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Digital Lollipop: Studying Electrical Stimulation on the Human
Tongue to Simulate Taste Sensations

NIMESHA RANASINGHE and ELLEN YI-LUEN DO, National University of Singapore

Among the five primary senses, the sense of taste is the least explored as a form of digital media applied
in Human–Computer Interface. This article presents an experimental instrument, the Digital Lollipop, for
digitally simulating the sensation of taste (gustation) by utilizing electrical stimulation on the human tongue.
The system is capable of manipulating the properties of electric currents (magnitude, frequency, and polarity)
to formulate different stimuli. To evaluate the effectiveness of this method, the system was experimentally
tested in two studies. The first experiment was conducted using separate regions of the human tongue
to record occurrences of basic taste sensations and their respective intensity levels. The results indicate
occurrences of sour, salty, bitter, and sweet sensations from different regions of the tongue. One of the major
discoveries of this experiment was that the sweet taste emerges via an inverse-current mechanism, which
deserves further research in the future. The second study was conducted to compare natural and artificial
(virtual) sour taste sensations and examine the possibility of effectively controlling the artificial sour taste
at three intensity levels (mild, medium, and strong). The proposed method is attractive since it does not
require any chemical solutions and facilitates further research opportunities in several directions including
human–computer interaction, virtual reality, food and beverage, as well as medicine.
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1. INTRODUCTION

Visual and auditory media and simulation appliances have dominated the digital world
for a long time. When people mention multimedia, they typically refer to audio and vi-
sual sensory simulations. We have televisions, computers, and various mobile devices,
which provide immensely creative and exciting experiences. Current technologies have
also been incorporating the sense of touch into digital systems. These are commonly
known as haptic interfaces [Hayward et al. 2004]. However, at present, both the sense
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of smell and taste are generally stimulated using chemical substances; digital con-
trollability of these two senses has yet to be achieved. For example, a virtual-reality
helmet developed by British scientists can simulate five human senses. The helmet
releases different chemicals in order to stimulate both the sense of smell and taste
while hearing, sight, and touch senses are simulated digitally [Derbyshire 2009]. The
main drawback of these solutions is the use of different chemicals to stimulate the
senses of smell and taste. These solutions are analogs and associated with manage-
ability, transferability, and scalability issues. Of the two senses, taste is even more
underutilized, getting remarkably little attention in the domain of interactive and dig-
ital media. Thus, a new methodology is needed to digitally simulate the sensation of
taste and enable it as a form of digital media.

Taste, as one of the five basic senses, plays a significant role in human life. When peo-
ple refer to the sense of taste, they typically refer to the taste of food that they consume.
More important, the sensation of taste may change people’s mood. Research shows that,
when people consume their favorite foods, it stimulates the release of β-endorphins,
which is a substance that enhances mood [Drewnowski 1997]. This explains children’s
preference for candy, because the taste of candy makes them happy. Thus, it is said
that if food is nutrition for the body, taste is nutrition for the soul [Drewnowski 1997].

Using chemical substances to improve the taste sensations of food is common in
everyday life. For example, artificial taste compounds such as monosodium glutamate
(MSG) are used for cooking in order to enhance the taste of umami. However, it has
been discovered that overconsumption of MSG may cause unhealthy effects to the hu-
man body and brain [Blaycock 1996]. Therefore, digitally simulating taste sensations
may reduce the risk of unwanted health effects when compared to chemical-based tra-
ditional stimulations. In addition, with the use of digital simulation of taste sensations,
some people (e.g., diabetes patients) will have a new way to experience taste sensations
(e.g., the sweet taste) without any serious health concerns.

Currently, there are several research projects being conducted on the electronic sens-
ing of taste (e.g., the electronic tongue presented in Robertsson et al. [2007]). However,
remarkably few reports are available regarding such work in literature related to
electronic taste actuation. As a result, based on our initial research on electrical and
thermal stimulation of taste sensations (previously published in Ranasinghe et al.
[2011a, 2011b, 2011c]), we have developed the Digital Lollipop. The Digital Lollipop is
an innovative electronic solution that we believe will supersede traditional chemical-
based lollipops to create new interactions in the future. For example, we may be able to
manipulate the taste of the Digital Lollipop through a smartphone application in the
future. The Digital Lollipop can also be employed as a reward system in a computer
game and send taste messages remotely.

