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ABSTRACT 

ENABLING REAL-TIME COMMUNICATION FOR HUMAN AUGMENTATION SYSTEMS VIA 
UNOBTRUSIVE HIGH BANDWIDTH MACHINE TO HUMAN ELECTROTACTILE PERIPHERAL NERVE 

STIMULATION 

By 

Sina Parsnejad 

The advent of sensor technologies and the resulting abundance of information together 

with modern advanced processing capabilities makes improving human lives via human 

augmentation technologies ever more appealing. To establish a new effective form of human-

machine-communication (M2HC) for augmentation, this dissertation explores non-invasive 

peripheral nerve stimulation via electrotactile waveforms. This dissertation conducts extensive 

convergence research between the fields of psychology, electrical engineering, neuroscience and 

human augmentation and established innovations to create distinct sensations that can be 

utilized as iconic electrotactile M2HC. Existing electrotactile stimulation models deliver a limited 

range of distinct sensations, making iconic communication challenging. To address this issue, we 

created a software/hardware infrastructure, including novel electrotactile electrode arrays and 

improved stimulation circuitry, that allows for rapid prototyping and testing various electrotactile 

innovations. We created a model for electrotactile waveform generation (MEWS) wherein a train 

of high-frequency electrotactile pulses is shaped into electrotactile waveforms through a multi-

layer on-off-keying modulation forgoing the need for constant frequency recalibration and 

making painful sensations less likely to happen. Using MEWS, we conducted multiple human 



trials on 15 volunteering participants stimulating a total of ~6000 electrotactile sensations which 

led us to create 13 distinct electrotactile waveform with an accuracy of 85.4%. To increase the 

number of messages that can be delivered by electrotactile stimulation, a model for creating 

varying electrotactile waveforms (MOVES) was created based on linguistic concept of phonemes 

and taking a semi-heuristic approach to creating electrotactile waveforms. Using MOVES we 

conducted multiple human trials on 21 volunteering participants stimulating a total of ~5000 

electrotactile sensations. Our human trials proved that MOVES was able to create 24 distinct 

sensations with an accuracy of 89% that can be used to convey messages through iconic 

communication and has the potential to expand further beyond the 24 messages. The number 

of messages delivered by MOVES pentuples the best recorded number of distinct electrotactile 

sensations in literature.  
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Chapter 1: Augmentation of human perception 

A commendable nature of human beings is their desire to surpass their limitation and 

stive to achieve more. Humans have always sought to enhance their understanding of the world 

around them through augmentation technologies. Human augmentation (HA) is a family of 

technologies that aims to enhance how a person views, understands, and interacts with the world 

around them. When thinking of human augmentation, most people believe it to be a futuristic 

concept wherein humans have been meticulously integrated with machines. However, the reality 

is different from such commonly hold beliefs. Ever since the advent of industrial revolution, 

humans have been integrated with machines through various means. For instance, human 

memory has been augmented by use of phone books, so they do not have to memorize every 

phone number necessary, the movement capabilities of humans have been greatly increased 

using vehicles, planes, electric scooters, etc., and most recently humanity’s social interactions 

have been forever altered with the use of social media. 

Humanity, for good reason, has grown to be reliant on HA tools. The reason is that HA 

increase quality of life by augmenting various aspects of humanity such as their cognitive and 

physical abilities. Furthermore, it is possible to help people with disabilities overcome their 

limitations. Some examples are insulin regulation systems, exo-skeletons, object recognition 

tools, etc.  

Despite all the recent advancements in HA technologies, there are bottlenecks to what 

human augmentation technologies can do. A more commonly known example is for the case of 

prosthetic organs and limbs where the prosthetics can’t be too heavy because they will put 

pressure on human skeleton which is resolvable using novel material. However, there are 
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fundamental bottlenecks in the field of human augmentation that are preventing great progress 

in the field. One prominent case is the communication path from machines to human. 

Traditionally augmentation agents often communicate with their corresponding human through 

visual and auditory cues. A prime example of this is the way the most prevalent augmentation 

agent up to day, the modern smartphone, can only communicate with its user through messages 

displayed on a screen. There is a fundamental limit of how much information can be conveyed to 

a person through visual cues. For instance, the average reading speed for a typical human is 3-4 

words per second (~300ms per word) which is way lower than the processing capabilities of the 

corresponding agent (smart phone), as opposed inter-device communication speed of hundreds 

of megabytes per second. As a result, there is a need for high-speed machine-to-human 

communication (M2HC). Furthermore, too many visual cues are a burden to human attention 

span and usually lead to issues such as split attention span, anxiety, and unproductivity. 

There are multiple approaches to addressing the fundamental issue of M2HC. The field of 

human computer interaction (HCI) focuses on optimizing the interactions between humans and 

a visual M2HC using various programming and psychological tactics. There is a major frontier for 

facilitating brain implants for observing and communicating with the brain. However, the HCI 

technology is limited to the fundamentals of visual prowess of human brain and brain implant 

technologies are still in their infancy stages and require major surgical procedures that hinders 

their progress. There are alternative for effective M2HC that have the potential to be high-speed 

and not be over-bearing on the human attention span. Tactile sensory is an alternative that utilize 

the skin, the largest sensory organ in human body, for establishing an M2HC. Tactile 

communication is an established method of communication with humans that has been utilized 
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in numerous technologies such as prosthetic feedback, smartphone notifications, etc. There are 

multiple iterations of tactile communication but they can be classified as vibrotactile, electro 

vibration, and electrotactile. However, tactile communication has not been extensively studied 

and implemented as an alternative for M2HC because its ability to relay complex have not been 

properly studied.  

This dissertation addresses the limitations of tactile communication for M2HC by 

developing electrotactile M2HC as an alternative. Electrotactile stimulation was selected because 

it has a significantly higher flexibility for creation of new sensations and it has an unobtrusive 

nature. The dissertation will discuss the concept and fundamentals of electrotactile 

communication and will explore solutions to the major challenges that currently impede the use 

of electrotactile for M2HC. These challenges include: 

• A cohesive description of physiological and perceptual aspects of electrotactile 

stimulation from an engineering point of view is scant. 

• The models for creating electrotactile messages are severely limited in the number of 

messages they can deliver for M2HC. 

• The existing models for creating electrotactile messages have not been subject to 

rigorous double-blinded human trials 

• Electrotactile stimulation comes with the possibility of inducing painful sensations, 

especially when performing intensity modulation, limiting the widespread use and 

acceptance of electrotactile stimulation 

Even though much research effort has been put in electrotactile stimulation and how it 

interacts with neurons present in the skin, the information about skin tactile electrophysiology, 
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especially hairy skin is scattered across multiple disciplines and not easily accessible for 

electrotactile engineers. As a result, the first priority in this thesis would be to compile all an 

extensive review of skin topology, operation principals of electrotactile stimulations, and best 

strategies for adopting electrotactile circuitry and electrodes and their safety concerns 

Despite the fact that electrotactile stimulation is a form of neural stimulation, the range 

of electrotactile messages delivered as a M2HC are severely limited. This can be attributed to the 

fact that electrotactile stimulation is primarily being used for prosthetic feedback and haptic 

interactions and not as a means for messaging. The highest reported number of messages being 

transferred as M2HC by a single electrode are less than 5 distinct messages which is a stark 

contrast to the range of sensations the average human receives through tactile senses. Since we 

wish to use electrotactile as a messaging tool, we will create a model for creating a significantly 

higher number of messages with M2HC as a target application. 

The human trials in literature that are conducted for understanding the role of 

electrotactile messaging are not rigorous. They usually suffer from one or multiple of the 

following issues: They subject population is usually less than 10 which is only sufficient for 

exploratory studies. The experiments are not double blinded. The studies are subject-dependent 

and the data acquired are not comparable between subjects. As such, throughout this body of 

work, we will undergo a massive undertaking of creating a software/hardware platform for 

conducting human trials on large subject populations and create a method for reliably capturing 

and comparing data from multiple subjects in a double-blinded method. 

Electrotactile literature relies on modulating amplitude of electrotactile signals to create 

and modify intensity. Since the signal amplitudes that can be applied are subjective to each 
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person and may change with many environmental conditions, it is best if creating intensity by 

changing electrotactile signal levels was avoided. However, signal intensity can be an important 

signifier for creating tactile sensations and should not be ignored. As such, a method of 

electrotactile stimulating that coo-opts intensity should be created that does not rely on 

modulating electrotactile signal amplitude.  

In Chapter 2 we will delve into principals of M2HC and HA and justify the need for an 

electrotactile solution. We will then review relevant literature on electrophysiology of skin and 

operating principals of electrotactile stimulation and explain how the two concepts intertwine. 

In Chapter 3, we will discuss our process of internalizing electrotactile literature insights into a 

model for electrotactile stimulation and explore various aspects of electrotactile stimulation via 

multiple human trials. In Chapter 4, we will finalize our hardware for electrotactile stimulation 

and create an electrotactile stimulation model for producing electrotactile icons. We will create 

a software/hardware infrastructure to test our model and prove the functionality of our setup 

through rigorous human trials. In Chapter 5 we will further our model for electrotactile 

stimulation by utilizing varying electrotactile signals to create a large library of distinct 

electrotactile sensations that eclipses electrotactile messaging literature in the number of unique 

messages it can create that can be used for electrotactile iconic communication through 

conducting large human trials.  
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Chapter 2: Machine to human communication and electrotactile theory and review 

2.1 Augmented human perception 

Based on definitions described in [1], human augmentation (HA) is an interdisciplinary 

field that studies methods, technologies and their application for enhancing sensing, actions and 

cognitive abilities of humans. This is achieved through sensation and actuation technologies 

driven by signal processing techniques. The goal of HA is to improve quality of human lives 

through augmentation of senses, cognition, and actuation. Augmentation of human senses is 

done through collecting and interpreting multisensory information from the world and 

presenting it to the user in a comprehendible method such as vision substitution technologies or 

vision enhancement technologies such as infra-red goggles. Augmentation of cognition can assist 

the user in cognitive tasks through a tight coupling of user and an information processing system 

such as brain rehabilitation technologies or even memory enhancement technologies that can be 

as simple as an address book on a smartphone. Augmentation of actuation is done through 

improving human action, for example prosthetics or exoskeletons.  

The combination of augmented sensing and actuation can be studied under the general 

term of augmented human perception (AHP). AHP refers to a field of HA wherein the purpose is 

to collect information from environment, compile and process that information, and present 

them to the human in manner that augments their perception of the world. 
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In an AHP system, the augmenting agent works in parallel to the human, observing what 

the human cannot perceive. The objects of perception can be the outside world or the human 

themselves. The outside world can include any physical phenomenon like the temperature of the 

room, the pollution level of air, the important messages that need to be reviewed, etc. The 

observation of self can be the mental state of the user, their physiological signals, social 

encounters, etc. Figure 2.1 depicts a representation of such concepts. The user communicates to 

the augmentation agent through control signals. Such control signals may be as simple as 

commands on a console or as complicated as hand gestures or a direct brain machine interface. 

The M2HC is any method that the augmenting agents can use to communicate with their human 

counterparts. The most common M2HC method is conveying messages through visual cues on a 

display such as a monitor, a smartphone screen, etc. However, M2HC is not only limited by vision. 

M2HC may leverage any of the primary senses such as visual, auditory, tactile, etc. as well as 

invasive methods described by BMI. In concept, AHP may sound similar to available technologies 

such as Augmented Reality (AR). However, AR predominantly focus on communication through 

 

Figure 2.1: The anatomy of an AHP system wherein the human and the machine observe the 
outside world and the human. Even through the two observers see the same world, their 

prospective may differ. The machine sharing its unique prospective with human through an 
M2HC constitutes an AHP. 
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vision whereas AHP may leverage any communication method. In computer science community, 

this level of augmentation is called Multimutated Reality (MR) [2]–[4]. 

M2HC must satisfy certain criteria as described below. The M2HC should primarily be 

capable of communicating with human effectively at a high data rate so as not to limit the use of 

AHP. On the receiving end, the human brain needs to be able to efficiently process AHP 

information and transfer that information to long-term memory. Furthermore, M2HC needs to 

be unobtrusive for daily human lives. M2HC should not deny information to the user by obtruding 

human senses or cognitive capabilities. For example, an effective M2HC should not solely use a 

smartphone screen since the screen will prevent the user from paying attention to their 

surroundings and will make them prone to shorter attention span [5]. 

2.2 Machine to human communication (M2HC) approaches and limitations, theory and 

literature review 

All incoming information to the brain must be processed by human attention span. 

Attention is defined as the cognitive process of allocating brain processing resources to perform 

 

Figure 2.2: The pathway of information from an information input element such as sight, 
hearing, or touch to the brain. The brain observes and stores the input in its short-term 

memory for processing. Once processed, the information deemed worthy will be stored in 
long-term memory. 
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a task by selectively concentrating on one aspect of environment and ignoring other things [6]. 

Cognitive theories indicate that the process of attention when it comes to perceptual stimulation 

is as shown in Figure 2.2 [7]. Human attention can be divided between multiple tasks. However, 

there is a limitation to splitting of human attention due to limitations in human working memory 

[8]. A simple theory of human attention is introduced by Kahneman 1973 [9], in which it states 

that there is a single pool of attention that can be divided between multiple tasks. With the 

advent of information age and saturation of information using web and smartphone, human 

attention span is suspected to have decreased [5]. There are studies that suggest this limitation 

leads to a decrease in human quality of life and produce anxiety and other complications [10], 

[11]. Hence, the perceptual and cognitive load of an M2HC are important parameters that need 

to be considered. 

The human brain has internal options for addressing the attention span limitations and 

multi-task resource management called resource theory [12]. This theory indicates that while 

multi-tasking, the brain divides each complex task into smaller pieces that it can automate, saving 

attention span resources. However, as evident by literature, the brain can be further assisted 

with reduction of its attention span load. A literature survey conducted for this dissertation point 

out to three possible solutions: 

1. It has been proven that it is easier to ignore non-task related perceptual cognitive load 

and thereby increasing attention by increasing task-related perceptual stimuli [8]. A 

simple example of this proposition is the conventional use of tactile vibrators in console 

video game controllers 
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2. It has been proposed that attention span load in a multi-tasking environment is decreased 

when stimulus-response channels for the multi-tasks are separated [13]. Stimulus-

response channel refers to the input and output pair of our senses used for HCI. For 

example, the stimulus-response channel for a task of typing would be sight input and 

tactile output. An example for this theory would be multi-tasking of typing an academic 

paper while listening to music. Even-though two tasks are being simultaneously 

conducted, because the stimulus-response channels are different (sight, sound, and 

tactile) multitasking has less cognitive load on attention span 

3. It is possible to reduce cognitive load by pre-processing information and down sampling 

information and having it presented to the proper human sensory.  

For option 3, the work presented in [14] presents the framework for reducing cognitive 

load. Suppose a machine communicates with a human by flashing 10 consecutive red or blue 

colored lights. The user reads this input in roughly 10s using their vision. According to the classical 

definition of data rate: 

 𝑑𝑎𝑡𝑎 𝑟𝑎𝑡𝑒 (𝑏𝑖𝑡𝑠 𝑠⁄ ) = (𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛𝑠 𝑚𝑎𝑑𝑒
𝑠⁄ ) × 𝑙𝑜𝑔2

(𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑝𝑡𝑖𝑜𝑛𝑠)
 (2.1) 

where the options are red and blue and a decision is the person selecting between the options 

red and blue. In this case, the user’s attention had a data output rate of 1 bit/s. However, the 

human visual output is far greater than 1 (bits/s). A study published by University of Pennsylvania 

School of Medicine suggests that the data output rate of human eye can reach 10 Mb/s [15]. In 

fact, the human visual attention works in a two-stage process. In step 1, attention is uniformly 

distributed over the external visual scene and all information is processed in parallel. In step 2, 
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attention is concentrated to a specific visual scene and all data is processed in serial [6]. As such, 

10Mb/s is down sampled to 1b/s. It can be concluded that vision uses a lot of attention span for 

this simple task and is not a proper input method for this M2HC.  

Due to their ease of implementation, visual and auditory communication are the 

predominantly used methods of M2HC. The observations above indicate that attention span can 

be conserved by having multiple stimulus-response channels. As a result, audio and visual cues 

are not preferred for this scope. There is preliminary research being conducted on real-time 

communication with the brain using invasive electrical stimulation implants [16], [17], 

optogenetical stimulation [17]–[19], and non-invasive methods such as transcranial magnetic 

stimulation or focused ultrasound stimulation [20]–[22]. However, invasive technologies are still 

under development and have yet to respond to the fundamental issue of brain accessibility and 

invasive surgical processes. Valuable research, especially in the area of prosthetic M2HC has been 

conducted in direct peripheral nerve stimulation using electrodes that interface with peripheral 

nerves [23]–[25]. However, the greatest drawbacks of this method is that it is still invasive and 

there is no fine control over the individual nerves being stimulated and induction of a sense of 

paresthesia [25]. Paresthesia is sense of tickling and prickling which likely arises from unnatural 

afferent nerve responses due to over-excitation or cross-talk between afferent pathways [25]. 

The senses of smell and taste are not ideal candidates for this task due to their sensor input 

circumstances. Among the remaining non-invasive pathways to the brain, tactile stimulation 

emerges as an outstanding candidate for an alternative route for M2HC. There is a massive 

network of tactile receptors over human body that can be leveraged for an effective M2HC with 

a high density of neural pathways. 
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2.3 Tactile stimulation 

Tactile stimulation of information is an alternative for providing M2HC and assisting the 

brain with managing attention. However, it should be noted that the tactile receptor density is 

not uniform across human body based on the human homunculi map [26]. Furthermore, the total 

number of tactile neural pathways to the human brain does not match the density of retina. 

However, the case can be made that levying a massive neural pathway for M2HC will introduce 

the same perceptual cognitive load issue that vision creates. As a result, it is beneficial to perform 

external preprocessing of data and providing M2HC using a very small set of tactile channels for 

the brain that does not impose a perceptual cognitive load on the brain. As a result, a local tactile 

communication over a limited surface area would be preferred for M2HC. 

