whether or not the tactical stimulation
induced by the magnetically driven device is sensed by the user. The secondary aim of the study is test
different control parameters, and to see the differences they produce with regards to the ability of the
user to sense the stimulus. Therefore, the study focuses its experiments on understanding the delay in
response due to a stimulus on the forearm, as well as the percentage of correct responses based on a
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given stimulus and on the receiver operator characteristic (ROC) of the tactile feedback device. These
measurements quantitatively asses the ability to sense the stimulus and its effect on response when
varying control parameters.

2. Results

Figure 1 shows the matching and pattern following for two different users.
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Figure 1. Top: a user response that deviates from the stimulus input. Bottom: a user response that
aligns more with the input.

2.1. Percentage of Correct Responses

The percentage of correct responses was computed (Figure 2). The highest average percentage
of correct responses was found for the condition were the magnets were further apart in vertical
direction and the speed was 5 mm/s. The ANOVA indicated there was a significant difference between
the sample means for the two within-factors and the interactions: distance factor, F(1,13) = 13.172
(p = 0.003); speed factor, F(1,13) = 21.501 (p = 0.0004); interactions factor, F(1,13) = 10.334, (p = 0.007).
The post-hoc test revealed that there is a strong significant difference between the speeds in the far
distance condition (p < 0.01); the same did not exist for the close distance condition, and there was only
a significant difference between the slow and fast conditions in that the distance condition existed.
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With the exception of the slow group, there was no statistical difference between the groups from the
same speeds but different distances.
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Figure 2. Percentage of correct responses across the six experimental conditions. The mean (crosses) 
± standard deviation (vertical T lines) are shown. 

2.2. Delay in Response 

Figure 3 shows the mean and standard deviation for the delay in response. The null hypothesis 
could not be rejected, and hence there were no significant differences between the conditions in terms 
of the delay in responses. The largest standard deviation was found for the condition with the lowest 
speeds and the greatest vertical distance between magnets. The standard deviation decreased when 
the speed was increased. 

 

Figure 2. Percentage of correct responses across the six experimental conditions. The mean (crosses) ±
standard deviation (vertical T lines) are shown.

2.2. Delay in Response

Figure 3 shows the mean and standard deviation for the delay in response. The null hypothesis
could not be rejected, and hence there were no significant differences between the conditions in terms
of the delay in responses. The largest standard deviation was found for the condition with the lowest
speeds and the greatest vertical distance between magnets. The standard deviation decreased when
the speed was increased.
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Figure 3. The delay in response across the six experimental conditions. The mean (crosses) ± standard
deviation (vertical T lines) are shown. The dashed line shows the total average delay in response across
all conditions.

2.3. Receiver Operator Characteristic Analysis

An example ROC curve is given for a single trial, with a reasonably large area under the curve
(AUC) (AUC = 0.75) and a Youden’s J statistic of 0.48 (Figure 4). A J-value of 1 would show that there



Prosthesis 2020, 2 29

are no false positives or negatives, whilst a value of 0 would mean that the user was not able to predict
anything correctly. Figure 5 compares the AUC computed for each of the six conditions.
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Figure 5. Mean and SD for the AUC across all experimental conditions.

The results in the figure indicate a similar trend as shown for the percentage of correct responses.
The ANOVA showed there was a significant difference between the mean AUC for the two within-factors
and the interactions: distance factor, F(1,13) = 9.127 (p= 0.01); speed factor, F(1,13) = 29.048 (p= 0.0001);
interactions factor, F(1,13) = 11.273 (p = 0.005). The largest significant differences (p < 0.1) were found
between the different speed conditions in the far distance condition, and solely between the two slow
conditions of both distances. It is worth noting that the fast–far condition, which scored the lowest in
the far distance condition, had a significant difference with the slow–close condition. Similar to the
percentage of correct responses, there is only a significant difference between the slow and fast speeds
in the close distance condition.
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3. Discussion

The results show that varying the conditions had a significant effect on the percentage of correct
responses and the area under the curve (AUC) from the receiver operator characteristic (ROC). However,
there were no significant differences between conditions in the delay of responses. The testing of the
effectiveness of the tactile feedback device culminated in understanding whether or not the stimulus
that was delivered was being sensed accurately (sensitive and specific) and with a delay in the user
response that would be considered as suitable for integration with everyday tasks. This was explored
while understanding the effects of changing the parameters of the driver magnet (DM).