At present, the system consists of a control system and a tongue interface, as shown
in Figure 1. The properties of an electric current (frequency, magnitude, polarity) and
the sensitivity of different regions on the human tongue are experimentally examined
in order to simulate different sensations and control the levels of intensity of those
sensations. Several basic taste sensations were reported from the experiments, such as
sourness, saltiness, bitterness, and sweetness. The specific contributions of this article
are as follows:

—Studying the possibility of generating basic taste sensations on different regions of
the human tongue.

—Studying the possibility of generating basic taste sensations by inverting the direc-
tion of the applied current on the same position.

—Comparing and evaluating the differences between natural and artificial taste sen-
sations, focusing especially on sour taste.
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Fig. 1. Main components of the Digital Lollipop.

Furthermore, the studies presented in this article focus mainly on simulating pri-
mary taste sensations known as saltiness, sourness, bitterness, sweetness, and umami.
The concept of flavor is beyond the scope of this research at present. Flavor is a
complex perception. It is recognized as a combination of both taste and smell sen-
sations [Firestein 2001], and is infinite and cognitive. Conversely, taste is a sensory
function directly associated with the human tongue and sensitive to chemical stimuli.

The rest of the article is organized as follows. In Section 2, we present work related
to chemical-based taste interactions and nonchemical taste interactions. In Section 3,
we describe the design process of the system. We then present the system description
of the Digital Lollipop and technical measurements of the device in Section 4. Section 5
provides supporting user experiments on an electronic tasting test. Sections 6 sum-
maries the findings and limitations of the current system. We present our conclusions
in Section 7.

2. PREVIOUS WORK

Several interactive systems can be found in the literature for simulating taste sensa-
tions, especially in the area of Human–Computer Interaction (HCI). However, these
solutions mostly use an array of edible chemicals to produce different taste sensations.
One example of a solution that uses chemicals to stimulate taste sensations is the
TasteScreen [Maynes-Aminzade 2005]. The TasteScreen system, which is attached to
the top of the user’s computer screen, holds 20 different chemical flavoring cartridges
that are mixed and sprayed toward the display. The user is capable of enjoying the
dispensed taste by licking the computer screen. However, this approach is question-
able in two aspects. The use of the computer screen as the delivery method is not ideal
as the liquid may damage the screen. Second, the authors did not consider the users’
behavior. Most users may find this process distasteful since it requires them to lick
their screens.
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Fig. 2. Correspondence between natural and artificial stimuli to actuate the sensation of taste in the human
tongue.

Moreover, using chemicals in an interactive system is unrealistic since a set of chemi-
cals is difficult to store and manipulate. Furthermore, the chemical stimulation of taste
is analogous in nature, making it impractical to use this approach for digital interac-
tions. Therefore, it is evident that a new nonchemical approach is required to achieve
digital control over taste. By examining the anatomy of taste, we have found two pos-
sible nonchemical stimulation techniques: tongue stimulation and brain stimulation.
In the initial phase, a direct tongue-stimulation technique was explored to simulate
the sensation of taste through electrical and thermal stimulation methods, as shown
in Figure 2. At present, we are interested only in simulating primary taste sensations
known as sweet, salty, sour, bitter, and umami through this method. However, we also
explained a possible future brain-stimulation method through a novel mechanism of
pulse magnetic flux nozzle (a magnetically induced deep-brain electrical stimulation
system) in Ranasinghe et al. [2011c] to simulate more complex flavors.

Currently, nonchemical taste stimulation methods are the least explored in inter-
active systems. A few experimental results have been presented in the literature on
electrical stimulation of the tongue and the different taste sensations that can result,
particularly in medicine and physiology, and especially in electrophysiology. In Plattig
and Innitzer [1976], a single human tongue papilla was electrically stimulated (84
trials) with a silver electrode using five subjects. They used both negative and positive
electrical pulses in the frequency range of 50Hz to 800Hz. The results provided some
exciting and effective responses for the sour taste (22.2%) and some small responses
for the bitter (3.8%) and salty (1.8%) sensations. However, this experiment was con-
ducted in a controlled laboratory environment in which they used only a single papilla
of the tongue. Additionally, the study did not consider the controllability aspects of the
stimuli or sensation.