Tactile communication operates by accessing the primary somatosensory context of brain 

through afferent peripheral nervous system. This can be done invasively using nerve cuff 

electrodes [23]–[25] or non-invasively by leveraging skin tactile receptors and their immediate 

afferent nerves. There are three predominant methods of non-invasive tactile interfacing in 

literature, vibrotactile, electrotactile, and electrovibration. Vibrotactile generally refers to the 

process of activating tactile receptors through physical deformation of skin [13], [14], [27]–[37] 

This process is usually done through a vibrating or pressure apparatus such as rotary or linear 

motors. Electrotactile stimulation operates by injecting a charge through electrotactile 

electrodes into the human dermis, causing the afferent unmyelinated neurons to activate, 

mimicking a tactile sensation [14], [38]–[74]. More details on the physiology of this process is 

discussed in next chapter. Electrovibration operates by inducing an electrical field to into the 

dermis layer, creating a capacitive interface with the ions in the epidermis layer of the skin [75]. 
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If enough electrical field is available, through capacitive force the epidermis layer of skin will 

create a pressure on the vibration or pressure receptors of skin, causing them to activate. The 

difference between vibrotactile and electrovibration is that, in the latter, the tactile input is not 

induced by mechanical deformation of skin. The comparison table shown below demonstrates 

key advantages and disadvantages of each technology: 

 

However, if observed in the context of consistent M2HC, the distinctions between these 

technologies become clearer. Electrovibration has the unique condition of being a temporary 

sensation when a dry skin is moved across an electrical field emitting device. The reader may 

have experienced this sensation while sweeping their fingertips across a wall with live wires on 

the other side. Such conditions make electrovibration not suitable for consist M2HC. 

Table 2.1: A comparison of available tactile stimulation methods in terms of their compatibility 
for an M2HC system. 

 
Electrotactile  Vibrotactile - Rotary Electrovibration 

Size Any size, the smaller the 
better 

Typically, a cylinder 14 
mm long dia. 6 mm 

Any size 

Weight Less than 5g Typical motor 5 – 10g Less than 5g 

Frequency Up to 200Hz Typically, up to 160 Hz 5–1000 Hz 

Onset Time Negligible/Immediate 50–80ms windup time Negligible/Immediate 

Max stimulation duration No limit No limit Limited 

Power ~±100V 0.05 – 0.2 W Negligible 

Sensory Specificity All tactile receptors, 
predominantly vibration 

Mechanoreceptors Mechanoreceptors 
sensitive to vibration 

Punctateness Very High Medium High 

Audible signature None High, housing dependent None 

Mounting Direct skin contact No special requirements Dry skin, movement 
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Electrotactile and vibrotactile usually have similar size, weight and power consumption. 

However, electrotactile is less obtrusive to the user because it does not rely on any mechanical 

apparatus. As a result, electrotactile has a lower audible signature compared to most common 

vibrotactile techniques and is therefore a more discreet form of communication. In terms of 

elicited sensations, electrotactile has a high punctateness and can activate axons connected to 

all six known tactile receptors where the six receptors are free nerve endings, root hair plexus, 

tactile discs, tactile corpuscles, lamellated corpuscles, and Ruffini corpuscles [76]. Punctateness 

describes the area of focus under each electrode [69], hence, higher punctateness means a more 

focused sensation which in return lets electrotactile target very specific regions of skin with 

localized sensations allowing for more consistent sensations and higher density of electrotactile 

electrodes. As a result, electrotactile stimulation can create a sensation of vibration and pressure 

with high spatial acuity. Furthermore, electrotactile has no onset delay, which elicits a faster 

reaction from the somatosensory cortex. As a result, electrotactile stimulation utilizes skin real 

state efficiently i.e., it is more spatially information-rich. Furthermore, when compared with 

vibrotactile, electrotactile stimulation is capable of creating a wide range of sensation without 

any onset delay or mechanical sound profile. Our in-house tests suggest that electrotactile 

stimulations as short as 5ms are instantly detectable by human participants. As a result, 

electrotactile stands out as a preferred candidate for a rapid and precise M2HC through tactile 

stimulation. 
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2.4 Principals of electrotactile stimulation 

2.4.1 Existing electrotactile systems 

There are a multitude of success stories utilizing electrotactile in an M2HC system. 

Traditionally electrotactile stimulation has been used for prosthetics, rehabilitation, haptics, and 

most recently AR/VR experiences. Perhaps the most successful implementation of electrotactile 

stimulation has been in prosthetic feedback by providing a sensory substitution for sense of touch 

by re-creating the tactile signals felt by artificial limb and recreating them on body surface. The 

work provided in [34] reviews such latest efforts for both invasive and noninvasive methods with 

a focus on electrotactile communication. The work presented in [36] indicates that an 

electrotactile feedback from a prosthetic arm increases the sense of embodiment. The work 

presented in [45] introduces an electrotactile array for forearm and a corresponding pressure 

sensor array for a prosthetic hand. The researchers prove that a user wearing an electrotactile 

array can understand patterns being played on pressure sensor array. This work later-on gets 

implemented in a prosthetic system in [60], [61]. Even though electrotactile stimulation is 

considered a method of peripheral nerve stimulation, complete recreation of sense of touch will 

require producing the idiosyncratic action potential firing pattern of the majority of tactile 

receptors involved which is currently technically impossible to achieve [77], [78]. As such, current 

electrotactile literature is limited to creation of simple sensations such as vibration and intensity 

and is not able to completely recreate a natural-feeling sense of touch [79]. 

Prosthetic limbs are not the only targets for electrotactile communication. The work 

presented in [50], [80] showcase sensory substitution systems for the visually impaired by 

implementing electrotactile communication over tongue and forehead respectively. The tongue 
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electrotactile communication for assistance to blind people is called BrainPort and is an early 

success story of electrotactile M2HC having passed clinical trials [72] and been commercialized. 

Electrotactile stimulation can be used as a method for rehabilitation purposes as well. [81] uses 

BrainPort for vestibular rehabilitation for patients with bilateral vestibular loss who did not 

respond well to conventional rehabilitation methods. This study has achieved statistically 

significant improvements in patient's sensory organization test scores in control groups. 

BrainPort has also been used as a two-week balance rehabilitation program for patients with 

progressive cerebellar ataxia [74]. One reason that BrainPort has seen success in sensory 

substitution is that it fore-goes interfacing with external skin and instead opts to use the tongue. 

This allows BrainPort to forego a lot of limitations for electrotactile stimulation such as possibility 

of painful sensations due to dehydration or high-voltage circuitry to bypass skin dermis layer. 

However, using the tongue for sensory substitution is not a sustainable solution because of its 

disruptive nature to the day-to-day life. AS such BrainPort is more suitable as a temporary 

rehabilitation application as highlighted in [74]. 

Electrotactile can be used to convey information to its user. A successful implementation 

of an electrotactile information display has been demonstrated in [82] utilizing the spatial 

resolution of tactile receptors. Electrotactile has been reported in literature as a means of 

displaying information in interactive and virtual environments. The work presented in [83] 

proposes the idea of large electrotactile displays for giving directional information. Another 

possible use for electrotactile stimulation is communication for virtual and augmented reality (VR 

and AR). The work presented in [33] stimulates fingertips with a hybrid electrotactile/vibrotactile 

communication that can present most surface structures in Realtime to the VR/AR user. 
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Information-bearing electrotactile stimulation can also be used in other areas such prosthetics. 

The work presented in [61] can convey eight data points regarding the position of user’s artificial 

hand position with an average success rate of 90%. The idea of using electrotactile for VR/AR 

feedback is lucrative. However, the high-voltage nature of electrotactile stimulation means that 

the supporting circuitry is bulky and not yet suitable for wearable applications. 

Despite the success of electrotactile technology as a solution for some M2HC applications, 

it has not enjoyed general acceptance and commercial success. Our analysis of electrotactile 

literature attributed this issue to the following: 

• Our understanding of skin tactile receptors, especially hairy skin, is nascent. As such, 

cohesive description of physiological and perceptual aspects of electrotactile stimulation 

from an engineering point of view is scant. 

• Even though electrotactile stimulation is a form of neural stimulation, the range of 

electrotactile messages delivered as a M2HC are severely limited.  

• We cannot use intensity of electrotactile sensation (through amplitude modulation as 

discussed in literature) as a means for conveying electrotactile messages since 

modulating intensity can create painful sensations. 

2.4.2 Electrophysiology of the skin  

Full understanding of operation conditions of electrotactile stimulation require a basic 

knowledge of skin structure and the afferent nerve types and placement. The human skin is the 

largest organ in human body with three primary tasks of protecting human physiology from 

external threats, heat regulation, and tactile input to the human brain. However, it should be 

noted that human skin is not the only organ that produces tactile communication. The library of 
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tactile inputs that are known as somatosensory communication include tactile communication 

from the skin, muscles, tendons, joints, and bones. However, in this work tactile input will be 

limited to only input from human skin. The human skin can be classified into three categories: 

mucocutaneous, hairy, and glabrous [84]. The mucocutaneous skin tissue is primarily the 

connecting tissue between other skin types and the internal membranes such as lips and eyelids 

and is out of the scope of this dissertation. The hairy skin refers to the smooth skin that contains 

hair glands i.e., dermal filaments. Glabrous skin refers to the smooth undulating hairless skin of 

the palm, soles of feet, etc. This skin type is the predominant target for electrotactile stimulation 

in literature due to its high concentration of receptors. However, glabrous skin is actively used in 

day-to-day activities of humans as the use of hands and feet are essential to daily human life and 

their usage for M2HC would be too obtrusive. The focus of this study will be the hairy/glabrous 

skin since they are the primary pathways for unobtrusive tactile input pathways.  

 

Human skin is comprised of three layers. As shown in Figure 2.3, these layers are called: 

epidermis, dermis and subcutis. The epidermis is the outermost layer of the skin, creating a 

boundary between the aquatic dermis layer and the outside world. This ~100 µm thick layer of 

skin which contains 50-100 cells, is the primary isolation and defensive layer of the human 

 

Figure 2.3: Different layers of human skin. The thickness of each layer is not up to scale. 
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defense system [85]. This layer of skin is everchanging, being produced in the aqueous layer of 

epidermis and being peeled off on the outer layer. During this constant growth mechanism, as 

cells are being pushed outside, they start producing keratohyalin which will eventually suffocate 

the cell and form a watertight defensive barrier on the outer epidermis layer [86]. 

The dermis layer of the skin contains hair follicles, sweat glands, sebaceous glands, 

apocrine glands, lymphatic vessels, blood vessels, afferent fibers and their corresponding tactile 

receptors [86], [87]. The dermis is comprised of two sublayers, the upper papillary, and the 

reticular. The upper papillary layer is a wavy undulating structure that is molded into the base of 

epidermis layer. Due to its wavy nature, this layer has a large surface area and is host to some of 

the more spatially accurate tactile receptors. The reticular layer contains a lot of elastin, 

fibroblast, and collagen material that help with the structural integrity of the skin. The innermost 

layer of the skin is the subcutis layer which is predominantly a connecting tissue between deeper 

tissues and the skin. This layer contributes to skin stiffness and is responsible for storage of fat. 

The somatosensory system of human brain oversees three main tactile functions: 

exteroceptive, interoceptive, proprioceptive [88]. The exteroceptive and interoceptive function 

are the brains perception of outside and inside the body respectively whereas the proprioceptive 

function oversees tracking body position and maintaining balance. The cutaneous sensory 

neurons that interface with exteroceptive and interoceptive function are classified as Aβ, Aδ, and 

C neurons based on their cell body size, axon diameter, degree of myelination and axon 

conduction velocity [89]. Myelination is a condition when nerve axon paths are covered with a 

layer of fat as shown in Figure 2.4. Myelination speeds up the movement of action potential 

through an axon (Na+ ions) by reducing the parasitic capacitance between the axon pathways 
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and the outside ions and enabling saltatory conduction [90]. In a normal axon path, movement 

of electrical signals is enabled via diffusion conduction of ions. In saltatory conduction, the ionic 

signal traveling through axons is periodically amplified through unmyelinated spots on axon path 

called nodes of Ranvier. Nodes of Ranvier are covered with voltage-gated ionic channels which 

get activated if an action potential is traveling through the axon and rejuvenate the diffusion 

current by absorbing free-roaming ions outside the axon. As a result, nodes of Ranvier act as 

amplifiers along the axon path, and increase axon conduction velocity. The three types of afferent 

neurons can be described as shown below: 

• C afferent: smallest body size, most abundant, unmyelinated axons, slowest 

conduction velocity 

• Aδ: Medium sized, lightly myelinated, intermediate velocity (5-30 m/s) 

• Aβ: Large sized, heavy myelination, rapid velocity (16-100 m/s) 
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The myelination degree of an afferent neuron determines their activation threshold with 

reverse correlation [89]. Each of these afferent neurons have an end organ that is called a 

mechanoreceptor. Mechanoreceptors are tactile sensors that can be found in most locations of 

human body. Based on their threshold levels, they can be categorized as low threshold/high 

threshold (LTMR/HTMR). Generally, LTMR are associated with sensing of light touch whereas 

HTMR are used for sensing toxic inputs (pain, burn, etc.). However, there are LTMR classes for 

non- Aβ receptors that are called Aδ-LTMR and C-LTMR that are found in hair follicles. Due to 

their nature, tactile communication systems for M2HC aim for activation of easily activated LTMR 

while avoiding the more challenging HTMR. Figure 2.5 depicts the known receptors in different 

layers of hairy skin. Please note that the mechanoreceptors available in hairy and glabrous skin 

may differ in their type, location and function. The LTMRs can be further divided into four 

subcategories based on their receptive field and adaptation frequency range: 

• Frequency range: 

 

Figure 2.4: LTMR nerve axon with Myelin sheet and nodes of Ranvier. An action potential 
travels through Myelinated portions of the axon pathway using saltatory conduction and is 

amplified in nodes of Ranvier through depolarization of ionic channels. 
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o Fast adapting (FA): will show a short burst of action potentials with deformation, 

but then they will cease firing despite continued application 

o Slow adapting (SA): will start firing action potentials (or increase their firing rate) 

at the onset of the stimulus and continue to fire until the stimulus ends 

• Receptive field categories: 

o Type 1 units have small receptive fields with well-defined borders 

o Type 2 units have wider receptive fields with poorly defined borders and only a 

single point of maximal sensitivity, from which there is a gradual reduction in 

sensitivity with distance 

 

 

Figure 2.5: The structure of a typical hairy skin and the placement of tactile receptors, sweat 
glands and hair follicles. 
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The HTMR seen in Figure 2.5 are responsible for detecting toxic inputs such as 

temperature and pain. The qualities of each receptor are compared in Table 1.2.  

Electrotactile stimulation method leverages the threshold differences between LTMR and 

HTMR by injecting an electrical charge through the epidermis layer of skin enough to activate 

LTMR and not HTMR [14], [91]. Assuming a grounded and uniform skin and a small electrode, the 

penetration and distribution of an electrotactile current can be shown as Figure 2.6 [92]. The 

voltage created by a very small electrode in a Cartesian coordinate in respect to a grounded body 

is calculated by [92] to be: 

 𝛹(𝑥, 𝑦, 𝑧) = −∫ 𝐸⃗ 𝑑𝑅⃗ 
 

𝑅
 (2.2) 

where Ψ is the voltage at coordinates x, y, and z with the electrode as the center, R is the radius 

originated from the electrode center, and ρ is skin resistivity (assumed to be constant). Assuming 

there exists an LTMR axon node of Ranvier at coordinates (xe,ye, ze), the voltage Ψ(xe,ye, ze) may 

be strong enough to activate voltage-gated ionic channels at this location and create an artificial 

action potential that will travel along the axon and into the somatosensory system of the brain. 

As a result, due to the electrotactile stimulation of skin, the brain may feel a tactile stimulation 

on where the mechanoreceptor connected to the stimulated node of Ranvier is. Hence, if done 

properly, electrotactile signals can mimic one of the many LTMR tactile mechanoreceptors from 

the prospective of brain somatosensory system. 

The hairy and glabrous skin have a different structure of tactile receptor arrangement and 

range as demonstrated in Table 1.2. The glabrous skin has a higher concentration and diversity 

of tactile receptors compared to hairy skin. As a result, most electrotactile literature focus on 

glabrous skin rather than hairy skin. However, glabrous skin is sued for day-to-day tasks and is 
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not suitable for a consistent M2HC system. An M2HC system for AHP then has to be mounted on 

hairy skin. Hence, to realize a fully functional AHP, the mechanics of how to best stimulate hairy 

skin need to be analyzed and understood better. 

 

2.4.3 Electrotactile stimulation 

The electrochemical current inducted into the epidermis layer of skin is not uniform [14], 

[87], [92]. This electrochemical current is most likely conducted through pathways such as sweat 

ducts, sebaceous glands, and minute epithelial breaks through the skin [93]. The interaction 

between electrotactile electrodes can be described with a circuit model as discussed in [14], [93]. 

Figure 2.7 shows a combination of models presented in shows a combination of nerve 

Frankenhaeuser and Huxley model for nerve conduction [92], [94], and Stratum corneum 

impedance model of [87], [93], [95] where two electrodes are placed on the skin and are 

relatively far away from one another and only have one node of Ranvier accessible. Gp is the 

conductance of epidermis layer (through sweat ducts and epithelial breaks), Cp refers to the 

 

Figure 2.6: A model for penetration of electrotactile current and potential created inside the 
skin. 
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capacitive element of epidermis layer, Gd is the ionic conductance of dermis layer, Gm and Cm 

refer to the capacitance and conductance of voltage-gate ionic channels of nodes or Ranvier, Gn 

is the internal conductance of a LTMR mechanoreceptor axon according to Frankenhaeuser and 

Huxley model [94]. The skin conductance Gp is variable and may change from 10 kΩ to 100 kΩ 

[96]. 

 

It should be noted that Gp is non-linear and decreases with electrotactile current [87]. 

Due to nonlinearity in Gp, a voltage based electrotactile charge injection is challenging because 

under a constant voltage, the injected current would increase due to non-linear resistance drop 

observed at epidermis layer. As such, the transferred charge will increase until HTMRs are 

activated causing a pain or burning sensation [14], [87]. It is possible to implement a voltage-

based stimulator with a rigid communication mechanism [49]. However, constant current 

electrotactile systems are simple and are preferred by the body of electrotactile literature. 

 

Figure 2.7: The electrical model for current penetration into the skin and their interaction 
with nodes of Ranvier of an LTMR axons. 
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constant charge delivery system [71] is also not as viable as constant current delivery systems 

due to their added complexity and no added benefit.  

 

Throughout electrotactile literature, two major methods have been leveraged for 

producing electrotactile current: improved Howland current source [96], [97], and current 

mirrors [98], [99]. These methods are shown in Figure 2.8. The current mirror technique operates 

 

(a) 

 

(b) 

Figure 2.8: The most common electrotactile circuitry in literature: (a) current mirror 
structure (b) improved Howland current source. 
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by displaying the input voltage waveform over a reference resistance Rf through a negative 

communication loop hat is consist of Mnf and Mpf. The current generated by displaying input 

signal over Rf is preserved by Mnf and Mpf and is conveyed to current mirror transistors Mn1 and 

Mp1. This current is then mirrored and injected into the skin electrode passing through isolation 

resistor and capacitor Riso and Ciso. The isolation elements act as a high-pass filter that isolate the 

DC skin voltage from the current mirror output DC voltage to minimize the risk of electrical shock 

and painful sensations in case of catastrophic system failure [100]. The isolation capacitances 

limit the total charge transferred to the skin in case of transistor and fuse failures as described in 

[52] where the two transistors fail and a total voltage swing of two times the VDD happens in the 

current mirror output. This capacitor limits the total charge delivered to the electrode. 