As seen from the results above, the device is able to deliver a stimulus that was sensed with a
minimal delay in response, averaging around 0.5 seconds. This, along with a relatively high average
score in the percentage of correct responses (73.9%), is a compelling indicator of the magnetic-driven
tactile device’s ability to induce a timely tactile response from the user. As for the ROC analysis, the
averages for the AUC also fall within the ~0.75 value, which is a high value that signals the sensitivity
and specificity of the device; therefore, it can be concluded that the user is able to react to the devices
stimuli accurately (sensitive) and also precisely (specific). The results show that the majority of users
are able to respond to the device due to a sensed input and not random guessing. It is also clear that
for some users, the device was extremely effective in delivering a stimulus, and the user was able to
respond perfectly to the contact stimuli. The averages in AUC and percentage of correct responses
are relatively comparable to other tactical/haptic devices that deliver a similar stimulus. Antfolk et al.
reported an average of ~85% with able-bodied users with regards to identifying the correct spatial
location of a tactical stimulus [18].

As seen in the results section above, there is a clear significant difference between varying the
control parameters and the effectiveness in response. Specifically, this difference is manifested in
changing the speed from slow to fast. The medium speed does seem to have some difference, but
not as strong as between the slow and fast speeds. Furthermore, it is clear that the magnetic field
strength does not play such an important role in the effectiveness of the device in delivering a stimulus
to the user. This can be seen in both the AUC and percentage of correct response results; while there
are some weak significant differences, they is not strong and can be mostly attributed to the large
standard deviation, due the comparison between different users. From the perspective of the device,
the distance between the magnets is supposed to affect how responsive the stimulus magnet (SM)
is in rolling when the DM moves above it. The issue however, seems to be in the way that the SM
is attached to the user, which is through the band. The reason there is an overall trend of the closer
situation scoring lower is due to the stronger attraction between the magnets, which causes the SM to
be pulled further away from the skin; hence, while the magnet rolls it indents the users’ skin less, and
therefore a weaker stimulus is sensed. This highly relates to the modeling of the rolling vs. sliding
action of the SM when the DM moves, which is vital in understanding the kind of forces that act on the
skin. Models that have been developed that incorporate displacement [19] and force [20] as an input
can be used to predict the neural spike train, given such rolling vs. sliding inputs as an experiment.
Based on such an outcome, it is probable that slow adapting 1 and 2 are the two main types of receptors
that are being triggered by the stimulus, as the rolling of the magnet is ultimately indenting the skin
(rolling with the edge) and also partially stretching the skin (sliding on the skin).

One important clarification is that the standard deviation for most of the data sets is quite large.
This is due to the fact that each of the conditions consists of a combination of different factors from
different user trials, and this creates very high variability in the performance of the tactile feedback
device. This can be explained by the small sample size. Therefore, the trends between varying
parameters are less clear, as the issue of robustness and repeatability across users becomes a strong
factor in deciding the statistical inference.

The delay in response seemed to be quite small and with a positive ~0.5 second reaction time,
meaning that even before the magnet reaches the optimal point to cause a reaction, the user had
already sensed a movement and reacted. While there is no significant difference between the different
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parameter combinations (mostly attributed to the large SD in the samples), the fast DM speed for both
distances has an average delay value that is much lower than the total average, and is closer to the zero
mark. This quantitatively means that the users do not respond in the fast case as quickly as for the
other two speeds. This is explained by the simple fact that the DM reaches the midpoint (which is the
reference point for calculation the delay in response) a lot quicker than in the other cases, and hence the
user has less time to sense the initial rolling before the midpoint, so it takes them more time to respond.

The use of the ROC analysis proved useful, and specifically the use of the Youden J statistic to
understand the informedness of the user as they make a prediction about the motion of the magnet.
A score of 50% or 0.5 AUC would indicate that the user is randomly moving; this can be seen in
Figure 6 below.
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Figure 6. Example of an unresponsive user achieving a low Youden value of almost zero, but a correct
response rate of ~51%.

The users clearly hold still during the experiment, as they might have not sensed anything; in the
case shown in Figure 6, the Youden J statistic was calculated as 0.05, which is very close to 0, and the
percentage of correct responses was ~51%. Even though such a score might indicate that the users
guessed half the states of the SM right, it is in fact simply the score from getting all the stopping states
right, as the user was still most of the time. Therefore, with the Youden J statistic it becomes clear that
this 51% score does not constitute any useful score of sensing effectively.