In recent years, there have been several studies that have shed some light on virtual
taste systems related to HCI. For example, Narumi et al. [2010] describe a pseudo-
gustatory display based on the virtual color of a real drink. They used a wireless Light-
Emitting Diode (LED) module embedded in the bottom of a plastic cup to superimpose
the virtual color of the drink. The results of their experiments show that different
colors induce users to attribute different flavors to the same drink. The motivation
behind this research was to study the cross-sensory effects of visual feedback and the
interpretation of the flavor of real drinks.
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Nakamura and Miyashita [2011] demonstrated using electricity for augmented gus-
tation. They applied an electric current through isotonic drinks (which contains elec-
trolytes) and food, such as juicy vegetables and fruits, to change the taste perception
of those drinks or food items. In this study, they were mainly concerned about the level
of voltage and augmented sensations of food items.

From this review, it can be seen that there are several different approaches for the
nonchemical stimulation of taste. However, it is noteworthy that in recent systems
such as Narumi et al. [2010] and Nakamura and Miyashita [2011], they are still in-
corporating chemical substances to augment the taste sensations. Simulating different
taste sensations directly on the tongue (e.g., using a tongue wearable system) without
chemicals or organic substances is discussed only briefly in Volta [1800] and Plattig
and Innitzer [1976]. These studies are at an early experimental stage in the medical
domain. Therefore, before introducing the electrical stimulation method as a means of
actuating the sensation of taste, many aspects of this approach need to be carefully
studied. The most significant aspect is the controllability of generating taste sensations
through electrical stimulation. Thus, it is desirable to propose a digital control system
to simulate the sensation of taste through electrical stimulation, in order to introduce
the sense of taste as a new digital media element.

In our previous research [Ranasinghe et al. 2011a, 2011b, 2011c, 2012], we pre-
sented several exploratory experiments and reported our initial findings on electrical
and thermal stimulation methodologies to simulate the sensation of taste. Based on
those exploratory results, we designed the Digital Lollipop, which uses an electrical
stimulation methodology to digitally simulate taste sensations. In addition to our pre-
vious research findings, this article specifically evaluates regional differences on the
human tongue for electrical stimulation. We have also developed an inverse-current
mechanism to study the effects on taste sensation.

3. DESIGN CONCEPTUALIZATION

This section introduces the main design factors that we took into consideration (in
relation to both stimuli and device design) for the development of the Digital Lollipop.

3.1. Stimuli Design

It is necessary to design the parameters of stimuli before developing the control system.
Two main properties of electric currents were considered: magnitude of current and
frequency. The experimental range of frequency and magnitude of current was finalized
as follows based on Pleasonton [1970], Lawless et al. [2005], Stillman et al. [2003],
Loucks and Doty [2004], and Plattig and Innitzer [1976], and the initial experiments
conducted in Ranasinghe et al. [2011a, 2011b, 2011c],

—The frequency range selected was within 50Hz to 1200Hz, since lower frequencies
have a clear effect on human tissues. Furthermore, in the case of higher frequencies
(>1200Hz) the heat effect may reduce the effectiveness of electrical stimulation
(due to this heat effect, the Electrosurgery technique uses higher frequencies [Haag
and Cuschieri 1993]). On the other hand, very low frequencies (<50Hz) cause only
vibration effects on the tongue.

—The magnitude of current was controlled from 20μA to 200μA, which is well accepted
and considered safe based on Dalziel and Lee [1968].

—Square wave pulses were used for experiments with different levels of frequency and
magnitudes of current as discussed earlier. We used square wave pulses for several
reasons: (1) ease of implementation, (2) power efficiency, and (3) repetitive square
wave may give both DC and AC effects to the tissues [Ratner 2009]. However, the
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Fig. 3. Everyday objects people use to interact with the mouth. .

Fig. 4. The wire model of the final design of the tongue interface.

effects of other waveforms (such as sine, sawtooth, triangular) are equally important
and will be studied in future experiments.

Apart from these experimental design considerations, the material of the electrodes
(which are to be in contact with the user’s tongue) is equally important. For the pre-
sented prototype, silver (95%) electrodes were used since it has high electrical con-
ductivity. Two electrodes were used for the electrical stimulation: one as the anode
and the other as the cathode. We understood the ethical issues behind this research
and obtained the necessary approval from the University Institutional Review Board
(Approval No: NUS 1049).