Another popular opinion for implementation of electrotactile current generator is using 

Howland current source [48], [70], [97], [101] as shown in Figure 2.8. The working principal of 

these current sources dictate that as long as the following condition is met: 

 
𝑅1

𝑅2+𝑅𝑂𝑈𝑇
=

𝑅3

𝑅4
 (2.4) 

the output current displayed over Rload will be: 

 𝐼𝐿 =
𝑉𝐼𝑁+−𝑉𝐼𝑁−

𝑅𝑂𝑈𝑇
 (2.5) 

which is independent of load resistance (in this case skin resistance).  

Each of these methods have advantages and disadvantages associated with them. The 

current mirror is simpler to implement with the only requirement that the current mirror 

transistors can handle the high supply voltage demands. Due to its structure, the matching 

between the current mirror transistors is crucial. In the case of Howland current mirror, the 

matching between the resistors is important but the biggest issue with this structure is the fact 
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that the op-amp needs to be able to handle high-voltage supply voltages and the fact that 

Howland current mirror output dynamic range is limited compared to current mirror structure. 

Another important factor to consider for electrotactile stimulation is electrode material 

and surface profile. Traditionally the most widely used electrodes are for Transcutaneous 

electrical nerve stimulation (TENS) or Electroencephalography (EEG) applications where they are 

metal electrodes that are connected to a conductive polymer surface coated with adhesive gels 

such as Polyoxethylene 20 Cetyl Ether [102]. However, such electrodes have limited lifespan, and 

are too big and too impractical for day-to-day used in an electrotactile communication system. 

The current flow in an electrochemical system is an electrochemical current in nature [14]. As a 

result, to reduce skin irritation and possible damages, the electrotactile electrode must not 

introduce non-native ions to the skin. As such, the electrode-tissue equilibrium state where no 

net ion loss happens for electrode or tissue [14], [103]. The electrode may produce ions during 

stimulation; however, the reaction must be reversible. Furthermore, a reaction on electrode 

surface may produce insulating layer on electrode surface, further reducing its performance. In 

general, most limitations that restrict implanted electrodes also apply for electrotactile 

electrodes as well. The most common electrode materials reported in literature are gold, 

platinum, silver, and stainless steel, carbon (polymer coated with conductive graphene ink), and 

conductive rubber [14], [68], [69], [103]. For electrotactile stimulation, electrodes must have 

uniform surface profile. Inequal distribution of current under the electrode due to shape or 

surface contact may lead to concentration of current in specific spots. Furthermore, 

Inhomogeneities on the electrode surface, which exist in all practical electrodes, may produce 

local potential differences that favor continued loss of metal ions (pitting or crevice corrosion). 
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2.5 Summary and discussion 

2.5.1 Summary 

Human augmentation (HA) principals and their possible effects on human lives were 

discussed. Real-world examples of HA and current dependency of humanity on HA and its current 

limitations were demonstrated. Augmented human perception (AHP) was introduced as an easily 

attainable form of HA with possible major impact on the human condition. The need for an 

effective machine-to-human communication (M2HC) for an effective AHP was introduced. 

Different methods of implementing M2HC and their effect on human brain, especially attention 

span, were introduced. It was stated that current over-reliance on visual M2HC has resulted in 

attention-span complications and anxiety for the world population that can be mitigated. 

Methods for assisting and improving attention span such as separating stimulus channels for 

multi-tasking or pre-processing of data were discussed. Among possible M2HC pathways, tactile 

communication seems to be most appropriate method of M2HC with its ease of implementation 

and being a separate stimulus channel. Tactile stimulation methods vibrotactile, electrovibration, 

and electrotactile were introduced and compared. It was concluded that electrotactile 

stimulation is the best option for M2HC because electrotactile has the possibility of generating 

complex sensations with acute punctateness and in an unobtrusive manner (no sound profile, 

moving parts, etc.). Examples of electrotactile stimulation from literature were discussed to 

provide historical precedence. The biology of electrotactile stimulation was discussed and the 

differences between glabrous and hairy skin were discussed under the framework of M2HC. 

Finally, principals of electrotactile circuitry and electrodes were discussed with examples from 

the literature. However, several challenges remain to be resolved for electrotactile to create an 
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impactful presence in M2HC such as a universal model for creation of distinct electrotactile 

sensations at a higher order than is present in literature.  

2.5.2 Discussion 

Exploration of literature in M2HC with a focus on electrotactile M2HC brough about 

several important conclusions. With the advent of information technology, humanity has become 

more prone to anxiety and split attention due to over-abundance of information. While access 

to information is a positive change, it is possible to alleviate some of the pressure on brain with 

novel approaches to M2HC. It was proven that electrotactile stimulation has the opportunity to 

be a viable alternative for M2HC in a manner that alleviates the attention span burden created 

on the brain caused by current M2HC methods such as visual communication. This provides a 

new pathway to the brain that was not present before. Through our investigation of electrotactile 

literature, we realized that electrotactile stimulation is at its core, a non-invasive method of 

peripheral nerve stimulation and presents greater access to the brain compared with traditional 

haptic techniques. However, several challenges need to be addressed for electrotactile to be a 

viable method of M2HC. 

For electrotactile M2HC to be viable, the electrotactile circuitry needs to be scaled down 

to a wearable size, possibly with wireless information communication capabilities. The 

electrotactile stimulation circuitry needs to be modified such that the skin resistance and the 

voltage variations on the skin do not compromise the charge injected into the skin. The circuitry 

presented on Figure 2.8 is dependent on the voltage swings of the output node, creating 

unreliable electrotactile current levels at high current outputs. Electrotactile stimulation 

hardware should capable of producing electrotactile waveforms at much higher frequencies to 
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facilitate emerging high-frequency electrotactile stimulation techniques with the capability for 

driving multiple electrotactile simultaneously. Finally, embedded control systems need to be 

implemented in a wearable/portable package size that would allow for electrotactile to be moved 

out of lab environment and into real world. Creating unique electrotactile stimulation patterns 

mean that we need to invest in software infrastructure such as a graphical or text-based user 

interface to create and stimulate various electrotactile waveforms. 

Electrotactile has not been extensively used as an M2HC with a focus on information/data 

transfer to the brain. Electrotactile has been traditionally used as a method of haptic or prosthetic 

communication. As a result, groundwork needs to be done to enable using data-bearing 

electrotactile information. The literature suggested some basic techniques for doing so through 

frequency and amplitude stimulation that range from 500ms to tens of seconds which are not 

adequate for electrotactile M2HC. The work presented in Chapters 3, 4, and 5 will and introduce 

novel methods for creating electrotactile messages that are acceptable for M2HC. 
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Chapter 3: Generating complex icons via electrotactile stimulation 

A key requirement for having an effective M2HC is the ability to convey complex messages 

to the human. Traditionally this feat has been achieved by using visual communication. Any 

competing M2HC technology should at least be comparable to visual communication in terms of 

complexity of signals they can communicate to be a viable option for AHP. Observing the 

intricacies of the human tactile communication, it is safe to assume that there is a myriad of ways 

for an electrotactile communication to generate and convey complex messages. However, these 

methods have not been sufficiently studied in the literature. This is mainly because electrotactile 

literature is in general concerned with conveying rudimentary M2HC for prosthetic devices which 

are focused on conveying simple spatial cues to the somatosensory cortex. This chapter will 

analyze and classify possible methods for generation of complex M2HC electrotactile waveforms 

through creation of distinct sensations. These waveforms will in return be used in later chapters 

to convey complex electrotactile messages. 

3.1  Complex electrotactile signals and iconic communication 

Given the complexity of human nervous system, it is no surprise that electrotactile 

stimulation would elicit a complex array of responses. Due to its intrinsic ability to create distinct 

sensations, through vibration frequency and intensity, electrotactile can be used as a pathway 

for M2HC [59]. Vibrotactile literature suggest that a possible method to create M2HC the sense 

of touch is through iconic communication [104] [61], [105]. An icon is a brief and tangible 

stimulation of human senses with a meaning associated with each icon [106], given that the 

stimulation is a differentiable, identifiable, and learnable distinct sensation [107]. It is possible 

for a combination of icons can be assembled to communicate complex messages to a person. As 
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such it is essential for M2HC icon generation software and hardware to produce distinct and 

reliably detectable sensations. Furthermore, the distinct sensations need to be brief enough to 

be comparable with audio and visual icons. The average human reading speed is 300ms. As such 

the icons need to create a distinct sensation within a comparable time-table. 

In this thesis, we utilize electrotactile icons (etacons) as a means for creating M2HC. 

Research efforts are being made to create distinct sensations which is crucial for a creation of 

successful etacons, even though no literature has used etacons to the best of our knowledge. For 

example, the work presented in [59] produces four distinguishable electrotactile pulse 

frequencies at 10, 15, 35, and 100 Hz and four distinct perceived intensities, effectively creating 

16 distinct sensations. The work presented in [61] was able to create 5 distinct sensations using 

stimulation frequency on the forearm with a success rate of ~80% in a prosthetic arm feedback. 

In order to understand the possibilities created by electrotactile M2HC, a classification method 

was devised by attributing the complexities created to the quality, temporal parameters, and 

spatial parameters of the electrotactile M2HC as shown in Figure 3.1. This model will be referred 

to as electrotactile dimensions. Spatial stimulation is attributed to sensations that are activated 

on multiple locations on the skin, sequentially or simultaneously. They often create a sense of 

movement or a widespread signal. Temporal stimulation is when multiple sensations are 

produced back-to-back, creating a signal that may evolve with time. Quality of sensation is factor 

that is created when the sensation a singular electrotactile stimulation evokes is subject to 

change. For example, perceiving a difference due to changes in stimulation frequency, amplitude, 

perceived pressure, etc. can be classified as changes in quality of stimulation. 
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Even though spatial and temporal parameters are important, they are relatively easier to 

evoke. However, changes to the quality a stimulation is a more complicated topic and has the 

possibility to make major impacts for M2HC complex messaging. As a result, this thesis will focus 

on trying to convey complex etacons on a single electrode. Once supremacy with a singular 

electrode has been achieved, the electrotactile etacons can be expanded to include spatial and 

temporal parameters as variables for creation of complex M2HC. 

3.2 Model for conveying complex etacons using qualitative elements 

Literature indicates that electrotactile stimulations must be modulated to prevent fatigue 

in tactile receptors [14]. However, this modulation has been proven to influence the perceived 

frequency of [59], [61]. Based on our in-house experiments and literature, the design space for 

creation of qualitatively distinct signals is consist of frequency and amplitude of electrotactile 

stimulation [59], [61], [108]. As a result, users can differentiate electrotactile inputs based on 

 
Figure 3.1: Electrotactile dimensions that can be used to create distinct sensations and may 

be used for creation of complex waveforms 



35 
 

their perceived frequency and amplitude. However, amplitude is not a reliable stimulation 

variable [109]. For an effective stimulation, the electrotactile current amplitude must be between 

a minimum and maximum threshold called the “sensation threshold” and “discomfort threshold” 

[59]. As a result, all amplitude variations must be within this range. However, the threshold levels 

may vary based on the stimulation duration, site, amplitude, and frequency [58]. As such, 

stimulation amplitude is not a reliable source of generating distinct electrotactile signals. The 

perceived texture is usually studied in the mid-range frequencies (10-100Hz) wherein 3-4 unique 

textures have been reliably distinguished in the literature [57], [108]. This is because 

electrotactile stimulation operates by activating afferent nerve axons from tactile receptors. As 

a result, the electrotactile emulates the response of a tactile receptors. As such, it can be 

assumed the closer the electrotactile mimics the natural response of a tactile receptor, the more 

natural and comfortable they will feel. The natural response of different electrotactile receptors 

is shown on Table 2.2. On the oher hand, not much attention has been expended in electrotactile 

literature to grasp the effects of electrotactile stmulation frequency beyond a value that may 

change linearly [57], [108]. 

As a result, we created a model for generating multi-frequency electrotactile stimulation 

(MES) for creation of complex electrotactile stimulations. The goal of MES is to rely solely on 

multi-frequency modulation of basic electrotactile pulses for generation of distinct sensations. 

The MES model as it stands has ten controllable parameters (explained below) out of which eight 

are independent, meaning they can be individually controlled. The overall goal for introducing 

MES method is to try and draw, mix, and match “distinction elements” from each of these 

parameters and use these distinction elements to create complex etacons that can be conveyed 
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to users as individual M2HC. MES is composed of three frequency layers modulating one another. 

As shown in Figure 3.2 these three layers are: pulse signals, packs and bundles. The reason for 

such specific classification was the fact that the average brain perceives the sub ~10Hz signals 

(bundles) consciously while frequencies above 10Hz (packs) usually get translated as texture. 

Furthermore, Packs and pulse signals do not have a one-on-one correlation i.e., pulse signals can 

be used to alter packs. Figure 3.2 depict and example electrotactile waveform created with these 

three elements.  

 

Pulse signals are the fundamental element of our electrotactile stimulation wherein an 

electrical current is injected into the skin in the shape of a pulse. Majority of pulse signals in 

literature are typically in mono-phasic or bi-phasic square wave shapes, even though they can 

take any shape possible such as pulsons, triangular, etc. [24]. Figure 3.3 depicts control 

parameters for pulse signals and their typical values based on [52]. NS denotes the number of 

 

Figure 3.2: MES models for generation of complex electrotactile waveforms. 

Packs

Bundles

Pulse 
signals
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back-to-back pulses, SRR is pulse signal repetition rate, SPW is a single pulse width, and SW is 

pulse signal width. Square wave pulses are the recommended pulse signal shapes because they 

are charge neutral and thus, do not oxidize the electrodes or create charge build-up in skin. 

 

Packs shape and modulate pulse signals in the 10-100Hz frequency range. The parameters 

controlling pack-level modulation are depicted in Figure 3.4 where PRR is pack repetition rate, 

NP is the number of packs and PDC is the pack duty cycle. PDC effectively controls the NS 

parameters in pulse signal layer. The value of PDC can be calculated using the following formula: 

 𝑃𝐷𝐶 = NS
𝑃𝑅𝑅

𝑆𝑅𝑅
 (3.1) 

and the value of PDC cannot go above 1 or 100%. 

 

 

Figure 3.3: Prominent parameters of pulse-stimulation-level of MES and their respective 
range. 

 

Figure 3.4: Prominent parameters of package-level MES and their respective range. 
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Bundles provide high-level signal shaping for electrotactile stimulation. Similar to packs, 

three parameters control bundling. BRR is Bundle repetition rate which ranges from 1Hz to 20 

Hz, number of bundles NB and Bundle duty cycle. What set bundling apart is that we have 

ensured on a hardware and software level that each bundle may be independent from other 

bundles in terms of its BDC, pack and pulse signal elements. This will facilitate changing patterns 

during a single stimulation. The total number of bundles can be as low as 1 (making the MES 

effectively a two-level modulation) or 10s of bundles. However, it is preferred to keep the total 

stimulation time less than 500ms. Similar to PDC, BDC can be calculated using the following 

formula: 

 𝐵𝐷𝐶 = NP
𝐵𝑅𝑅

𝑃𝑅𝑅
 (3.2) 

 

 

To evaluate the ability of MES model to elicit multiple distinct sensations on a single 

electrode, an electrotactile stimulation hardware platform was designed and implemented. This 

hardware was used to test how different parameters such as BRR, PRR, etc., affect the sensation 

quality of electrotactile stimulation.  

 

Figure 3.5: Prominent parameters of bundle-level MES and their respective range. 



39 
 

3.3 Hardware and software platform for generation of electrotactile stimulation 

For the electrotactile stimulation core, the current mirror approach was opted due to its 

flexibility for future expansions, expandable electrotactile output current, and simple nature. The 

expandability is important because it allows for creation of multiple output electrotactile 

currents by just adding a new current mirror output. However, modifications were made to 

improve the performance of the current mirror. As depicted in Figure 3.6 we opted to use a 

cascode current mirror as opposed the classic current mirror found in literature to ensure 

variations in output voltage do not affect the accuracy of current mirror. In a current mirror 

structure, the matching between the mirror transistors is important to ensure correct operation. 

However, since discrete transistor are used for a current mirror structure, the matching between 

Qp1 and Qp2, and Qn1 and Qn2 would not be predictable. A list of essential components used 

for realizing the current mirror is shown on Table 3.1. To ensure matching between the two 

transistors. The transistors used in this project are high-voltage discrete BJT transistors. As a 

result, they are not matched with one another which is vital to ensure functionality of current 

mirror structure. As a result, Ru1, Ru2, Rd1, and Rd2 were used to calibrate and match the current 

mirror transistors. The output of the presented current mirror without the presences of an 

electrotactile electrode in contact with a skin would be a high-resistance node. As such, Ru2 and 

Rd2 are also used for ensuring the idle operating voltage of output node will stay around ground 

voltage for when the electrotactile probe is not in contact with skin. The connection of an 

electrotactile probe will reduce the resistance of this node so floating output voltage will not be 

of concern. 
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The pulse signals for this setup are created by pulse width modulation (PWM) digital to 

analog converter (DAC) available through ATmega32U4 microcontroller unit Timer 4. The PWM 

pulses are at a frequency of 10MHz and their goal is to create analog pulse signals at frequency 

of 100kHz and lower. As such, a Sallen-key filter using Op-amp1 was used to perform filtering and 

removing DC baseline signals. Since we wish to preserve the option to display electrotactile 

signals over multiple electrodes, an analog multiplexer unit (MUX) was implemented for 

conveying electrotactile signals to 8 electrodes. The analog MUX was controlled by the 

 

Figure 3.6: The schematics of modified current mirror electrotactile current generator used 
for this chapter. Qx3 and Qx4 are cascode transistors to ensure electrotactile current is 

independent of skin voltage. 

Table 3.1: list of components used for realization of electrotactile current generator. 

Qp ZTX558 High voltage PNP transistor 

Qn APT27HZTR High voltage NPN transistor 

OP-amp 1 AD8028 Rail-to-rail low distortion amplifier 

OP-amp 2 OPA604AU low distortion amplifier 

PWM DAC ATmega32U4 8-Bit embedded USB microcontroller 

8 channel MUX HV2201 High-voltage analog multiplexer 
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ATmega32U4 microcontroller using SPI. For generation of the demanding supply voltages two 

R05-100B DC-DC converters were used to convert a 5V supply into ±100V. The overall block-

diagram depicted in Figure 3.7.  