It is worth noting how the current experimental system adopts a continuous method of delivering
a stimulus compared to a discrete binary approach. By continuously sending a stimulus to the user
and randomly inputting delays that break the stimulus pattern, we ensure that the user is not simply
guessing whether or not they sensed a stimulus, and hence the statistic of them responding is completely
independent of their ability to guess the correct response by the simple notions of probability. This
is an important feature in the experimental design, as it is more reflective of how the user receives
tactile information in real-life situations. Another major feature that must be kept in consideration is
the period in which the user senses a stimulus versus the period waiting for a given stimulus. In most
real-life situations, the patient would receive a lot of information in short periods, and would have
longer periods of being idle without any stimulus being delivered. This is an important concept in
matching what is realistically expected by the users’ brain.

In conclusion, the experiments support the hypothesis of being able to effectively deliver a
stimulus using magnetic field interactions. While it can be concluded that the slow parameter setting
has a higher effectiveness in delivering a stimulus, the issue of having a small data set and not enough
trials with each user experiments makes it difficult to conclude what the effects of the distance between
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the magnets is. Additionally, understanding the rolling mechanism better with regards to modeling
the magnetic field and its effect on the motion of SM would help shed light on the kind of stimulus
that can maximize the sensation and response from the user. Future works that further experiment
with different frictions and creating an array of magnets in a miniaturized system promise to be a
fruitful step towards development of a tactile feedback device that is able to deliver a sophisticated
and matched sensation, which can be coupled with a trans-radial amputees’ prosthetic through the use
of tactile sensors [21] to aid in sensation restoration for dexterity.

4. Materials and Methods

4.1. Rig Development

The rig was developed to control the position of one (driver) magnet, in order to subsequently
change the magnetic field in which the second magnet, which was in contact with the skin, was located.
The test rig was constructed from aluminum alloy, as aluminum is not ferromagnetic. The main
objective of the rig was to position the driver magnet across two dimensions. Positioning took place
within the plane that included both the driver magnet (DM) and stimulus magnet (SM). The motors on
the rig were used to control the DM across the horizontal (x-axis) and vertical (y-axis) dimensions that
made up the plane. Figure 7 presents the motion of the magnets on the skin. Figure 8 presents the real
device, with a user in the correct position during operation.
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Figure 7. Rotation of stimulus magnet (SM) on skin induced by driver magnet (DM).

4.2. Specifications

The main specifications were the speeds at which the DM moved; the spatial resolution, in terms of
positions that the DM could achieve; and the boundaries in both the vertical and horizontal directions.
The speeds could be set ranged between 5 mm/s to 20 mm/s. The total distance the DM could travel
was 60 mm in the horizontal direction and 30 mm in the vertical direction. This was enough to ensure
that no observable magnetic effect would be present at the minimum and maximum positions in the
x-direction. Each step of the motor provided a 2 mm displacement of the DM.

4.3. System Design

Two stepper motors (17HS4406A-20PB20, EVMJGroup, China), each with a step angle of 1.8 degrees,
were used to change the location of the DM by using open-loop positioning. The motor was connected
to a threaded output shaft, making it a linear actuator. The stainless-steel shaft had a diameter of 8 mm
and a pitch of 2 mm. The travelling nut had four mounting holes that were connected to the slider
plate that held the DM. The stepper motor allowed the system to hold and move the DM to a desired
position. Each phase of the stepper draws 1.3 A and provides a holding torque of 40 N-cm. Two rods
on either side of the threaded shaft were used to keep the driver plate in the right orientation. The rods
were lubricated using lubricant, in order to minimize any friction during motion. The motors were
driven by an Arduino (Uno Rev3, Arduino.cc, United States), which is a microcontroller board based
on the ATmega328P. All the programming done to the microcontroller was done in C++, and was
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compiled using a custom Arduino IDE. Power to the motors was also relayed through the Arduino.
A custom shield created allowed for the interfacing of the drivers with the Arduino in MATLAB
(R2017a, Mathworks, United States) through the serial port. Finally, the power supply unit ensured
a maximum of 35V could be delivered to the motors; the power supply unit was connected to the
Arduino. Figure 9 below depicts the system design and flow of information.
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move the DM to a desired position. Each phase of the stepper draws 1.3 A and provides a holding 
torque of 40 N-cm. Two rods on either side of the threaded shaft were used to keep the driver plate 
in the right orientation. The rods were lubricated using lubricant, in order to minimize any friction 
during motion. The motors were driven by an Arduino (Uno Rev3, Arduino.cc, United States), which 
is a microcontroller board based on the ATmega328P. All the programming done to the 
microcontroller was done in C++, and was compiled using a custom Arduino IDE. Power to the 
motors was also relayed through the Arduino. A custom shield created allowed for the interfacing of 
the drivers with the Arduino in MATLAB (R2017a, Mathworks, United States) through the serial port. 
Finally, the power supply unit ensured a maximum of 35V could be delivered to the motors; the 
power supply unit was connected to the Arduino. Figure 9 below depicts the system design and flow 
of information. 
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4.4. Experimental Protocol