3.2. Device Design

The current version of the Digital Lollipop consists of two main components: the control
system and the tongue interface. The control system configures the output stimuli of the
tongue interface. These two components were developed as two separate modules and
subsequently attached by a two-wire connection. As the electrical stimulation of the
tongue for generating different taste sensations is a particularly new technology, most
people are not familiar with it. Therefore, it was a challenge to propose a comfortable
preliminary design for the system (especially for the tongue interface). Furthermore,
the system should be simple and user-friendly. After considering several household
objects that people use to interact with their mouths—such as spoons, chopsticks,
cigarettes, and lollipops (as displayed in Figure 3)—we designed a modified form of a
lollipop as the tongue interface, shown in Figure 4.

Interacting with a lollipop is a familiar concept for most people in their everyday
lives. The hollow ball (electrode I) and the bottom plate (electrode II) are the two
electrodes that connect to the tongue, as shown in Figure 5. The wires are located
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Fig. 5. The implementation of the lollipop tongue interface.

Fig. 6. The system architecture of the Digital Lollipop.

inside the hollow handle and are connected to the controller at the end of its handle.
We had to change the original form of the lollipop to attach an additional electrode, as
seen in Figure 4, since it is necessary to connect two electrodes on the top and bottom
surfaces of the tongue. Furthermore, the handles of this model move independently,
enabling users to play with the tongue interface by rotating (or spinning) and licking
the spherical electrode, similar to a real lollipop. We used the form of a lollipop as the
curved shape makes it safe to use inside the mouth.

4. SYSTEM DESCRIPTION

Two separate modules of the Digital Lollipop (the tongue interface and the digital
control system) are illustrated in Figure 6. As per the design, the tongue interface
consists of two silver electrodes: one in the shape of a sphere and the other in the
form of a plate. The tongue is placed between these two silver electrodes: the sphere at
the top and the other electrode on the bottom of the tip of the tongue, as displayed in
Figure 7. Different electrical stimuli are then supplied through silver electrodes to the
tongue in order to simulate primary taste sensations.

The control system module consists of a digital-to-analog converter, which supplies a
variable voltage proportional to the input settings. This module controls the magnitude

ACM Trans. Multimedia Comput. Commun. Appl., Vol. 13, No. 1, Article 5, Publication date: October 2016.



5:8 N. Ranasinghe and E. Y.-L. Do

Fig. 7. A close-up of the tongue interface that connects with the participant’s tongue.

of the current, the frequency and polarity of the stimuli (i.e., direction of current) on
the tongue interface. The electronic control system provides square wave pulses to the
silver electrodes with a magnitude of current from 20μA to 200μA and a frequency of
50Hz to 1200Hz.

A PIC microcontroller (16F18241) with a 4MHz built-in clock is used to implement
the control system. This low-power microcontroller also has additional features that are
useful for our implementation, such as a built-in USART for digital communication, two
pulse-width modulation (PWM) peripherals, a 10b ADC, and a 5b rail-to-rail resistive
digital-to-analog control (DAC) with positive and negative reference selection.

DAC technology is used to control the magnitude of current in discrete steps in
order to stimulate the human tongue. To adjust the frequency of electric pulses, we
used a timer-interrupt–based PWM technique. Furthermore, to control the output pa-
rameters, a computer is connected to the control system through a USB connection.
Currently, for user experiments (to configure the output current and frequency), con-
trol commands are given using the RealTerm2 serial terminal program. Moreover, an
inverse-current mechanism is implemented using a relay for conducting experiments
involving both anodic (noninverted) and cathodic (inverted) stimulations.

The resistance of a human tongue varies due to the differences in the density of
papillae on the surface of the tongue [Lackovic and Stare 2007]. Therefore, to normal-
ize the results of experiments, a constant current source has to be implemented for
tongue stimulation. In addition, the control system is configured to output step-by-step
magnitudes of current from 20μA to 200μA with intervals of 20μA during experiments.
20μA steps were chosen as the majority of the participants were able to sense the dif-
ference between 20μA step sizes. However, the human tongue could differentiate even
smaller changes depending on the sensitivity of the individual’s tongue [Stillman et al.
2000].