 

The operation is controlled by a PC software that is in constant contact through a USB 

communication with the microcontroller firmware.  We wrote the PC interface to be composed 

of three Python scripts as shown by the “PC software” in Figure 3.7. The waveform generation 

takes user instructions about the shape of electrotactile waveforms through a .csv file. The 

waveform generator then translates the user-friendly instruction set into a microcontroller 

firmware compatible script and stores the instructions in a separate .csv file referred to as seed 

file. Furthermore, the waveform generation block scrambles the order of electrotactile 

waveforms in the seed file through a randomization function with a specific random number 

generator seed number (hence the name seed file). The seed file key is stored in the seed file 

name so that it can be used later to unscramble the test participant’s responses to the 

 

Figure 3.7: The hardware/software infrastructure used for conducting human trials. 
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electrotactile waveforms. The user interface takes the seed files and transfers them as 

instructions to the microcontroller. We wrote the user interface to provide the user with a set of 

tools to control the flow of an electrotactile stimulation experiment. These tools are stream, 

repeat, and quit wherein stream send the next set of electrotactile waveforms as instructions to 

the microcontroller to be played, repeat resends the previous instructions to the microcontroller, 

and quit stops the experiment. The user interface also has a special function that sends a 

premade electrotactile waveforms to the microcontroller at increasing intensities to allow for us 

to find the sensation and discomfort thresholds of a participant. 

Once a participant has been stimulated by an electrotactile waveforms, their response is 

recorded and processed through another set of PC software that we wrote for this research. The 

participant primarily interacts with the PC graphical user interface (GUI), which is a Python script 

written to capture participant responses (e.g., “Same”, “Different”) through a keyboard input and 

records them together with meta data such as date and participant number into a .csv file. The 

participant responses are then read by the information analysis block which is composed of 

multiple modules. As part of information analysis, a Python script reads the participant response 

csv file, and de-scramble the responses based on the random number generator seed number. 

The de-scrambled responses are then read and analyzed by an application specific MATLAB 

script. Multiple studies have been conducted in this thesis and each usually have their own 

specific MATLAB analysis file. 

We prepared the ATmega32U4 firmware to run as a state machine that controls its 

operations and allows for it to communicate via USB. The state machine receives and stores 

instructions for a single waveform and then as soon as it receives the stream command from the 
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user interface, it executes the waveform on PWM DAC. The PWM DAC operation is run by Timer 

4 of the microcontroller and its timings are controlled by a parallel running Timer 1. The two 

timers together perform an On-Off-Keying (OOK) operation based on received waveform shape 

information. There are a slew of options that the microcontroller state machine provides for fine-

tuning the shape, frequency, and amplitude of the waveforms. We created the complete suite of 

codes used for the PC and microcontroller firmware in this project and have made them publicly 

accessible via [110]. 

The electrodes on skin surface play an important role in the quality of sensation received. 

An imperfect connection between the electrode and the skin could result in a painful experience. 

[14]. The skin surface area is not uniform in terms of its conductivity. current flow through a small 

low resistance region (sweat ducts, sebaceous glands, and minute epithelial breaks, 1-6 per mm2 

skin area[111] will result in pore breakdown and painful sensations [14]. As a result, a curved 

electrode surface was opted for a flat one to avoid any defective connections. An array containing 

23 electrodes, 8 anode/cathode and 15 ground, are fabricated on a standard PCB to realize the 

electrotactile stimulation as shown on Figure 3.8. Only one of the cathode/anode electrodes are 

used for this work. The copper pads are connected to medical-grade stainless steel balls (316 l 

surgical balls) using conductive silver epoxy paste and then covered with biocompatible epoxy 

layer. The electrodes are place on the left brachioradial muscle due to their smooth surface 

lacking any major nerve bundles that may affect the sensation. The overall system and the 

fabricated electrodes can be viewed in Figure 3.9. 
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3.4 Eliciting distinct sensations on a single electrode using MES 

Three experiments were designed and executed to understand the effects of high-

frequency electrotactile stimulation for verifying MES model and producing a wide range of 

uniquely perceived electrotactile waveforms. A total stimulation window of 0.5s has been 

selected to provide a messaging speed similar to the typical reading speed of humans (1 word 

per 0.3 s). 

3.4.1 Experiment I: exploring the ability of humans to differentiate high-frequency pulses 

This Experiment was conducted to evaluate the reaction of human subjects to an 

electrotactile stimulation with SRR above 100Hz. The goal is to explore the assertion made by 

 

Figure 3.8: Electrode array used for this chapter. The electrodes are medical-grade 
stainless steel balls placed on a standard PCB substrate. 

 

Figure 3.9: Completer hardware implementation. 
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literature [52], [59], [61] that this frequency range does not yield a difference in terms of 

perceived sensation. Three participants (two males, one female) within the age-group of 18-30 

were selected for this Experiment. In this setup, biphasic stimulation pulses with pulse-width of 

120µs and a total length of 480µs were selected as base pulses. Hence the maximum SRR 

achievable with this setup is ~2100Hz.  

For this Experiment, SRR was swept from 100Hz to 2.1kHz and each iteration was 

presented as a waveform for 0.5s. Figure 3.10 depicts three example waveforms with different 

SRR values. SRR was increased linearly with 100Hz steps, constituting a total of 20 steps. Each 

SRR waveform step was presented to the user as a comparison in which the target waveform was 

compared to a reference waveform with SRR of 100Hz. The reference and target waveforms were 

stimulated on the participant with a 1s delay between them. The sequencing of waveform 

comparisons was random from the pool of 100Hz to 2.1kHz to prevent bias. Immediately after 

each comparison was presented, participants were asked to rate the distinction between the two 

comparison waveforms as same or different (0 or 1, respectively). 
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The average comparative discrimination response of participants is presented in Figure 

3.11, where a 1 indicates that all participants unanimously marked the SRR value as different 

from the reference and a 0 means they unanimously could not tell them apart. These results 

indicate that, even though some high frequency waveforms demonstrate some distinction in 

sensation, the uncertainty in these responses suggest that high-frequency stimulation alone 

cannot consistently produce noticeable differences. This conclusion corroborates the general 

assumption in literature that high-frequency pulses fail to provide distinct vibration sensations. 

However, it also demonstrates that pulse frequencies up to 2100Hz can be reliably detected, 

which motivated Experiment II. 

 

Figure 3.10: Example waveforms for 3 of the 20 SRR (pulse repetition rate) frequencies 
used in Experiment I. Amplitude is normalized to ±1. 
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3.4.2 Experiment II: exploring the ability of humans to differentiate Packs 

This Experiment was conducted to evaluate the reaction of human subjects to an 

electrotactile stimulation with SRR of 1kHz modulated by a varying PRR in the range of 10Hz to 

100Hz, and keeping NB = 1. The goal of Experiment II was to confirm the assertion made by 

literature [40], [48], [50] that frequency range of 10Hz to 100Hz yields multiple distinction levels 

and that these levels are not impeded by the presence of high-frequency SRR pulses. 

Confirmation of these assertions would indicate that pulse level signal modulation could be 

adopted to create more diversity in electrotactile sensations. Three participants (two males, one 

female) within the age-group of 18-30 were selected for this Experiment. 

SRR was kept at 1kHz and NS was set to 5. PRR was varied from 10Hz to 100Hz with an 

initial step size of 2Hz over a 0.5s long messaging window. Figure 3.12 depicts four example 

waveforms with increasing PRR values. PRR step values were presented to participants where 

PRR was randomly varied between baseline and baseline plus 40Hz (2*20Hz). Each PRR target 

waveform step was presented to the user as a comparison in which the target waveform was 

 

Figure 3.11: Average comparative discrimination response of participants and the variation 
across all participants SRR frequencies spanning from 100Hz to 2.1kHz. 
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compared with a reference baseline PRR waveform. The reference and target waveforms were 

stimulated on the participant with a 1s delay between them. Immediately after each comparison 

was presented, participants were asked to rate the distinction between the two waveforms as 

same or different (0 or 1, respectively). Once a PRR value was found that produced consistent 

distinction, it was recorded and the test was reset. This process was repeated three times, at the 

end of which the average response to varying PRR was calculated. The PRR where participants 

produced consistent distinction was noted and set as the new baseline PRR for testing higher PRR 

values. An example results for average PRR distinctions performed on participant #3 is shown on 

Figure 3.13. Once the second baseline was found, the PRR step was increased from 2Hz to 5Hz to 

cover a wider frequency range. 

 

 

Figure 3.12: Example waveforms for 4 of the 20 PRR (bundle repetition rate) frequencies 
used in Experiment I. Amplitude is normalized to ±1. 
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The distinction baselines, representing ranges of PRR that are clearly distinguished as 

unique sensations, are depicted in Figure 3.14 for each of three participants along with the 

average distinction baseline across participants. From the starting baseline PRR of 10Hz, the 

participants identified at least three distinction ranges with average distinction thresholds at 

PRR= 18Hz, 32Hz, and 67Hz. These results are similar to distinction levels reported in literature 

for low and mid-frequency base pulses [40], [48], [50]. As such, it can be inferred that utilizing 

high-frequency SRR does not interfere with lower-frequency bundles distinction levels. This 

provides the opportunity of utilizing high-frequency pulses for producing more distinct 

waveforms without compromising the performance in other frequency bands. Based on this 

result, a third Experiment was designed to evaluate the response of individuals to modulation of 

high-frequency Pulses and their effects on the perceived sensation in a fixed Bundle frequency. 

 

Figure 3.13: Average comparative distinction response of participant #3 as a function of 
BRR (bundle repetition rate). The extracted comparison distinction baselines at shown at 

the top. 
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3.4.3 Experiment III: Discriminating high-frequency pulse trains 

This Experiment explored the perception of new and distinct sensations by varying the 

number of high-frequency Pulse signals within each low frequency Bundle, defined by NS in 

Figure 3.3, while modulating the signal at a fixed BRR. It should be noted that varying NS is 

effectively the same as varying the duty cycle of the pack or PDC. If proven true, this Experiment 

will prove that the full frequency range higher than 100Hz can also be used as a distinction 

element even though these frequencies cannot create distinction elements on their own. 

Four participants (three males, one female) within the age-group of 18-30 were selected 

for this Experiment. SRR was set to 400Hz and PRR was set to 6Hz. This permits the number of 

Pulses signals per pack (NS) to range from 1 to 66. This variation is controlled by PDC to make 

sure as opposed to Experiment I wherein pulse signals were distributed over stimulation window 

uniformly. For this Experiment, NS was tested in steps of two pulses, with a total stimulation 

window of 0.5s. Figure 3.15 depicts four modulation waveforms for different NS and PDC values. 

 

Figure 3.14: Average comparative discrimination response of participants and the variation 
across all participants for BRR frequencies spanning from 10Hz to 100Hz in Experiment I. 
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Similar to Experiment I, each value of NS was presented as a comparison of waveforms, separated 

by a 1s delay, against a baseline waveform where the initial baseline used NS=1. Immediately 

after each comparison, each participant was asked to rate the distinction between the two 

waveforms as same or different (0 or 1, respectively). To prevent bias, the target NS value was 

randomized from the baseline value to the baseline plus 20. As depicted in Figure 3.16, which 

plots the results for participant #3, once an NS value was found that produced consistent 

distinction, the comparison baseline was set to the distinction NS plus one. The Experiment was 

then continued by randomly varying NS between the new baseline and the new baseline plus 20 

and repeating this cycle until the limit of NS = 66 was reached.  

 

 

Figure 3.15: Example waveforms for different NS (number of Pulses per Bundle) used in 
Experiment II. 
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Figure 3.16 depicts the experimental results for one participant (participant #3) who 

achieved distinction baselines at NS=8 and NS=23. Figure 3.17 depicts the distinction baselines 

for each of four participants, where the top graph shows the average of distinction baselines of 

all participants. The participants identified at least three distinction points for NS < 66 with 

average distinction thresholds at NS= 7 and 33 or PDC= 10% and 50%. These results demonstrate 

that high frequency electrotactile pulses can be employed as distinction elements by modulating 

them at lower frequency and varying the modulation duty cycle. 

 

Figure 3.16: Comparative distinction reaction of participant #3 to the increasing NS 
(number of Pulses per Bundle) and the extracted comparison distinction baselines. 
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3.5 Summary and discussion of work 

3.5.1 Summary 

This chapter introduced four milestones toward the overall goal of proposing a fully 

functional electrotactile M2HC for AHP. Multi-frequency electrotactile stimulation (MES) method 

for generating complex electrotactile etacons was introduced. MES is inspired by the natural 

action-potential generation behavior of tactile receptors and relies on a three-level frequency 

modulation to produce distinct electrotactile signals. The MES model has eight controllable 

parameters. The overall goal for introducing this method is to try and draw, mix, and match 

“distinction elements” from each of these variable and use these distinction elements to create 

complex etacons. The frequency modulation ranges are bundles (1-20Hz), packs (10-200Hz), and 

pulse signals (100Hz - 2.1kHZ). An embedded system was created to generate electrotactile 

signals using an enhanced current mirror approach paired with a microcontroller-based 

waveform generator composed of a PWM DAC and a bandpass Sallen-Key filter. Medical-grade 

316L stainless steel-based electrotactile electrodes were created by affixing stainless steel balls 

 

Figure 3.17: Baselines for NS (number of Pulses per Bundle) for all participants and the 
average value of their response. 
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on the surface of a standard PCB using silver-epoxy and covering the whole board with a 

protective polymer layer. Multiple safety features were implemented to ensure the safety of 

exciting electrotactile sensations.  

Three experiments were designed and executed to understand the effects of high-

frequency electrotactile stimulation for producing a wide range of uniquely perceived 

electrotactile stimulations. Experiment I was conducted to evaluate the reaction of human 

subjects to an electrotactile stimulation with pulse signal frequency (SRR) above 100Hz with the 

goal of confirming the assumption that standalone high-frequency pulse signals do not yield a 

difference in terms of perceived sensation. The results depicted in Figure 3.12 confirm this 

assumption by demonstrating that even though some high frequency waveforms demonstrate 

some distinction in sensation, this distinction is inconsistent as a standalone distinction element.  

Experiment II evaluated the reaction of human subjects to an electrotactile stimulation 

with a fixed SRR of 1kHz modulated by a varying PRR in the range of 10Hz to 100Hz with NB = 1. 

The goal of Experiment II was to confirm the assumptions that frequency range of 10Hz to 100Hz 

yields multiple distinction levels [40], [48], [50] and that these levels are not impeded by the 

presence of high-frequency SRR pulses. Results indicated that starting at the baseline PRR of 

10Hz, the participants identified at least three distinction ranges with average distinction 

thresholds at PRR= 18Hz, 32Hz, and 67Hz. PRR can be used as a distinction element and that 

utilizing high-frequency SRR does not interfere with lower-frequency bundle distinction levels. 

This provides the opportunity of utilizing high-frequency pulses for producing more distinct 

waveforms without compromising the performance in other frequency bands, which is explored 
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in Experiment III. It should be noted that the results acquired for the relationship between pulse 

signals and packs and their independency can be extended to pulse signals and bundles. 

Experiment III explored the perception of new and distinct sensations by varying the 

number of high-frequency Pulse signals within each low frequency Bundle, defined by NS and 

PDC, while modulating the signal at a fixed PRR. SRR was set to 400Hz, PRR was set to 6Hz, and 

NP was set to 1. NS was increased in the range of NS=1-66. This increase was dictated by an 

increase in PDC which is different than the distributed increase presented in Experiment I. It 

should be noted that varying NS is effectively the same as varying the duty cycle of the pack or 

PDC. The results indicated that varying NS over a constant BRR created at least three distinction 

levels at NS= 1, 7 and 33 or PDC= 2%, 10% and 50%. As such it can be inferred PDC can be used 

as a parameter to draw distinction upon without it affecting the other well-established distinction 

elements PRR and BRR.  

3.5.2 Discussion and open challenges 

This chapter has identified two parameters of distinction for electrotactile stimulation, 

namely the pack duty cycle (PDC) and frequency (PRR). Experiments covered in this chapter have 

shown that both PRR and PDC have multiple distinction levels. Based on reports in literature, the 

bundle frequency (BRR) can be assumed to provide multiple distinction levels as well. If, by a 

conservative estimate, each of these three variables had three levels of distinction, 33= 27 distinct 

etacons could be delivered to the user using a single electrode. This hypothesis obviously needs 

to be tested. However, if proven true, this would be the highest number of distinct etacons 

delivered using a single electrode based on available literature. Preliminary test results seem to 

align with this hypothesis wherein the combination of different frequencies create a distinct 
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sensation of vibration. Note that these three parameters are only three out of eight controllable 

parameters introduced by the MES model. Hence, there is potential for delivery of much more 

complex signals. This potential only goes higher once spatial and temporal elements are added 

into the mix. However, it is unclear that there is a correlation between the maximum transferable 

sensations and etacons. For example, the human brain can perceive 2 million colors based on 

conservative estimates only using the three RGB cones in human eye retina. However, it is not 

feasible that 2million distinct etacons can be transferred to a human using only color in an 

unobtrusive and non-attention-consuming manner. The same concepts may apply to tactile 

M2HC as well. Hence, the question is, how many possible distinct etacons can be reliably relayed 

to humans without them becoming attention draining and obtrusive? Furthermore, there are a 

lot of questions about the ability of humans to learn and respond to tactile information. There is 

historical precedent that tactile input can be used as a method of reading for the visually impaired 

through the Braille system. However, it is not clear how fast and effective is it for a person with 

no prior exposure to the Braille system learn and retain tactile information. 

Despite the tremendous potential of the MES model, there are issues that need to be 

resolved moving forward. Even though the MES models was built on a simple concept of mixing 

and matching different electrotactile elements, the reality is that the number of possible 

combinations created is too high to be completely explored. Furthermore, in-house experiments 

have concluded that most of these parameters overlap with one another and do not create 

tangible specificity. As a result, it is safe to assume that not all of the variables chosen for MES 

model have a significant impact. Thus, the MES model needs to be simplified and optimized to 

be able to create differentiable signals efficiently. This assumption is in line with some of the 
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latest publications in the field of electrotactile stimulation wherein distinction is only attributed 

to frequency of electrotactile pulses and their amplitude [59], [61] rather than the MES with a 

full list of electrotactile parameters. The work in this thesis seeks to be independent from the 

stimulation amplitude as a parameter of distinction, so a new replacement for amplitude should 

be introduced. Furthermore, the techniques used in this chapter to determine the sensitivity of 

participants to a parameter from MES model did not provide consistent consensus about a global 

threshold that work for all participants. The progression of thresholds for each participant was 

evaluated anecdotally, resulting in thresholds that worked for each person but would not provide 

a picture of the general perception of thresholds for MES parameters. 