The experimental protocol was designed to test the ability of the system to deliver a correctly
sensed stimulus to the user. The input to be delivered was the motion of the SM caused by the
movement of the DM. The SM was allowed to move freely on the arm, induced by the DM’s magnetic
field. The location of the band worn by the subject was chosen to be the upper end of the lower arm,
just below the elbow joint and on the posterior face of the limb. The user was instructed to move the
mouse back and forth in a vertical direction when they sensed the magnet move, and keep the mouse
still when they sensed nothing. The mouse positions were tracked and recorded using tracking of the
cursor position with MATLAB.

The inputs given to the users were generated randomly, and various controls were added to
avoid biased outputs caused by the users learning the input patterns. This was done by randomly
adding 10 second delays during the motion of the DM. To control the inputs delivered to the user,
two different parameters were changed, giving a total of six different possible input conditions that
a user could receive. The two parameters were the speed of the driver magnet (5, 10, or 20 mm/s)
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and the two distances between the magnets. The closer distance was calibrated for each user, having
the distance set as close as possible without the magnets making contact when aligned in the vertical
direction. The subsequent further distance was set by increasing the calibrated vertical distance by
5 mm. The speed of the DM dictates how quick the stimulus magnet moves in response to change
in the magnetic field, while the vertical distance between the magnets during the smallest Euclidian
norm reflects an offset of the magnetic field. These simple manipulations of the magnetic field will
have consequences in terms of the movement of the SM and the experienced user stimulus. Figure 10
depicts a graph that shows an example of how the driver magnet was moving with time. For each trial,
10 peaks (each peak is the driver magnet going to end of the vertical distance that was defined and
back) were fixed, and 10 second delays were inserted at random time points. The six experimental
conditions were defined as thus: slow–far (5 mm/s and +5 mm vertical distance), medium–far (10 mm/s
and +5 mm vertical distance), fast–far (20 mm/s and +5 mm vertical distance), slow–close (5 mm/s
and +0 mm vertical distance), medium–close (10 mm/s and +0 mm vertical distance), and fast–close
(20 mm/s and +0 mm vertical distance).
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4.5. Participants

A total of seven subjects were recruited: four males and three females. The average age was
25.5 years, and the age range was between 22–36 years. Ethical approval was obtained for this study
(MS-IDREC-C1-2015-157). Each user performed 12 trials in their experiment, lasting for around
36 minutes total. The users were not able to see or hear the system as it operated, in order to minimize
any sound or visual clues.

4.6. Data Processing and Statistical Analysis

All of the data gathered from the mouse position was processed and analyzed as shown in
Figure 11. The first step was to remove the artifacts in the mouse position data, which were caused
by the mouse position being limited to the screen dimensions. This produced artifacts that were
created due to the internal ceiling function caused by the limit of the screen dimension, which had to
be corrected before the forward difference quotient was computed. The artifacts were removed by
applying a ceil onto the data points and adjusting any values above the maximum dimension to the
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ceil value. The position signal was then differentiated to identify when the mouse was moved by the
user. The forward difference quotient was computed by

.
xi =

xi+1 − xi

ti+1 − ti

with x representing the vertical mouse position, i ranging from 1 to the maximum length of the dataset
(n), and ti+1 − ti as the time difference between the collected data points. The

.
x data was split into

bins that were used to differentiate between a “movement” or “no-movement”, based on a threshold
method described below. This information was used to score whether the users’ responses correctly
matched the state of the SM. A receiver operating characteristic analysis was conducted to obtain the
optimal threshold that would give the highest accuracy from the experimental data. The true positive
(TP) values were computed as the instance when the user moved while the magnet moved. The true
negative (TN) was the instance when the user was not moving, as the magnet was still. A false positive
(FP) was the instance when the driver magnet was not moving, but the user was moving. Finally,
a false negative (FN) was the case when the user was not moving, but the magnet was moving on
their skin. The true positive rate (TPR) and false positive rate (FPR) were computed with varying
thresholds for the amplitude of

.
x, in order to determine intentional user movement, which is defined

as when the value was higher than the proposed threshold. The threshold that gave the largest Youden
J Statistic was then used to compute the percentage of correct responses and the delay in response.
The Youden J statistic (also known as Yuden’s Index) is the probability of an informed decision rather
than a guess [22]. The selection of a good threshold that constitutes an intended change in position is
important, as it directly determines the scores each trial achieved.
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mouse (the threshold of what constitutes a movement was computed from a receiver operator curve) 

Figure 11. Data processing and analysis flowchart, starting at the top left corner. Each of the steps
depicted was done in MATLAB. The six categories shown in the bottom right corner relate to the three
speeds of the driver magnet and two vertical distances between the driver and stimulus magnet.