The linear increment of DAC and output current values of the system are depicted in
Figure 8. We have observed a slight variation between the measured output current and
the expected output (average current error is approximately ±3μA). This variation is

1http://www.microchip.com/wwwproducts/en/PIC16F1824.
2http://realterm.sourceforge.net/.
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Fig. 8. The linear increment of output current based on DAC step values.

Fig. 9. The implementation of the Digital Lollipop. (A) Control system, (B) tongue interface (which has a
spherical electrode with 5mm diameter and flat electrode with 40mm * 15mm * 0.2mm), and (C) typical
configuration with a computer.

acceptable since the human perception is not sensitive enough to detect this particular
degree of difference in resolution.

Figure 9 displays the implementation of two main components of the Digital Lollipop:
the control system (A) and the tongue interface (B). The control system is connected
to the silver electrodes of the tongue interface using two strands of wire, as shown in
Figure 9 (C).

It was noted that when the tongue was connected to the tongue interface, the voltage
across the tongue changed. Figure 10 shows the voltage across the tongue when the
tongue was connected. The characteristics of the signal convey that the signal was
low-pass filtered, possibly due to the capacitive effect and the inductance of the human
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Fig. 10. The noninverted output voltage across the tongue when the tongue is connected.

tongue. However, more experiments should be conducted in the future to confirm this
phenomenon.

5. SUPPORTING USER EXPERIMENTS

Two user experiments were conducted to experimentally evaluate the Digital Lollipop.
The first experiment studied the responses from different regions of the tongue. The
second study was conducted to evaluate the effectiveness of the system and compare the
virtual sour taste with real or natural sour tastes. For the second experiment, the sour
taste was selected for additional focus since it received the largest number of responses
from the first study. For the second study, the tip of the tongue was selected due to
its increased sensitivity. The experimental setup of the Digital Lollipop is depicted in
Figure 11.

Before conducting formal user experiments, the developed prototype system was used
to conduct an informal pilot experiment with five subjects. Based on their feedback and
taste responses, the system was adjusted and the experimental protocol was modified.
The formal experiment was then conducted to determine (1) taste sensations from
different regions of the tongue and (2) the controllability of virtual sourness with regard
to natural sour taste sensations. In both experiments, participants were instructed to
rate the level of intensity of any taste sensation that they perceived. The level of
intensity was recorded at three levels: 1, mild; 2, medium; and 3, strong.

5.1. Participants

All participants were in good health. No issues regarding their sense of taste and smell
were reported. All were asked not to smoke, not to eat strongly spiced meals, and not
to consume alcoholic beverages prior to the experiment as this may have affected the
results. Participants were asked to describe their experience after each experiment,
and include any relevant additional information.
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Fig. 11. The experimental setup of the Digital Lollipop.

5.2. Apparatus

The experiments were conducted in a quiet and air-conditioned (24◦C) meeting room
inside the laboratory in order to eliminate possible interruptions from other sensory
inputs such as heat, sound (noise), and vision. A computer was configured as the
command control center for the Digital Lollipop. Before each session, both electrodes
were rinsed using tap water, sterilized using 70% isopropyl alcohol swabs, then rinsed
again using deionized water [Dobrin 1984].

We conducted a trial session with each subject before the experiment (with
the magnitude of 40μA). Furthermore, for the experiments explained in this ar-
ticle, we configured the frequency at a constant value. From the previous exper-
iments presented in Ranasinghe et al. [2011a, 2011b, 2011c], we found a mini-
mum contribution from the frequency of the stimuli to simulate different sensa-
tions. Lackovic and Stare [2007] also observed that the tongue impedance decreases
with an increase in frequency. The decrease in impedance might slightly increase
the magnitude of the current, thus affecting the susceptibility of taste perception.
Therefore, the frequency was configured at 1000Hz in order to achieve optimal
results.

5.3. Stimulating Different Regions on the Tongue

We conducted an experimental study using 31 participants (6 females, 25 males, ages
22–39y, M = 24y, SD = 3.17y) on three different regions of the human tongue to study
the perception of primary taste sensations when applying electrical stimulation. A rel-
atively narrow age group was chosen as an individual’s age may affect one’s perceptions
of taste sensations. As shown in Figure 12, we used three main regions on the anterior
portion of the human tongue to explore the ways in which electrical stimulation cre-
ates different types of sensations with varying intensities. These three regions were
selected from the anterior portion of the tongue, as this portion is easily accessible with
an external interface (similar to using eating utensils). Moreover, the tip of the tongue
is considered to be the most sensitive region for chemical taste stimulation [Brown and
McNeill 1966].
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Fig. 12. Different placements of the Digital Lollipop on the human tongue during the experiments.