As a result, the work conducted in this chapter served as a great foundation for creating 

a global model for creating distinct electrotactile waveforms that can serve as etacons. The next 

chapters discus our further investigations for creating an ultimate model for creation of distinct 

electrotactile sensations. 
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Chapter 4: MEWS, A model for creating a library of static electrotactile waveforms 

Literature and Chapter 3 points to limitations for the realization of electrotactile M2HC 

using intensity and vibration frequency as parameters for creation of distinct sensations. The 

perceived intensity of electrotactile stimulation is usually invoked by changing electrotactile 

signal amplitude, pulse width, or pulse concentration which depend on skin condition and 

electrotactile stimulation signal frequency [112], [113]. The electrotactile waveform analog 

amplitude must be higher than a sensation threshold and lower than a discomfort threshold [79]. 

However, the sensation threshold and the perceived intensity levels are subject to change 

according to skin hydration, location, and type [57], [67] and will change over time with constant 

stimulation [114], [115]. As a result, curating a consistent level of perceived electrotactile 

intensity requires constant re-calibration [116]. Furthermore, perceived intensity increases with 

electrotactile stimulation frequency due to an increase in axon firing rates in peripheral nerves 

[117]. As a result, there is reason to doubt the effectiveness of perceived intensity as a means for 

creating distinct sensations. Currently, the range of reported distinct sensations using the 

sensation of vibration frequency is limited to 4-5 distinct sensations at electrotactile stimulation 

frequencies between 4Hz and 100Hz [59][61]. Furthermore, the results of nerve cuff stimulations 

and brain activity mapping in response to vibration frequency shown in [118], [119] suggest that 

the most consistent distinct artificial peripheral nerve stimulation sensations are to be found at 

stimulation frequencies below 50Hz further limiting the potential range of viable frequencies for 

creation of distinct sensations. To increase the usability of electrotactile stimulation as an M2HC, 

novel methods that allow to increase the number of distinct sensations are needed.  
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The work presented in this chapter triples the number of distinct sensations delivered to 

the brain using vibration frequency on a single electrode, alleviating the perceptual shortcomings 

of electrotactile stimulation for M2HC. This feat is performed by introducing a multi-dimensional 

electrotactile waveform model  that provides a framework for creating a multitude of diverse 

electrotactile waveforms using an on-off-keying (OOK) style modulation that overlays two 

frequencies called beat and texture over a biphasic electrotactile pulse train. Furthermore, 

MEWS increases the number of evoked sensations by creating perceived intensity without 

changing electrotactile signal amplitude. The results from double blinded human trials, with 6440 

test-points performed on 20 participants each, demonstrate that MEWS is capable of creating 18 

reasonably distinct waveforms with at least 13 waveforms with an accuracy of 85% over a 500ms 

long stimulation window on a single electrode. 

4.1 MEWS and Experimental Setup 

To enable electrotactile M2HC, a library of electrotactile waveforms that can act similar 

to an alphabet is necessary, where individual distinct waveforms within the library of 

electrotactile waveforms can be combined together to create complex etacons. The multi-

dimensional electrotactile waveform (MEWS) model is designed to create such a library of 

electrotactile waveforms. To be comparable to the average English word reading speed, which is 

300ms [120], the total length of the electrotactile waveform in MEWS was set to 500ms. The 

original concept of MEWS models was created by combining electrotactile communication and 

theories for electronics communication wherein a relatively high-frequency train of bi-phasic 

electrotactile pulses serve as carrier signal in an on-off keying (OOK) style modulation. The bi-

phasic electrotactile pulses are the primary mean by which axons are activated. The carrier 
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frequency was selected to be 2kHz which is faster or equal to the refractory period of axons in 

the skin [121] and experiments conducted in Chapter 3. Modulation patterns can be used to carve 

unique waveforms from the carrier electrotactile pulse train and thus, create unique stimulation 

patterns that may create distinct sensation. Since there are no limits to how the modulation 

pattern is selected, it can be a combination of multiple frequencies. MEWS uses two modulating 

frequencies one in lower (~10Hz) and one in higher (~100Hz) frequencies working together to 

create distinct sensations. 

MEWS, as shown in Figure 4.1, modulates a carrier pulse train of bi-phasic electrotactile 

pulses at 2kHz with two sets of OOK style masks named texture and beat. The resulting 

electrotactile waveform consists of bursts of electrotactile pulses as shown in Figure 4.2. Texture 

frequency (TF) and beat frequency (BF) form the backbone of MEWS operations wherein TF 

controls a sensation of vibration and BF segments the waveform into mensural cycles similar to 

musical beats. 

 

Figure 4.1: A normalized representation of MEWS modulation technique in which a carrier high-
frequency bi-phasic pulse train is modulated by two OOK style masks named Beat frequency 

and Texture frequency, resulting in a finalized electrotactile waveform. 
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TF and BF values are discreet due to the fact that electrotactile biphasic pulses are at a 

fixed frequency of 2kHz and TF and BF are selected so that no biphasic electrotactile pulse is 

clipped. The formulas that govern beat and texture frequency parameters are as follows: 

 TF =  2𝑘𝐻𝑧
𝐾⁄ × TDC

100⁄  (1) 

 TF =  𝐵𝐹
(
𝐵𝐷𝐶

100
)⁄ × I (2) 

where K and I are independent variables, BDC and TDC are the duty cycle (in percentages) of beat 

and texture masks, respectively, and BF, TF, K, and I only take integer values. Figure 4.2 depicts 

several examples of unique waveforms created with BF, TF, and TDC. Preliminary in-house 

experiments showed that BDC is inconsequential in terms of creating distinct sensations, as such 

is kept at 50%. 
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To fully define the optimum parameters of the MEWS model, it is important to determine 

what combination of beat and texture mask values result in distinct sensations. In other words, 

it is not clear what are the just-noticeable-difference (JND) values of BF, TF, and TDC and if these 

JNDs are independent of each other. For example, to know the JND for TF would mean that given 

a base TF, how much should a comparison TF be increased to create a noticeable difference. 

Extracting JNDs for beat and texture masks has significance because a quantized map of JNDs can 

be used as building blocks for crafting distinct electrotactile waveforms. To understand the JNDs 

for MEWS parameters, a series of four experiments were designed wherein Experiments I-III 

 

Figure 4.2: Several examples of electrotactile waveforms created using MEWS. (a) depicts a 
case with a low BF and high TF, effectively resulting in each beat to contain 13 textures. (b) 

depicts a case where beat and texture are very close together with each beat containing only 
two texture elements. (c) and (d) depict the same BF and TF values with the only difference 

being that the latter has a lower TDC which results in a lower number of electrotactile pulses 
being present in each texture. 
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studied JNDs for BF, TF, and Experiment IV tested a library of waveforms created from the insights 

of Experiment I-III. 

4.2 Study set up  

4.2.1 Setting MEWS’ parameter boundaries 

To make MEWS less abstract, it was limited with boundaries for the beat and texture 

masks. The parameters governing MEWS and their limitations are shown in Table I. The maximum 

TF was set to 200Hz which according to (1), results in each texture mask containing at least 10 

biphasic electrotactile pulses (at TDC= 100%). The perceived intensity of an electrotactile 

stimulation is related to concentration of electrotactile pulses and as a result MEWS can 

hypothetically control perceived intensity of a stimulation using TDC. Figure 4.2(c) and 4.2(d) 

depict two cases where a texture frequency of 200Hz is set to TDC values of 50% and 20%, 

respectively. The maximum BF was set to 20Hz, an order of magnitude lower than maximum TF. 

 

4.2.2 Electrotactile stimulation hardware 

A hardware platform was designed and implemented to test MEWS. Inspired by [52], a 

±80V voltage to current converter, shown in Figure 4.3 (a), was used to turn waveforms created 

by a PWM DAC with a frequency of 10MHz into electrotactile waveforms. As a result, a high pass 

and low pass filter with cutoff frequencies at 1Hz and 40kHz, respectively, were utilized to 

Table 4.1: The MEWS parameters and their range of operation. 

 

Symbol Est Range
Beat frequency BF 2Hz-20Hz
Beat duty cycle BDC 0%-100%
Texture frequency TF (BF/BDC)-200Hz
Texture duty cycle TDC 0%-100%
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condition the signal before being handed out to OP2. The capacitors Cf and Cin were film 

capacitors to ensure input equal response to positive and negative voltage directions (due to bi-

phasic nature of input voltage, ceramic, tantalum and chemical capacitors did not provide equal 

biphasic charge characteristics). Op2 displays the resulting bi-phasic waveform on a 1kΩ resistor, 

Rf, creating a biphasic current that is replicated and reflected into an electrotactile electrode by 

a cascode current mirror. High voltage commercial PNP (ZTX558) and NPN (APT27HZTR) 

transistors were used for realizing the current mirror. However, since the transistors are not 

optimized as matching pairs, Ru and Rd were used to manually match the transistors. The 

electrotactile electrode was isolated from the current mirror through a 0.1µF capacitance as part 

of safety procedures to isolate the DC values between current mirror and the electrode [52]. A 

supply voltage of ±80V was used to ensure that the current mirrors can deliver the desired 

current without saturating the high impedance load (typically 10-200kΩ [14]) of the skin surface. 

 

 

Figure 4.3: The electrotactile stimulation hardware for electrotactile stimulation circuitry. 
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4.2.3 A multi-electrode approach to creating electrotactile sensations 

Electrotactile signals in form of electrochemical currents are conducted through the 

epidermis layer of the skin through sweat ducts and epithelial breaks. Because the density of 

sweat glands in the skin is 400-800 pores/mm2 [111], the current pathway through skin is spatially 

quantized and not uniform [93]. Under presence of electrotactile stimulation, especially if the 

skin is dehydrated, some of these pores may break down. A broken-down pore has a lower 

resistance and may conduct the majority of the charge that was meant for all of the pores. Figure 

4.4 depicts this process under the presence of a large electrotactile electrode conducting a 

current of IIN. Because of majority of charge travelling through a singular pore, a region of over-

stimulation will be created that will activate HTMR receptors and cause painful sensations [14].  

 

Pore breakdown has traditionally been addressed by conditioning skin through hydration 

and conductive gels[14], [60]. However, skin conditioning would be a chore for users in daily 

usage of an MHF device, and the possibility of uncomfortable sensations with inadequate 

 

Figure 4.4: The interaction between a large electrotactile electrode and skin pores that are 
susceptible for breaking down. A broken-down pore has a lower resistance and would 

redirect the majority of electrotactile current activating HTMR pain receptors. 
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conditioning would greatly diminish usability. There are multiple options to tackle the issue of 

hydration dependency and pore breakdowns. Options such as conductive polymers with non-

linear resistance where the resistance increases with current. Another option was to artificially 

generate sweat in skin by injecting moisture or stimulating the skin to generate sweat. However, 

these options were scratched since forcing the skin to generate sweat will lead to discomfort and 

the other options were too complex. 

In this dissertation we predominantly try to avoid modulating the electrotactile signal 

amplitude to keep the signal levels at a comfortable level without breaking down the skin pores. 

We also decided to try a novel idea of forceful distribution of current into skin. This is achieved 

by decimating the input current IIN into smaller portions and forcing them into smaller electrodes 

called sub-electrodes (SE) in close proximity. Consequently, in the case that a breakdown 

happens, the current going through the broken-down pore will be much smaller than IIN while 

keeping the overall charge delivered to the skin region and potential created in epidermis layer 

similar to that of a singular electrode. Figure 4.5 depicts this concept with a hypothetical three-

way distribution of IIN. 
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To implement this strategy, an array of small stainless-steel sub-electrodes (1.0mm G10 

440C Stainless Steel Balls) were mounted on a PCB board as shown in Figure 4.3 and called a 

“distributed array”. The mounting of stainless-steel balls on a flat copper-based PCB was 

challenging due to complexities in mounting the electrodes on a PCB and impossible adhesion 

between stainless steel and copper through conventional soldering techniques. As a result, VIAs 

with the same diameter as the stainless-steel balls were created on the PCB array wherein the 

stainless-steel balls were placed. The balls were connected to the PCB copper trace on the 

backside of the array with a silver epoxy paste as shown in Figure 4.6. In the current distributed 

array, each electrode is composed of six individual sub-electrodes and surrounded by twelve 

ground electrodes. The distributed array was driven by a modified current mirror electrotactile 

driver to facilitate distributed electrotactile current between the sub- electrodes. The modified 

current driver is depicted in Figure 4.7. Each of the six transistor outputs are connected to an 

individual ball electrode in the center of distributed electrode. The distributed electrode driver 

was designed and implemented as shown in Figure 4.8. 

 

Figure 4.5: The distributed electrotactile electrode model. The goal is to prevent a broken-
down pore from conducting the majority of electrotactile current to prevent painful 

sensations. 
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Figure 4.6: Fabricated distributed electrode array where each distributed electrode is 
composed of 6 individual electrodes (1.0mm G10 440C Stainless Steel Balls) in a hexagonal 

pattern that are surrounded by 12 ground electrodes. The stainless-steel balls were adhered 
and connected to the PCB board using silver-epoxy paste. 
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Figure 4.7: A simplified presentation of modified electrotactile current waveform generator 
for enabling forced distribution of electrotactile currents unto distributed electrodes. Each 

output is connected to an individual electrode through an isolation capacitance. 
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Through various human trials conducted, we were unable to prove or disprove with solid 

proof that this new electrode infrastructure helped prevent pore breakdown. The only case of 

success we had was an anecdotal case wherein the participant felt more comfortable with the 

circuit from Figure 4.7 and 4.8 activated rather than having all electrode fed by a single transistor. 

We were not able to replicate this condition. As such, this electrode structure requires further 

testing to prove or disprove its functionality. However, multiple participants expressed that the 

sensations created by Figure 4.6 were more comfortable compared to our electrodes from Figure 

3.9. As such, throughout the rest of this thesis, we used the electrodes from Figure 4.7 as our 

primary electrotactile stimulation electrodes. Throughout the experiments covered in Chapters 

4 and 5 we have done more than ~1000 stimulations for which we have recorded results using 

these electrodes. Hundreds of additional electrotactile stimulations were conducted that were 

not recorded. Throughout all these stimulations using the distributed electrode array, we have 

recorded zero complaints from participants regarding painful sensations. 

 

Figure 4.8: Hardware for distributed electrotactile hardware that facilitates distributed 

electrotactile stimulation. 
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4.2.3 Electrotactile stimulation software 

As shown on Figure 3.8, the PWM DAC signals are produced by an ATmega32U4 

microcontroller controlled live through a USB host run by a Python script. In the case of MEWS, 

our waveform generation Python script reads a .csv file that lists all the waveforms we wish to 

test in terms of their MEWS parameters such as TF, BF, TDC, waveform analog amplitude, length, 

timing, etc. and translates them into a list of waveforms that can be transmitted and read by the 

ATmega32U4 microcontroller embedded state machine as requested by the user through user 

interface. The microcontroller code, Python script, and a set of example MEWS waveforms are 

available in [110].  

4.2.4 Participant recruitment and experiments’ procedure 

This study was approved by the Michigan State University Biomedical and Health Inst. 

Review Board (STUDY00004403). Twenty-two healthy adults from ages 18 to 55 were recruited 

voluntarily to participate in this Experiment. There was no scientific basis for exclusion of 

participants based on their gender, ethnicity, or skin color. All study trials were conducted by 

placing the distributed electrotactile array electrodes shown in Figure 4.6 on the participant’s 

non-dominant hand over the brachioradialis muscle. This placement ensured that the 

electrotactile electrodes are not in contact with any major nerve bundles. Prior to the placement 

of electrodes, the target skin region was sprayed two times with tap water using a standard water 

spray to ensure adequate hydration was present. Upon placement of distributed electrotactile 

array electrodes, a calibration step was conducted to identify the participant’s sensation and 

discomfort thresholds [61] based on a protocol under which we exposed participants to an 

increasing signal amplitude. This calibration data was used to evaluate the most comfortable yet 
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clear signal amplitude for the rest of the testing session. As part of the study set up, a 

complimentary Python code is being run on a screen in front of the participant to collect their 

experiments’ responses through a keyboard. 

The exploration of all MEWS parameters was facilitated by presenting the participant with 

a comparison of two electrotactile waveforms (each waveform was 500ms long) separated from 

one another with a 1s delay. Each comparison was unique and the waveforms forming the 

comparison were randomly selected from a library of waveforms. The experiment personnel and 

the participant were not aware of the order of waveforms being presented, and the responses 

of the participant are not visible until the end of experiment. As a result, all experiments 

conducted in this Chapter were double blinded. After presenting a comparison, the participants 

were asked to rate the comparison as “same”, “different”, or “unknown” using a keyboard input. 

The option “unknown” is used for cases where the participant was distracted, or due to external 

reasons could not decide. The “unknown” responses were discarded from the results, leaving 

only “same” and “different” responses.  

4.3 Experiments I - III: Investigating BF, TF, and TDC 

4.3.1 Experiment I: Understanding BF 

For the case of BF, a library of candidate waveforms was created with BF values spanning 

1Hz to 20Hz (as noted in Table I) in a 500ms time window resulting in 11 total BF values. The 11 

BF values can also be justified by the number of individual beats present in a 500ms window. The 

Table 4.2: The four corners used in BF trials defined by their corresponding TF and BDC values 

 

BDC= 30% BDC= 60%
TF= 40Hz Corner 1 Corner 2
TF= 80Hz Corner 3 Corner 4
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participant is stimulated with a combination of all comparisons extracted from the library of 

candidate waveforms. In order to observe the interaction of other parameters such as TF and 

BDC on the participant’s ability to distinguish BFs, four corners were tested, each with a different 

TF and BDC value. Each of the four variations is called a corner. The four corners used for the BF 

experiment are shown in Table 4.2 based on their TF and BDC values. For each comparison, the 

Python script picks a pair of BFs from a csv file of all possible BF values at random and presents 

them (with a specific TF and BDC determined by the corner) to the user and prompts for a 

decision on the distinction between the two waveforms by marking them as “same” or 

“different”. Once a comparison is presented to the participant, that comparison will not be 

presented again for the rest of the trial. Due to the imbalance between the number of “same” 

and “different” comparisons, the number of “same” comparisons were increased to be ~40% of 

the comparisons to create a sense of balance. As a result, in a trial for Experiment I, the 

participant would have to sift through 88 total comparisons, out of which 55 are “different” and 

33 are “same”. For Experiment I, every participant was tested with the 4 corners from Table 4.2, 

and each corner was repeated for 3 trials. As a result, 3*4*88= 1056 comparisons were 

performed by each participant; all of which were performed in three sittings (with ample break 

time after every 88 comparisons per trial). It should be noted that since the length of all 

waveforms are 500ms, BF value of 1Hz was treated as “no beats”, i.e., when BF= 1, the only 

MEWS parameters that matter were TF and TDC. On the same note, BF= 2Hz was never used 

since in the context of a 500ms waveform, BF values of 1 and 2 were interchangeable. 
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4.3.2 Experiment II: Understanding TF 

For the case of TF, a library of candidate waveforms was created with TF spanning the 

values 2*BF to 200Hz, as dictated by (2), with an exponential distribution. Four corners were 

tested for TF Experiment, composed of BF values of 1, 4, 8, and 16Hz that give a range of low to 

high values. Experiment II was primarily focused on the interaction between BF and TF, so BDC 

and TDC were kept at constant values of 50% and 10%. The TF values used to create the library 

of candidates for TF Experiment is shown in Table III. In a similar manner to BF Experiment, 

comparisons composed of pairs of waveforms created based on TF values extracted from table 

III were presented to the participants and the number of “same” comparisons were artificially 

increased by 40%, resulting in a total of 320 comparisons performed by each participant. Each 

corner was performed in 1 trial and was not repeated unlike Experiment I. 