The delay in response was computed based on the time difference between the user moving the
mouse (the threshold of what constitutes a movement was computed from a receiver operator curve)
and the time when the DM was aligned with the SM in the vertical direction. A positive difference
indicated a late response, and a negative value was interpreted as an early response. The approach
taken to compute the delay is visualized in Figure 12. The halfway point is where the attraction is
strongest between magnets and causes a rotation.
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findings. Firstly, due to the small sample size, it was relatively difficult to conclude much about 
changing the parameter (distance between magnets). This will be addressed in future experiments to 
ensure a more reliable inference. Additionally, for each user there existed only two repeats for each 
different set of combinations; this was a limitation, because no statistical analysis regarding the effects 
of changing parameters could be tested within a single users’ experiment. Therefore, all the tests 
comparing the effect of parameter choice was based on a sample from various users. This is an issue 
because it does not remove the factor of differences between each users’ overall tactile sensation. 
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Figure 12. Visualization of the method used to compute time delay between the driver magnet reaching
the midpoint and the time at which the response occurred. * Detection of magnet occurs after optimal
half point; hence, it is a negative delay.

A total of six different conditions (three speeds × two vertical distances) were compared for
within-subject factors using a two-way, repeated-measures ANOVA to test for statistically significant
differences. Normality was tested using a Lilliefors test [23], and the ANOVA was conducted on all
six conditions. The following three alternative hypotheses were tested in a sample population of
healthy users:

1. There a significant difference between conditions in the percentage of correct responses;
2. There a significant difference between conditions in the delay of response time;
3. There a significant difference between different conditions in the area under the curve (AUC)

from the receiver operator curve (ROC).

The AUC of the ROC represents the accuracy of the users’ predictions for a given condition. If
the ANOVA’s null hypothesis was rejected, a paired t-test post-hoc test with a Bonferroni correction
method was conducted [24].

5. Limitations and Future Works

There are various issues that limited the scope of this study and the accompanying statistical
findings. Firstly, due to the small sample size, it was relatively difficult to conclude much about
changing the parameter (distance between magnets). This will be addressed in future experiments
to ensure a more reliable inference. Additionally, for each user there existed only two repeats for
each different set of combinations; this was a limitation, because no statistical analysis regarding the
effects of changing parameters could be tested within a single users’ experiment. Therefore, all the
tests comparing the effect of parameter choice was based on a sample from various users. This is an
issue because it does not remove the factor of differences between each users’ overall tactile sensation.
Furthermore, there was a limitation with the SM band design and the magnetic attraction caused by
changing the distance between the DM and SM. While the tightness of the SM magnet in the band
around the users’ arm was ensured to be tight enough to maintain contact between the SM and the
skin, the stronger attraction in the close scenario had an effect on this assumed contact between the SM
and the user’s skin. Future designs will address this issue, in order to ensure that it does not have a
role in the stimulus. This also relates to the issue of the rolling vs. sliding motion of the SM. A model
must be created to exactly understand how the DM causes the SM to move, and the parameters that
control the SM’s movement must be well described to ensure the desired input to the skin is being
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delivered. The time delay of the response can be affected by manipulating the intensity of the magnetic
interaction between the DM and SM. Moving on, the design of the rig caused issues with some users
sensing vibrations in the environment as the motor was moving in the slow speed. This is an issue
because the user should not sense any movements except that of the SM induced by the DM; it will be
addressed in future prototypes by changing the motors and adding damping components. Future
works will also include exploring the friction between the skin and the SM, in order to understand
how the sensation would change as the friction increases and decreases. This is an important concept,
as the skin will be stretched in different ways, and hence the afferents will fire and respond differently.
Finally, in future experiments, accounting for the “leaking” of user responses from a previous stimulus
that might come as a true positive for the wrong stimulus has to be considered. In other words, it is
important to understand whether a response was caused due to the current stimulus, or if it was a
delayed response from an older stimulus.

This study showed that the magnetic interface can be optimized for stimulus detection, and that
more research is needed to further improve the detection rate beyond the established level.
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