4.3.3 Experiment III: TDC 

For the case of TDC, a library of candidate waveforms was created with three corners each 

with a different TF value of 20Hz, 40Hz, and 80Hz representing low, mid, and high TF values. TDC 

is not dependent on the beat, and as such BF and BDC were kept at 1Hz and 50%. The value of 

TDC spanned TF/2kHz*100 in compliance with (1) and 70% in an exponential fit curve. A 

maximum TDC of 70% was selected as opposed to 100% because a TDC value of 100% eliminates 

Table 4.3: The four corners used in TF trials defined by their corresponding TF and BDC values 

 



74 
 

texture. To ensure that the sensations created by an increase in TDC indeed felt as intensity, a 

sub-experiment was conducted wherein the participants were presented with two waveforms, 

with the second waveform randomly increasing in TDC or TF, if not same. The participants were 

then asked to comparatively identify the waveforms qualitatively and select any of the 4 options: 

intensity, frequency, length, and other to describe the difference. 

4.4 Analysis techniques for MEWS experiments 

Six participants (2 female and 4 male) were recruited to perform BF, TF, and TDC 

Experiments. The participants had varying levels of experience with electrotactile stimulation. 

Each participant performed a total of 1440 comparisons for Experiments I-III. Each participant’s 

“same” response is recorded as 0 and a “different” response is recorded as 1 resulting in a 

numerical representation of each waveform’s performance when being compared with itself and 

other waveforms. Figure 4.9 shows examples of the average response of all participants in form 

of a comparison chart. Experiment I: BF corner 3 is depicted in comparison chart shown in Figure 

4.9(a), where the BF frequencies tested are shown in blue blocks and the comparison results 

depict the relationship between two BFs. All of the responses on the main diagonal are 

comparisons of a waveform with itself and should ideally be a 0 (red) whereas all the rest of 

responses should be ideally a 1 (green) since they indicate difference between two waveforms. 

The sequence of how waveforms were presented in a comparison were randomized. For 

example, when comparing BF 1Hz and 3Hz, some participants receive the 1Hz stimulation 

followed by the 3Hz stimulation while others may receive the 3Hz stimulation followed by 1Hz 

stimulation, effectively eliminating any effect the order of stimulations may have on the average 

participant’s judgment. As a result, the comparison charts in Figure 4.9 are symmetrical around 
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the main diagonal even though only one comparison pair was performed. The responses of 

participants to corner 1 of TF trial is depicted in Figure 4.9(b) wherein the blue boxes represent 

TF values. 

 

The purpose of the comparison charts are to identify JNDs and the dependency of JNDs 

on experiment corners. As such, a subset of distinguishable waveforms with performance metrics 

above a certain threshold (to be determined later) were extracted from average comparison 

charts obtained for each experiment. Three performance metrics were used in this study: root 

mean square error (RMSe), minimum comparison score (Min), and accuracy. Given that the raw 

results from each comparison chart are converted into “correct” and “incorrect” responses (by 

simply replacing the diagonal elements with 1-diagonal), RMSe can be used as a measure of the 

performance level of a given subset of waveforms. Min is the lowest correctness score in a given 

  

Figure 4.9: Average of comparison chart for all participants for (a) BF trials corner 3 and (b) TF 
trials corner 1. Participant responses “different” and “same” are marked with a 1 and 0, 

respectively. 
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comparison chart. A low Min indicates that some waveforms in a selected subset are 

indistinguishable from one another regardless of RMSe score. Accuracy of a given comparison 

chart is calculated through confusion matrix analysis and simply states the chances of a person 

giving a correct answer in a dataset [100]. RMSe is the primary performance metric since it 

highlights outlier waveforms better, followed by Min and accuracy. 

In order to extract the best waveforms from a comparison chart for a given number of 

distinguishable waveforms (NDW), a clustering algorithm was used that divides the comparison 

chart into a number of NDW clusters and then select the best performing waveform within each 

cluster based on RMSe, Min, and accuracy. The raw comparison charts shown in Figure 4.9 are a 

non-Euclidean data structure that describe the relationship between waveforms i.e., ignoring the 

self-comparisons on the diagonal, the raw comparison charts can be viewed as a distance matrix. 

Hence, a Spectral clustering [122] algorithm, which is better suited for analysis of non-Euclidean 

data, was chosen to extract NDW clusters from the raw comparison chart. Numerous NDW by 

NDW matrix were formed by extracting every combination of waveforms from each cluster, and 

a final comparison matrix was selected that demonstrated the best RMSe, Min, and accuracy 

performance in order. For example, Figure 4.10 depicts the best performing NDW= 7 waveforms 

extracted from TF corner 1 from in Figure 4.9(b) and have an RMSe of 0.24, a Min of 0.33 and an 

accuracy of 85%.  
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4.4.1 Experiment I-III results 

The purpose of BF Experiments was to validate if the relationship between different BFs 

is exponential as stated by Weber’s law, especially since BF values for this Experiment was on a 

linear scale as shown in Figure 4.9(a), and if the ability to differentiate BF is affected by other 

parameters such as TF and BDC. The results for BF Experiment were extracted and clustered 

(using Spectral clustering) into various NDWs. Since 11 values for BF were tested, NDW can take 

any value between 2 and 11. Figure 4.11(a) depicts the progression of BFs for NDWs of 3, 4, 6, 

and 11 on an exponential vertical scale for data from corner 3. The fit curve shown in Figure 

4.11(a) is as expected on a linear scale whereas the best fit curve for NDW of 4 perfectly fits an 

exponential curve. As a result, even though the resolution for this Experiment is limited to a 

maximum NDW of 11, which is on a linear scale, at a lower NDW the selected BF values follows 

an exponential progression.  

 

Figure 4.10: The results of TF trials corner 1 reduced to the best performing waveforms at NDW of 
7. 
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The results of all corners of TF Experiment were processed similarly to BF by performing 

spectral clustering and extracting the best set of waveforms for a given NDW based on 

performance metrics. The progression of TF frequencies for an NDW that produces an accuracy 

closest to 80% is shown in Figure 4.11(b) wherein the figure has an exponential vertical scale as 

well. As such, we can conclude that both BF and TF obey an exponential frequency progression, 

as predicted by Webber’s law. Furthermore, Figure 4.11(b) shows that the number of available 

NDWs for TF changes in reverse correlation to BF. For example, BF= 1 produces 7 NDWs for TF at 

accuracy of 80% whereas BF= 8 only produces 3 NDWs at accuracy of 80%. As a result, there are 

limitations to the flexibility created by combining TF and BF as BF gets higher. The progression 

with NDW of the three-performance metrics in TF trials corner 1 (BF= 1 i.e., no beat) is shown in 

Figure 4.12. As expected, the performance metrics are getting worse (RMSe increasing while 

accuracy and Min decreasing) as NDW increases. It should be noted that the maximum NDW for 

corner 1 is 15 which is the limit of Experiment II. However, because the performance metrics 

 

Figure 4.11: progression of (a) BF steps (for corner 3) at increasing NDWs and (b) TF steps for 
an NDW that produces an accuracy closet to 80% over multiple corners. As indicated by the 

fitting curve, (a) shows that at low NDWs BF values increase in an exponential rate. The results 
shown in (b) indicate that all corners of TF trials also display an exponential growth. 
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reached an unacceptable Min level at NDW= 8, we can assume that the selected resolution of 

maximum NDW of 15 was sufficient.  

 

In both BF and TF trials a comparison between different corners was performed to analyze 

any underlying interdependency of MEWS model parameters. Figure 4.13(a) depicts the accuracy 

value of each of 4 corners of BF trials as NDW increases. Figure 4.13(b) shows the accuracy of 

comparisons the 4 corners of TF trials with an increase in NDW. The results depicted in Figure 

4.13(a) shows that the differences between BF Experiment corners become more pronounced 

with an increase in NDW, with corner 3 and 2 showing best and worst performances respectively. 

The differences between corners in TF trials are more prominent as shown in Figure 4.13(b) with 

higher limitations on accuracy being exerted with an increase in the underlying BF. 

Experiments on TDC showed similar results to that of BF and TF trials in terms of 

exponential growth of steps for distinction of TDC but on a limited scale. Table 4.4 shows the 

accuracy values for NDWs of 2, 3, and 4 which indicate that TDC cannot create a high number of 

 

Figure 4.12: The progression of RMSe, minimum element, and accuracy of best waveform 
sets for TF frequency, extracted with an increase in NDW. 
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distinct sensations especially compared with BF and TF. Furthermore, the performance of TDC 

for creation of intensity decreases as TF increases. Table 4.5 shows the qualitative responses of 

participants to TDC sub-experiment, indicating that the participants correctly associated an 

increase in TDC with an increase in the intensity of sensations perceived. 

 

 
Figure 4.13: Accuracy observed in association with an increase in NDW for all corners in (a) BF 

trials and (b) TF trials. In case of BF trials, corners 3 and 2 show the best and worst 
performance, respectively. In TF trials, overall accuracy drops with an increase in BF, indicating 

that lower BF values will result in higher distinction among texture frequencies. 
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4.4.2 Experiment I-III analysis 

Experiment I explored aspects of MEWS model i.e., BF, TF, and TDC. Experiment I-III 

showed that BF, TF, and TDC can be effectively split into JNDs within their allowed range and that 

they are interdependent. However, the exact nature of the interdependency between MEWS 

parameters are not known. The growth of each parameter within their range was found to be 

exponential as expected. However, Figure 4.12 and 4.13 and TDC Experiments showed that 

higher density of pulses should be avoided to make the waveforms created easily distinguishable. 

The possible reasoning for this phenomenon may be attributed to the fact that higher pulse 

concentration will result in a higher baseline of intensity which may mask the more subtle 

changes in sensation of vibration frequency. Considering the limitations above, JNDs for each 

MEWS parameter can be selected based on the application in mind and its required performance 

metrics. 

Table 4.4: Recorded accuracy values for NDW values 2,3 and 4 over three corners denoted 
by TF values 

 

Table 4.5: the percentages of responses by participants given an electrotactile prompt with 
same value, increasing TF, and increasing TDC. The majority of participants correctly 

associated an increase in TF and TDC with an increase in frequency and intensity 
respectively 

 

NDW TF= 20Hz TF= 40Hz TF= 80Hz

2 93 94 88

3 84 85 66

4 78 68 56
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4.5 Experiment IV: Creating distinct waveforms 

4.5.1 Experiment IV description 

Now that a framework for BF, TF, and TDC has been established by defining a growth rate 

and range of values that create distinct sensations, the next step is to create distinct sensations. 

The approach taken in this Chapter was to create a library of candidate waveforms with a 

combination of BF and TF JNDs and test all waveforms against one another to identify the best 

performing group of waveforms. As such, BF and TF signals were selected observing their JND 

growth rate extracted from Experiment I-III to construct a library of 23 candidate waveforms 

shown in Table 4.6. The library of candidate waveforms was selected primarily from BF and TF 

values. TDC was utilized to equate the intensity of the waveforms. The reason for keeping TDC 

mostly constant is that this study wishes to focus on evoked distinctions from vibration frequency 

and not intensity. The only cases where TDC does not have a constant value of 10% is in 

waveforms 1 and 2 that possess a condensed train of pulses creating high intensity. In these 

Table 4.6: List of 23 waveforms created based on insights from Experiments I-III with their 
respective BF, TF, and TDC values 

 

Candidate 
Waveform

BF TF TDC
Candidate 
Waveform

BF TF TDC

a 1 4 4 m 3 96 10

b 1 7 6 n 3 192 10

c 1 12 10 o 6 12 10

d 1 20 10 p 6 30 10

e 1 36 10 q 6 72 10

f 1 64 10 r 6 174 10

g 1 112 10 s 12 36 10

h 1 200 10 t 12 84 10

i 3 6 10 u 12 204 10

j 3 12 10 v 20 40 10

k 3 24 10 w 20 160 10

l 3 48 10
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cases, TDC was used to reduce the perceived intensity of waveforms 1 and 2 in line with other 

waveforms.  

Fifteen participants (8 female and 7 male) with ages ranging 18 to 60 years old, and skin 

tones light to very dark were recruited. The waveforms were presented in comparison pairs 

similar to Experiment I-III and the participants were asked to classify the waveforms as “same”, 

“different”, or “unknown”. The total number of comparisons performed by each participant was 

322 composed of 30% “same” and 70% “different” cases. The Experiment was done in 8 

stimulation sets of 40 comparisons over two days with ample time for participants to rest in 

between each stimulation set. Experiment IV was performed over a span of two months. The raw 

results of the Experiment are shown on Figure 4.14. 

 
Figure 4.14: The average overall raw results from Experiment IV. 
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4.5.2 Experiment results and analysis 

An average comparison chart for all of the 23 waveforms was formed by taking the 

average response of all participants, an analysis protocol, similar to that of experiments I-III, 

wherein the best performing waveforms for a given number of distinguishable waveforms or 

NDW were extracted based on their performance metrics. RMSe and Average Lowest were 

utilized as performance metrics. Average Lowest is the average of lowest 12% of all comparisons 

in a given set of waveforms. Average Lowest was used instead of the previously defined Min 

because Average Lowest scales with the total number of waveforms involved and, as such, is a 

better metric of performance for large datasets. The extracted NDWs and their associated RMSe 

and Average Lowest are shown in Table 4.7. 

Table 4.7: Extracted figure of merit parameters from each NDW and their FoM acquired 
through a k-means clustering algorithm 
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The RMSe and Average Lowest values express a spectrum of performances without 

defining a specific threshold NDW value with an “acceptable” performance. As such, a figure of 

merit (FoM) needed to be constructed to reflect the best NDW value. The FoM includes elements 

from RMSe, Average Lowest, and distinguishability rank. Distinguishability Rank highlights how 

many comparisons in a selected set of waveforms have an average score below 0.5. Average 

comparison scores below 0.5 mean that a person has a lower than 50% chance of correctly 

identifying two waveforms in a given set of waveforms. Table 4.7 shows the distinguishability 

ranks for NDW spanning NDW= 4 to NDW= 21. To create a FoM from RMSe, Average Lowest, and 

distinguishability rank, a k-means clustering algorithm with 3 clusters was performed. The 

resulting clusters act as a FoM where each of the clusters can be interpreted as the difficulty level 

of a given NDW as shown on Table 4.7. As a result, NDW of 13 was identified as the cut-off point 

between easily distinguishable NDWS and more challenging ones. The waveforms that create 

NDW= 13 are shown in Figure 4.14. This set demonstrates an accuracy of 85.4% and a 

Distinguishability Rank of 8.  

Literature such as [59] and [61] demonstrate four to five distinct electrotactile vibration 

frequencies. Observing the BF and TF values selected for NDW= 13, five waveforms (a, c, e, g, and 

h) have no beats (BF= 1Hz) and create a similar sensation of vibration frequency as observed in 

literature. However, the rest of waveforms that possess BFs are unique contributions of this 

work. As such, our work in Chapter 4 increased the number possible sensations created with 

vibration frequency by 260% for NDW=13 and 360% for NDW= 18 while demonstrating an 

accuracy of 85.4% for NDW=13. A cross-examination between Figure 4.15 and Table 4.6 reveals 

that the number of distinguishable waveforms that can be extracted using BF declines with higher 
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BF values. Figure 4.16 demonstrates this fact clearly by displaying the clusters for NDW of 12 on 

a plot with TF and BF values. Figure 4.16 maps all the BF and TF values that we tested and clusters 

them into groups based on their similarity for achieving an NDW of 12. Figure 4.16 also 

exemplifies the fact that there is minimal cross-over between clusters formed by BF values of 1 

(no BF), 3, and 6. This can be attributed to the fact that a lack of BF creates a sensation of vibration 

whereas BF values of 3 and 6 create a distinct sense of tapping. However, as BF increases the 

distinction between the sensation of tapping and vibration becomes more diminished. Therefore, 

care must be given to selecting the BF and TF values that will return the best performance 

metrics, and there are limitations on how many distinct sensations can be created with MEWS. 

 

 

 
Figure 4.15: The best performing waveforms (denoted by their number as described in Table 

6 at NDW of 13 and their comparison to one another. 

a c e g h i k m n o q r v

a 0.05 0.89 1 1 1 0.25 0.88 0.94 0.83 0.69 0.82 0.75 1

c 0.89 0.12 0.94 0.94 0.94 0.94 0.94 1 0.94 0.67 0.83 0.78 0.72

e 1 0.94 0.06 0.44 0.78 1 0.94 1 1 0.94 0.94 1 0.56

g 1 0.94 0.44 0.02 0.24 1 1 1 0.94 1 0.89 1 0.94

h 1 0.94 0.78 0.24 0.07 1 0.88 1 0.83 1 0.88 1 0.94

i 0.25 0.94 1 1 1 0.06 0.76 0.72 0.88 0.78 0.89 0.82 1

k 0.88 0.94 0.94 1 0.88 0.76 0.12 0.67 0.67 0.94 0.72 0.75 0.94

m 0.94 1 1 1 1 0.72 0.67 0.05 0.47 1 0.67 0.88 0.94

n 0.83 0.94 1 0.94 0.83 0.88 0.67 0.47 0.05 1 1 0.83 1

o 0.69 0.67 0.94 1 1 0.78 0.94 1 1 0.11 0.5 0.59 0.83

q 0.82 0.83 0.94 0.89 0.88 0.89 0.72 0.67 1 0.5 0.25 0.56 0.94

r 0.75 0.78 1 1 1 0.82 0.75 0.88 0.83 0.59 0.56 0.18 0.89

v 1 0.72 0.56 0.94 0.94 1 0.94 0.94 1 0.83 0.94 0.89 0.08
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4.6 Summary and discussion of work  

4.6.1 Summary 

Our work presented in Chapter 4 introduced MEWS, a model for creation of distinct 

sensation using on-off-keying modulation of two frequencies, beat and texture, imposed on a 

2kHz carrier frequency of biphasic electrotactile pulses. Through multiple double blinded 

experiments, Chapter 4 showed that: intensity and a wide range of vibration frequency can be 

incited, using only vibration frequency, a set of 12 distinct sensations can be created with an 

accuracy of 85%. The importance of creating distinct sensation is that they can be used to convey 

information to the user in a human augmentation system by association of a meaning to distinct 

sensations. In this Chapter we performed two experiments to study the MEWS model. 

Experiment I was conducted to understand and quantize the parameters that govern the MEWS 

 

Figure 4.16: A breakdown of the clusters that are formed for NDW of 12 and the 
corresponding BF and TF values that create each cluster. The X mark denotes the BF/TF pair 

that was selected to represent that cluster. 
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model. Experiment II was conducted to create a list of distinguishable waveforms as proof of 

MEWS capabilities. 

For all experiments conducted, a comparison of two waveforms was presented to a 

participant at random and the response of the participant to the comparison was recorded. The 

comparison results were treated as a proximity map of the experiment waveforms and spectral 

clustering was used as the main analysis method. Experiment I showed that it is possible to 

reliably detect 4-6 levels of beat frequency in a range of 1-20 Hz. The exact value of beat 

frequency steps was determined in conjunction with other parameters of MEWS model. The 

same approach was taken to analyze texture frequency and texture duty cycle elements. Texture 

frequency ranged from 4Hz to 200Hz and created distinction levels with a high correlation to beat 

frequency. Texture duty cycle range from 0% to 70% and created 2-4 distinction levels. It was 

shown that the sensation created through TDC corresponded with intensity of the electrotactile 

waveform. Experiment I suggested that there is interdependency between MEWS parameters for 

creating distinct sensation and they cannot be treated independently. Based on literature, it was 

known that higher overall density of electrotactile pulses such as high beat and texture 

frequencies or high texture duty cycle will create a higher sense of intensity. However, 

Experiment I suggested that high intensity will interfere with the ability of participants to sense 

vibration frequencies. Furthermore, Experiment I showed that the range of intensities that can 

be incited with MEWS model at a carrier frequency of 2kHz are limited. The goal of Experiment II 

was to create a list of waveforms with high distinction using vibration frequency as the 

predominant factor of distinction. As such, a human trial was conducted on 15 participants 

wherein 23 waveforms created based on insights from Experiment I were tested. Similar to 
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Experiment I, all combinations of the 23 waveforms were presented to the participant in pairs 

and the participants were asked to differentiate the waveforms. Spectral clustering algorithm 

and a sorting technique based on specific performance metrics were performed to categorize the 

data into distinguishable waveforms ranging from 4 to 20. The determine what is the highest 

number of waveforms that can be easily differentiated, the waveforms were clustered into 3 

categories based on their performance metric. The results demonstrated that MEWS is capable 

of creating at least 13 waveforms with an accuracy of 85% over a 500ms long stimulation window 

on a single distributed electrotactile array electrode. The distinct waveforms usually manifest as 

variations or combinations of the sensations tapping and vibrations depending on the BF/TF 

combination used. 

4.6.2 Discussion and open challenges 

The MEWS model presented in this chapter presented opportunities for creating a library 

of diverse waveforms that is capable of creating 10-13 easily distinguishable waveforms that can 

be used as distinct etacons. Even though this number is a major improvement from the 

precedents from literature, 13 distinguishable etacons is not enough to create a “language”. 

Furthermore, the MEWS model lacks expandability. Due to our use of static Beat and Texture 

frequencies, the maximum number of waveforms that could be created with MEWS was already 

created and tested and cannot be expanded upon. As such, it may be prudent to utilize a model 

that can create waveforms that change over time. This new model can benefit from the findings 

of MEWS as well as create new waveforms that are not bound to a specific Beat and Texture 

frequency. Chapter 5 entails our endeavors for creating such a model.   
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Chapter 5: MOVES, A Linguistically-inspired Electrotactile Icon Generation 

Even though electrotactile stimulation is considered a method of peripheral nerve 

stimulation, complete recreation of sense of touch will require producing the idiosyncratic action 

potential firing pattern of the majority of tactile receptors involved which is currently technically 

impossible to achieve [77], [78]. As such, we focused our efforts in Chapter 4 on utilizing the 

accessible sensations of vibration and intensity. In the case of the sensation of vibration, the 

perceived frequency was correlated with electrotactile stimulation frequency which is defined by 

the frequency under which electrotactile charges are being injected into the skin [79]. Literature 

suggests the range of reported distinct sensations using the sensation of vibration frequency to 

be limited to 4-5 distinct sensations at electrotactile stimulation frequencies between 4Hz and 

100Hz [59][61]. Our efforts in Chapter 4 expand our knowledge about this limitation with further 

detail as shown on Figure 4.12, wherein the figure shows a breakdown of performance of 

electrotactile frequencies ranging from 4Hz to 200Hz, depicting that the frequency range can be 

split to a maximum of 7 frequency steps. Furthermore, the results of nerve cuff stimulations and 

brain activity mapping in response to vibration frequency shown in [118], [119] suggest that the 

most consistent distinct artificial peripheral nerve stimulation sensations are to be found at 

stimulation frequencies below 50Hz. As a result, the potential range of viable frequencies for 

creation of distinct sensations is limited. Furthermore, we showed that using intensity as a means 

for creating distinct electrotactile sensations is limited since creating intensity with electrotactile 

signal amplitude risks creating painful sensations and the range of intensities created using 

frequency modulation is limited as we demonstrated in Chapter 4. 
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As such, in Chapter 5 we will seek novel alternative approaches to creating distinct 

electrotactile sensations by investigating the concept of electrotactile phonemes (etactemes). 

5.1 Generation of distinct electrotactile sensations using etactemes 

In chapter 4, we developed MEWS, an OOK modulation technique for creating 

electrotactile waveforms from a train of high-frequency electrotactile pules. A key insight that 

we took from our work is the fact that if we forego using beats and instead opt to using a 

simplified version of MEWS as shown in Figure 5.1, we are capable of creating two classes of 

vibration sensations. The first class of sensations is that of a high-frequency vibration which can 

be created if the OOK texture frequency (TF) is higher than ~20Hz. The frequency of sensed 

vibration frequency is positively correlated with the TF. The example waveforms shown in Figure 

5.2(b) and (d) are examples of high frequency vibration. The second class of sensations is often 

described as tapping which is usually associated with TF frequencies lower than 12Hz i.e., a 

continuous burst of electrotactile pulses as shown in Figure 5.2 (a) and (c). To simplify our 

terminology, high-frequency vibration sensation will henceforth be referred to as vibration 

sensation. As discussed in Chapter 4, the intensity of vibration and tapping sensations is 

associated with the concentration of electrotactile pulses which is achieved by increasing the 

texture mask duty cycle (TDC) or increasing TF. In Figure 5.2, we depict the visual contrast 

between high-intensity and low intensity sensations of tapping and vibration. 
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Figure 5.1: Electrotactile waveform creation model (MEWS) used in Chapter 5. This model is 
not limited to a 500ms timeframe and only uses texture frequency as an OOK mask. 

 

Figure 5.2: The sensation classes of tapping and high-frequency vibrations with various intensity 
levels. (a) depicts a low intensity (2ms long) tapping sensation. (b) depicts a low intensity high 

frequency vibration with a frequency of 100Hz. (c) and (d) depict high frequency counterparts of 
tapping and vibration sensations. 
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We hypothesize that vibration, tapping, and relative intensity can be used as etactemes 

(A.K.A. electrotactile phonemes) that can be progressively combined together to create truly 

diverse electrotactile sensations which can be turned into etacons (A.K.A electrotactile icons). 

We will prove the correctness of this hypothesis by creating a large set of demonstrably distinct 

electrotactile waveforms that supersede the number of etacons created by MEWS. However, 

there is no precedent for methods for best combining the etactemes to create a diverse library 

of etacons. The vibrotactile iconic communication literature suggest that there are no a priori 

methods for best combining vibrotactile phonemes [123], [124]. As such, we designed 

Experiment I to best understand etactemes to create a semi-heuristic method of combining them 

into functional etactemes.  

5.2 Understanding Etactemes 

Experiment I was designed to specifically explore the sensations of tapping and vibration 

in mind. In the case of tapping sensation, we wished to understand: 1) what is the minimum 

length of an electrotactile pulse burst that is reliably detectable as a tapping sensation? 2) What 

is the minimum temporal spacing between two pulse bursts that allows a person to reliably 

distinguish them as two separate tapping sensations? As for the sensation of vibration, we wished 

to find out: 1) what is the minimum time window under which a person is able to reliably 

distinguish two different vibration frequencies? 2) What is the minimum detectable gap in an 

otherwise constant vibration sensation that is reliably detectable? 

5.2.1 Experiment I setup 

All experiments presented in this thesis were approved by the Michigan State University 

Biomedical and Health Inst. Review Board (STUDY00004403). The hardware and software 
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infrastructure used in Chapter 5 are similar to that of Chapter 4. All of the experiments were 

performed using a single distributed electrotactile electrode array placed on the fore-arm (over 

the biracial muscle) of the non-dominant arm. Each Etacteme to be tested was generated by the 

MEWS model in Figure 5.1. Chaining etactemes back-to-back together was performed by having 

MEWS produce short bursts of waveforms back-to-back. 

Experiment I was composed of four tests, each seeking to study a certain aspect of tapping 

and vibration sensations to provide better understanding of these sensations. Since Experiment 

I was a perceptual task, 5 participants were recruited for each test (3 male and 2 females with 

ages ranging from 18 to 55). Each test is composed of a series of comparisons that participants 

makes between two electrotactile stimulations called verses. The two verses being compared 

contain key differences that we measure using participant responses.  

The first two tests performed seek to understand the behavior of tapping sensation. The 

verses used for tests one and two are shown in Figure 5.3(a) and (b), respectively. As shown in 

Figure 5.3(a), verse α contains an initial electrotactile burst (that creates a tapping sensation) 

with a variable length wherein the length varies from 0ms (No tapping sensation) to 10ms, while 

verse β does not contain an initial taping sensation. As a result, the comparison results between 

the two verses clarifies if the initial tapping sensation is perceptible. It should be noted that due 

to the nature of how MEWS produces electrotactile pulses at the frequency of 2kHz, the width 

of an electrotactile burst is quantized and can only be modified in increments of 1/2kHz= 0.5ms. 

Test 2, as shown in Figure 5.3(b), determines the minimum distance between two electrotactile 

pulse bursts by having verse α contain two initial electrotactile pulse bursts with a variable 

temporal distance in-between. As a result, the point at which the average participant can 
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differentiate between two verses would be the gap needed to differentiate the two tapping 

sensations. Each stimulation contains a follow-up vibration frequency to simulate an 

environment wherein such tapping sensations will be used in tandem with other sensations. 

 

Test 3 was conducted to understand the minimum time window under which a person is 

able to reliably distinguish two different vibration frequencies as depicted in Figure 5.4. Verses α 

and β start with vibration frequencies of 200Hz and 32Hz. However, in each comparison, the 

length of both 32Hz and 200hz vibration take a value within the range of 20ms to 300ms. The 

 

Figure 5.3: Visualization of electrotactile waveforms used to understand tapping sensations. (a) 
depicts the verses used to understand the minimum viable electrotactile burst length with 

verse α having a variable electrotactile burst length and verse β without any burst. (b) depicts 
the verses used for understanding the minimum viable distance between two bursts with verse 

α having two electrotactile bursts with a variable distance between them while verse β only 
having a singular electrotactile pulse burst. 
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point at which participants can reliably differentiate the two verses would be the length at which 

vibration sensations of 32Hz and 200Hz would be differentiable. Test 4 was conducted to 

determine the minimum detectable gap in an otherwise constant vibration sensation that is 

reliably detectable. In this test, Verse α was a constant vibration frequency while verse β was 

identical except for a gap of variable length inserted at 200ms mark. 

 

In all tests, the participants performed the comparison for each verse twice, one with a 

follow-up vibration frequency of 32Hz and another with vibration frequency of 200Hz. Our 

stimulation protocol dictates that the order under which the verses are presented to a participant 

and also the progression of the variable (initial electrotactile burst width in this case) are 

presented at random and neither the participant nor the test administrator have any knowledge 

of the verses being presented, satisfying the criterion for a double-blinded experiment. 

5.2.1 Experiment I results 

The results for all tests conducted under Experiment I are shown on Figure 5.5. The 

keyword “distinguishability” is used to represent the percentage of the population that correctly 

 

Figure 5.4: The verses used for test 3 wherein verse α and β start with an initial section with 
vibration frequencies of 200Hz and 32Hz respectively. The length of the initial section was 

randomly changed in the range of 20ms to 300ms to extract the minimum length under which 
α and β are distinguishable. 
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performed the comparison between the given verses. The results from Test 1, shown on Figure 

5.5(a), demonstrate that a minimum electrotactile pulse burst width of 2ms (four electrotactile 

pulses) are required for at least 80% of test subjects to reliably feel a tapping sensation. Figure 

5.5(b) shows that a gap of at least 120ms between two pulse bursts sensations will ensure that 

the two tapping sensations are perceptible. The results of Test 3, shown on Figure 5.5(c) show 

that the two vibration frequencies of 32Hz and 200Hz are reliably distinguishable when they are 

stimulated for at least 350ms. Results of Test 4 shown on Fig. 5.5(c) show that the minimum 

noticeable gap in a vibration sensation is 120m. 

 

 

Figure 5.5: The results of Tests 1-4. (a) depicts the percentage of comparisons that correctly 
identified between the lack of an initial burst and an initial bursts width as shown on the x Axis. 
(b) depicts the distinguishability of two electrotactile pulse bursts as the gap between the two 
bursts grows. (c) depicts the length at which an average person should be stimulated with a 
vibration frequency for them to be able to distinguish between vibration frequencies of 32HZ 
and 200Hz. (d) depicts the minimum required gap length in a vibration frequency for the gap to 
be noticeable. 



98 
 

5.3 MOVES, a model for combining etactemes into variable distinct waveforms 

The data depicted on Figure 5.5 provided us with key insights for combining various 

tapping and vibration frequencies as etactemes as well as a gap in stimulation (henceforth known 

as a break). As such we created a model for varying electrotactile sensations using etactemes 

(MOVES). The two guiding principles of MOVES are: 1) Etactemes can be progressively combined 

together, given that they have enough time to establish themselves, by having each sufficiently 

long etacteme followed by another etacteme or a break. 2) Every electrotactile waveform can be 

split into units of 120ms because stimulating tapping sensation or a break in vibration sensation 

need a 120ms headroom to be noticeable and the two vibration frequencies 32Hz and 200Hz 

need at least 3*120ms headroom. It should be noted that it is debatable if a break in stimulation 

is itself also considered an etacteme or not, however since we cannot start or end a waveform 

with a break, we decided to give break its own designation. 

Based on results from Figure 5.5, we created seven classes of etactemes that can be 

utilized. The classes and their corresponding symbols are: 

• I: a single electrotactile pulse (usually 5ms long) followed by a 115ms of no stimulation 

meant to create a tapping etacteme 

• I*: Similar to I, however the electrotactile pulse is preceded by the 115ms gap 

• B: a 120ms break in stimulation 

• S1: A vibration sensation with texture frequency of 32Hz 

• S2: A vibration sensation with texture frequency of 80Hz 

• S3: A vibration sensation with texture frequency of 200Hz 
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• I2: a special case character wherein two electrotactile pulses are placed over a 360ms 

long slot with 175ms gap in-between 

It should be noted that S1 and S3 need to be at least 360ms long to be differentiable and 

S2 is only used in special cases where S1 and S3 are not present. An electrotactile waveform 

composed of etactemes can be described through the corresponding symbols of etactemes used. 

For example, “2xI, 3xS1” describes a waveform that is created with two tapping sensations, 

followed by a 360ms 32Hz vibration frequency as shown on Figure 5.6. 

 

Throughout this work, the length of every electrotactile waveform candidate created with 

MOVES is limited to 600ms. This was done to approximately make the length of etacons 

compatible with the average person’s reading speed of one word per 300ms. As such, if we are 

 

Figure 5.6: The electrotactile waveform created by the etacteme descriptor “2xI,  3xS1” which 
means that the is created with two back-to-back tapping sensations, followed by a 360ms 32Hz 
vibration. The electrotactile pulses are a 2kHz bi-phasic pulse train with a standard amplitude 

of Amp. As a result, due to the large timescale present in this figure, they are seen a single 
golden column. 



100 
 

to limit the minimum length of each etacteme to 120ms, a 600ms waveform created by MOVES 

will contain a maximum of 5 slots for etactemes or breaks. 

5.3.1 Use of architypes for simplifying the combinations of etactemes in MOVES 

A way to prove the hypothesis of progressively combining etactemes creates distinct 

waveforms through MOVES is to create a library of all possible combinations of etacteme classes 

over 5 slots and doing a one-on-one comparison between each unique combination. However, 

the total number of unique combinations of etactemes is ~6^5= 7776. Realistically, it will be 

impossible to perform one-on-one comparisons between 7776 etactemes. Furthermore, there 

are redundant or imperceptible combinations that need to be eradicated from our library of 

possible etacons. Hence, we made a heuristic approach of creating etacons through the use of 

architypes. An architype is a verbal definition of a possible sensation that can be created by 

MOVES, i.e., an architype is a unique classifier for certain arrangement of etactemes. Through 

internal testing, we heuristically created 8 architypes that are described as: 

• A1: A sensation terminated by a 360ms vibration frequency 

• A2: A sensation terminated by a 360ms tapping sensation 

• A3: A sensation starting with a 360ms vibration frequency 

• A4: A sensation starting with a 360ms tapping sensation 

• A5: A sensation that begins or ends with a singular tapping sensation 

• A6: A sensation that begins or ends with a 240ms long vibration sensation 

• A7: A repeating pattern of sensation centered around a 120ms break in the middle 

• A8: Rising or falling vibration frequency and intensity 
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Each architype can contain a variety of members. For example, architype 1 contains 8 

members that are as follows: 

• A1.1: I, B, 3x S1 

• A1.2: I, B, 3x S3 

• A1.3: 2x I; ,3x S1 (as seen in Figure 5.6) 

• A1.4: 2x I, 3x S3  

• A1.5: 2xS3, 3xS1 

• A1.6: 2xS1, 3xS3 

• A1.7: S2, B, 3xS1 

• A1.8: S2, B, 3xS3 

5.3.2 Breaking down architypes 

The members of each architype are susceptible to being too similar to one another. As 

such, we conducted Experiment II to break down break down each architype to their most 

essential members by extracting the most distinguishable members of each architype. In order 

to break down each architype into its most distinct elements 5 participants (4 male and 1 female) 

were recruited. Experiment II was conducted by having the participants perform a comparison 

between all the members of each architype. The comparison was performed by randomly 

selecting two members of each architype as verse α and β, and then presenting them to the 

participant through an electrotactile stimulation. Our procedure dictated that α be presented 

first followed by a 1.2s delay followed by β followed by another 1.2s delay followed by α again. 

The time delays were utilized to ensure the participants can clearly identify α and β as separate 

entities. The αβα stimulation pattern was chosen so that the participant can still perform a 
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comparison just in case they missed or forgot the first α. The etacons served as α and β could be 

the “same” waveform or a “different” waveform. We artificially set the number of “same” cases 

to be 30% of the overall number of comparisons to ensure the responses of participants are not 

biased. The waveforms were selected at random and the test administrator and the participants 

did not know their order, creating a double-blinded study. Similar to Chapter 4, each participant’s 

“same” response is recorded as 0 and a “different” response is recorded as 1, resulting in a 

numerical representation of each waveform’s performance when being compared with itself and 

other waveforms. 

The raw results of participant comparisons for architype 1 members are depicted on Fig. 

5.7 as a comparison chart. Our approach to breaking down an architype was by selecting a subset 

of distinguishable members that satisfying certain performance metrics. We used the spectral 

clustering technique used in Chapter 4 to extract best elements of a comparison chart with a 

given set of performance metrics. Two performance metrics were used in for breaking down 

architypes: root mean square error (RMSe) and minimum comparison score (Min). Given that the 

raw results from each comparison chart are converted into “correct” and “incorrect” responses 

(by simply replacing the diagonal elements with 1-diagonal) RMSe can be used as a measure of 

the performance level of a given subset of members. Min is the lowest graded comparison 

between any pair of waveforms in a given comparison chart. For example, in Figure 5.7(a) the 

Min value is 0.4. A low Min indicates that some waveforms in a selected subset are 

indistinguishable from one another regardless of RMSe score. Each architype was broken down 

by selecting the set of members that hade a Min score higher than 0.75 and the lowest achievable 

RMSe. Figure 5.7(b) shows the broken down and simplified version of architype 1. The same 
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process was performed on the rest of the architypes, with the finalized set of members extracted 

from all architypes presented in [110]. 

 

5.4 Creating a library of distinct electrotactile waveforms using MOVES 

Having broken down the architypes to their most essential members, we are one step 

closer to proving that out method of combining etactemes would create a larger set of 

electrotactile waveforms that can be used as etactemes compared to literature. After breaking 

down all architypes, we were left with a library of 31 waveforms. However, we expect that not 

all of the 31 waveforms will come across as distinct when compared with one-another. As such, 

we conducted Experiment III, which is a final round of eliminations using comparisons to remove 

non-distinct waveforms. However, performing such a comparison on 31 waveforms will lead to 

 

Figure 5.7: Our process of breaking down an architype. (a) depicts the raw comparison chart 
for Architype 1. (b) depicts the broken-down architype 1 wherein elements were selected 

based on their Min and RMSe performance metrics. 
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31 × 30 2⁄ =  465 unique comparisons. Furthermore, if we are to make sure that 30% total 

comparisons are ‘same’ cases, the number of comparisons goes up to 465 0.7⁄ ≈ 655.  

Our previous experiences with human subjects in Chapters 3 and 5 showed that 

anecdotally, due to making comparisons being a tedious task, participants tend to lose 

focus/interest after ~50 comparisons without break or ~200 comparisons in a single session with 

breaks. As a result, preforming 665 comparisons posed significant difficulties in recruiting 

participants and retaining their attention, negatively impacting the legitimacy of our dataset. To 

alleviate this issue, we decided to only do comparison between architypes since we already have 

within-architype results from previous experiments performed in Section IV. Thus, the total 

number of comparisons to be made was reduced to 560, which is still too much. 

As a result, we split each round of comparisons between three test participants, giving 

each person a complimentary set of 187 comparisons. The participants complete their 

designated set of comparisons in two sittings with each sitting containing 47 comparisons, 

followed by a 5min rest period and another 47 comparisons. To realize this Experiment, we 

recruited 21 participants (13 male and 8 female) from ages ranging from 18 to 55 years old who 

possess a diverse range of skin tones and hairiness. The 21 recruited participants completed 

seven complete rounds of comparisons. Similar to previous Experiments, the comparisons 

presented to each participant were randomized and double blinded. The mean response of all 

participants is presented in Figure 5.8. 
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The comparisons presented on Figure 5.8 Indicate that some pairs may be too similar to 

one another. For example, A4.1 and A3.6 are unique in their comparisons but are very similar to 

one another. As a result, a decision needs to be made to eliminate one of these waveforms. To 

facilitate this decision-making process, we created an algorithm to extract the best performing 

waveforms for a given number of distinguishable waveforms (NDW) were extracted based on 

metrics of success RMSe and Min similar to Experiment II. For example, for an NDW of 12, we 

extracted the 12 waveforms that achieve the highest Min and the lowest RMSe. Our algorithm 

looks for the best subset of comparison chart shown in Figure 5.8 that primarily has the highest 

Min score possible and secondarily to lowest RMSe. The metrics of success corresponding to the 

best subset of data presented in Figure 5.8 for each NDW are shown on Table 5.1. 

 

Figure 5.8: The raw comparison results for Experiment III between all 31 waveforms, performed 
over 7 complete comparison sets by 21 participants. 
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The NDWs and their corresponding metrics of success give us a good estimate of 

waveform performances, but its yet not clear how many of the waveforms are considered to be 

distinct enough to be considered as etacons. As a result, we extracted four additional 

performance metrics as shown on Table 5.1. The additional performance metrics include: 1) The 

Table 5.1: The metrics of success for each NDW and their corresponding additional metrics 
used for extracting FoM 
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average of the lowest 10% of all comparisons performed (Min 10%) which is a better 

representation of performance of a NDW compared to just using Min because Min 10% scales 

with NDW. 2) Distinguishability (Dist) which highlights how many comparisons in a selected set 

of waveforms have an average score below 0.5 i.e., are we more likely misidentify the comparison 

on average? 3) Distinguishability percentage calculates percentage of total comparisons below 

0.5 made for a given NDW. 4) Accuracy (Acc) of a given comparison chart for an NDW is calculated 

through confusion matrix analysis and simply states the chances of a person giving correct 

answers for a given NDW [100]. The performance of the overall results captured from each round 

of experiment (each round entailing the complimentary responses of three participants) are 

shown on Table 5.2 where it is shown that the Accuracy and RMSe scores of the rounds are similar 

and present low standard deviation (STD). 

 

To determine the best NDW for an acceptable level of distinguishability between 

waveforms, we created a figure of merit (FoM) by labeling an NDW easy, medium, or hard 

representing the difficulty level of a given NDW. The FoM is created by running a k-means 

clustering algorithm with 3 clusters on all the metrics shown on Table 5.1. The results on Table 

Table 5.2: The performance of the overall results captured from each round of experiment that 
was conducted on three participants and the standard deviation (STD) measuring the 

consistency of their responses 
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5.1 suggest that NDW of 24 is a great cut-off point. A list of all waveforms used in this study and 

the waveforms that we used for NDW are publicly accessible on [110]. This process is visualized 

through the connectivity graph shown on Figure 5.9 wherein a visual comparison is presented 

between the connectivity of full set of 31 waveforms and the extracted NDW= 24 waveforms. 

The figure shows that the extracted waveforms have a more unified distribution which means 

they will be more distinguishable from one-another. 

 

 

Figure 5.9: The connectivity map for the a) the 31 waveforms fed to Experiment III and b) the 
resulting waveforms for NDW= 24. 
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The process under which we created a large set of architypes and then reduced them to 

24 distinct waveforms is depicted on Table 5.3 wherein the number of members of each architype 

and their internal performance are shown. The table depicts that the performance of each 

architype increases by simplifying them by taking out indistinguishable member first within each 

architype and then by comparing them with each other. 

 

5.5 Summary and discussion of work 

5.5.1 Summary 

In Chapter 5 we investigate and created MOVES our model of progressively combining 

electrotactile phonemes (etactemes). MOVES progressively combines electrotactile sensations 

of vibration and tapping to create unique set of electrotactile waveforms. Through a heuristic 

approach, we came up with the concept of architypes to create a large set of electrotactile 

Table 5.3: The progression of breaking down our architypes from the Initial Waveform Set to 
the Reduced Waveform Set (through Experiment II) which were created by reducing the 

number of architypes and the final set of waveforms created with NDW= 24 (through 
Experiment III) 

 

Initial Waveform Set Reduced Waveform Set NDW= 24

# Acc Min # Acc Min # Acc Min

A1 8 79% 0.4 4 93% 0.8 3 98% 1

A2 16 84% 0 8 96% 0.7 7 99% 1

A3 10 72% 0 4 92% 0.8 3 89% 0.8

A4 12 69% 0 5 90% 0.8 5 92% 0.9

A5 7 69% 0.5 3 85% 0.8 2 88% 0.83

A6 3 72% 0.4 1 85% 1 1 85% N/A

A7 8 67% 0.2 4 88% 0.7 2 79% 0.7

A8 3 66% 0.1 2 87% 0.8 1 87% N/A

Total #: 67 31 24
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waveforms through a heuristic approach using MOVES. Using our archetypal approach, we create 

31 waveforms that have the potential to be distinct. We conducted a large human trial on 21 

participants and we extracted 24 electrotactile waveforms that are easily distinguishable from 

one another. Since these waveforms are distinct form one another with an accuracy of 89%, they 

are eligible to be used as electrotactile icons (etacons).  

5.5.2 Discussion and open challenges 

Given that we created 24 etacons using MOVES on a single distributed array electrode, 

with a stimulation widow of 600ms. Our results are a significant improvement over the literature 

values of 5 distinct waveforms and our work at Chapter 4 that acquired 12 distinct waveforms. 

As a result, we were successful in proving our hypothesis that combining etactemes will lead to 

creation of new and unique etacons. Furthermore, compared with precedents electrotactile 

literature, our approach to creating etacons has room for expansion through discovery and 

utilization of architypes. In this study, we only explored eight architypes, but we assume that 

there are more architypes to be explored. For example, except for architype 8, we did not 

extensively explore the effects of relative intensity. However, we are not certain about the total 

number of architypes that realistically can make a difference. 

Given that electrotactile stimulation is a method of creating action-potentials in the 

peripheral nervous system, the findings of this research can act as guidelines for future human 

augmentation efforts either through electrotactile stimulation, or invasive peripheral nervous 

system stimulation such as nerve cuffs and even neural probes on the brain. This is critical 

because a reliable method of creating distinct stimulation patterns on human nervous system is 
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essential for creating a pathway of information from machines to the human brain, especially if 

we do not have specialized access to each individual neuron. 

However, more research needs to be conducted in this field. We are not yet sure if MOVES 

will perform as good as shown in this Chapter if the participant was cognitively or physically 

engaged with another task or multi-tasking. Furthermore, we do not know how well a person can 

learn to associate an etacon with a piece of information as a part of M2HC and how good a person 

on the average is at retaining their association of etacons and information. 
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Chapter 6: Conclusions and future work 

6.1 Summary 

In this dissertation we presented a novel approach for establishing electrotactile 

machine-to-human communication. As part of our efforts to understand electrotactile 

stimulation and ensure we are conducting impactful contributions to science, we conducted an 

extensive convergence research linking electrotactile stimulation, psychology, human 

physiology, neuroscience, and human augmentation technologies into a unified resource geared 

especially towards electrical engineers. We studied challenges that machine-to-human 

communication faces from an attention and obtrusiveness point of view and concluded that 

using electrotactile stimulation as a means of M2HC is beneficial for preserving attention in multi-

tasking environments. As such, we pursued iconic electrotactile stimulation as a means for 

machine-to-human communication. Iconic communications require creation of very distinct 

electrotactile sensations. As a result, we experimented with various aspects of electrotactile 

stimulation through creating a software/hardware electrotactile rapid prototyping infrastructure 

and conducted human trials to better understand electrotactile stimulation. Our investigations 

into creating distinct electrotactile sensations lead to creation of MEWS, our first comprehensive 

model for creation of distinct electrotactile sensations. To prove MEWS capabilities, we 

conducted multiple human trials on 15 volunteering participants stimulating a total of ~6000 

electrotactile comparisons. Based on our experience with MEWS, we next developed MOVES 

which utilizes dynamic electrotactile stimulation as opposed to the classical static stimulation 

techniques used in MEWS and electrotactile literature. Utilizing the linguistic concept of 

phonemes, MOVES defines etactemes (electrotactile phonemes) and is able to generate a 
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(potentially expandable) library of 24 distinct electrotactile waveforms, which we proved by 

conducting a human trial with ~5000 electrotactile stimulations. 

6.2 Contributions 

The work presented in this dissertation bridges the gap between microelectronics, neural 

stimulation, and human augmentation worlds by contributing novel technologies for use of 

electrotactile stimulation for machine-to-human communication. These contributions include: 

• We created the first ever model to use a train of high-frequency electrotactile pulses and 

shape them into electrotactile waveforms through a multi-layer on-off-keying modulation, 

which allows control of sensation intensity without recalibration of amplitude and permits 

creation of multi-frequency highly distinguishable electrotactile waveforms 

At low frequency, the perceived intensity of electrotactile waveforms is a function of 

waveform frequency, because the charge transfer is in reverse correlation with electrotactile 

frequency, risking uncomfortable or feint sensations as charge transferred exits the bounds of 

sensation and pain thresholds. As a solution, we created MEWS, a unique method of creating 

electrotactile waveforms by modulating a high-frequency (2kHz) train of bi-phasic electrotactile 

pulses and shaping them through a multi-layer on-off-keying modulation (OOK). As such, 

changing the OOK mask frequencies will have the intended effect of changing electrotactile 

waveform frequency without significantly changing the electrotactile charge transferred to the 

skin. We conducted extensive human trials with over 6000 unique stimulations over 20 

participants to prove MEWS is capable of creating a wide range of 13 distinct sensations at an 

accuracy of 85%. Furthermore, we were successful in creating 3 levels of relative intensity by 

controlling the concentration of electrotactile pulses being transferred to the skin without 
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actually changing electrotactile waveform amplitude. Our ability to freely change electrotactile 

waveform shape without having to constantly recalibrate to stay in goldilocks region between 

sensation and pain thresholds opens up a window of opportunity to experiment further with 

electrotactile sensations as a means for machine-to-human communication. 

• Designed a first ever model for creating varying electrotactile waveform generation 

(MOVES) based on linguistic concept of phonemes that pentuples the best recorded 

number of distinct electrotactile sensations in literature 

Electrotactile stimulation of distinct sensations for facilitating iconic communication is an 

emerging field of interest in human augmentation technologies. As such, a major contribution of 

this thesis is creations of MOVES, a novel model for creating electrotactile waveforms that vary 

over time. Utilizing MOVES, we were able to create 24 waveforms (which is five times higher than 

best works reported in literature) that had an accuracy of 89% and were identified as highly 

distinguishable electrotactile icons or etacons. This feat was achieved by combining the concept 

of electrotactile phonemes (etactemes) and electrotactile stimulations. The model was validated 

through a rigorous double-blinded human trials with more than 5000 electrotactile stimulations 

conducted on 21 participants. Furthermore, the 24 waveforms we created in this dissertation are 

not the true limit of MOVES, since our model can be expanded through discovery of more 

electrotactile stimulation architypes. 

• Created and made publicly available for other researchers a hardware/software 

infrastructure that allowed us to conduct more than 10000 unique electrotactile 

stimulations as part of our two yearlong human trial efforts 
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Prior to this work, there was no publicly available protocol for creating electrotactile 

stimulation and a pipeline for rapidly creating, testing, and analyzing electrotactile waveforms. 

As part of our investigations of electrotactile stimulations, we created a software/hardware 

ecosystem to address such needs. Among the recorded human trials, we demonstrably 

stimulated 40 participants with more than 10000 instances of electrotactile stimulation that are 

recorded with hundreds more un-recorded stimulation. We created a software infrastructure 

with over ~10000 lines of code (in C, MATLAB, and Python languages) and a robust electrotactile 

stimulation hardware that allow for rapid and safe prototyping of electrotactile waveforms and 

recording and analyzing participant responses on-the-go. Our complete software/hardware 

package is made available online for future researchers to access, experiment with, and expand 

upon. 

• We advanced the understanding of electrotactile stimulation through convergence of 

knowledge from psychology, engineering, neuroscience and human augmentation, 

resulting in a roadmap for this thesis work and related future work.  

Even though electrotactile stimulation has been around since the 60s, there has been a 

disconnect between science of electrophysiology and the engineering of electrotactile 

stimulation systems. For example, the physiology of hairy skin and specially how it interacts with 

electrotactile stimulation is rather un-known. Another example is that no work in literature has 

thoroughly investigated and classified the various ways electrotactile stimulation is being utilized 

for human augmentation. The work presented in this dissertation maps all the fields that pertain 

to electrotactile stimulation and human augmentation and offers a unique repository of 
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information that can help future electrical engineers to readily navigate various aspects of 

electrotactile stimulation for human augmentation. 

6.3 Future work 

The work presented in this thesis established the foundations for large-scale machine-to-

human communication through electrotactile stimulation of peripheral nervous system. 

However, there is much that needs to be done to see electrotactile as a means for machine-to-

human communication to come to full fruition. The following are suggestions for future work: 

• Expand our library of etacons further beyond 24 members 

Compared with precedents electrotactile literature, our approach to creating etacons has 

room for expansion through discovery and utilization of architypes. In this study, we only 

explored eight architypes, but we assume that there are more architypes to be explored. For 

example, except for architype 8, we did not extensively explore the effects of relative intensity. 

However, we are not certain about the total number of architypes that realistically can make a 

difference. 

• Expand beyond electrotactile stimulation and into invasive peripheral nerve stimulation 

Given that electrotactile stimulation is a method of creating action-potentials in the 

peripheral nervous system, the findings of this research can act as guidelines for future human 

augmentation efforts either through electrotactile stimulation, or invasive peripheral nervous 

system stimulation such as nerve cuffs and even neural probes on the brain. This is critical 

because a reliable method of creating distinct stimulation patterns on human nervous system is 

essential for creating a pathway of information from machines to the human brain, especially if 

we do not have specialized access to each individual neuron. Furthermore, directly accessing 



117 
 

neurons may alleviate some risks associated with electrotactile stimulation such as skin condition 

sensitivity. 

• More experimentation needs to be performed with subjects under cognitive load and to 

evaluate a person’s ability to learn and memorize etacons 

We are not yet sure if our etacons perform as good as shown in this dissertation if the 

participant was cognitively or physically engaged with other tasks or multi-tasking. Furthermore, 

we do not know how well a person can learn to associate an etacon with a piece of information 

as a part of M2HC and how good a person on the average is at retaining their association of 

etacons and information. 
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