5.3.1. Procedure. At the beginning, participants were informed of the experimental
procedure. First, we asked them to hold and touch the tongue interface on the tip of the
tongue. Then, the stimulus was gradually increased from 20μA to 200μA in steps of
20μA intervals. They were instructed to disconnect the tongue interface immediately
if the stimulation was too strong or uncomfortable. Participants were instructed to rest
5min and rinse their mouth with deionized water between each stimuli to prevent bias
and counterbalancing. After each stimulation, we asked the participants to report the
taste sensation and the level of intensity, if they perceived any.

We then continued the experiments on other regions (approximately 15mm to the
left of the tip and approximately 15mm to the right of the tip, as depicted in Figure 12)
of their tongues. We closely monitored the correct placement of the lollipop interface on
the tongue and advised the participants to rearrange it if they had placed it incorrectly.

Once each step was completed (tip, left, and right), the participants were interviewed
in order to gain feedback regarding their perceived sensations and the usability of the
interface (as described in Section 6). Since this was an early experimental evaluation,
we allowed the participants to freely explore the tongue interface while providing
feedback. As this technology introduced a new and unfamiliar interaction, we believed
that more insightful feedback would be gained by allowing the users to become familiar
with the interface in this manner. During these informal interviews, users were also
asked to provide feedback regarding the wearability of the interface, the nature of the
sensations experienced while using it, and any potential refinements to improve the
overall device.

5.3.2. Results and Discussion. The results obtained from initial studies are encouraging
and suggest that varying intensities of distinct taste sensations are associated with
specific regions of the human tongue when applying electrical stimulation. Approx-
imately 90% of the participants tasted the sourness, which was the most dominant
among other sensations, such as saltiness (approximately 70%), bitterness (approxi-
mately 50%), and sweetness (approximately 5%). More interestingly, there is evidence
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Fig. 13. Reported taste sensations and their intensity levels observed from the tip of the tongue when
current is noninverted.

of the sweet sensation being perceived from the anode electrode when the current was
inverted. This finding will be examined in greater depth in future studies. As these
results are from initial studies, we did not conduct thorough statistical evaluations
to compare perceived taste sensations as well as regions of excitation on the tongue.
This is mainly because we collected only verbal feedback from the participants in these
initial studies without proper comparison with real sensations.

Figure 13 depicts the taste sensations and mean intensity levels obtained from the
tip of the tongue when the current was noninverted. One of the compelling phe-
nomena that we observed from the results was the increasing intensity of the sour
taste when the current was increased. In addition, several participants mentioned
that higher current levels may cause a tingling, or “pineapple”-like, sensation on the
tongue.

Similarly, in Figure 14, recorded taste sensations and intensity levels are displayed
after inverting the current. It is worth noting that the perceived intensity of sweet
sensation increased when the current was inverted. We received several comments
about this fact, and many participants noted a subtle change when the current was
inverted on the tip of the tongue. We noticed that some people perceive this phe-
nomenon as a change of taste, which was interesting. Approximately 5% identified it
as a sweet taste, while 2% identified it as a bitter taste. A few mentioned that, when
the polarity was changed, they could feel an atypical experience, which they described
as similar to experiencing two taste sensations from the top and bottom electrodes.
It was a new observation that we obtained from the inverted current experiment. A
slight deviation in the increment between 100μA to 160μA can be seen, and it ap-
pears that the more intense sweet sensation may weaken the perception of a sour
taste.

The results of these initial experiments appear to show that the side regions of
the tongue identify a smaller number of sensations when compared to the tip of the
tongue. This is reasonable, as it agrees with the existing literature on chemical stimula-
tion [Brown and McNeill 1966]. Also, we have observed that, for noninverted electrical
stimulation, the left side reports slightly reduced average intensity levels than the right
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Fig. 14. Reported taste sensations and their intensity levels observed from the tip of the tongue when
current is inverted.

Fig. 15. Reported taste sensations and their intensity levels observed from the left side of the tongue when
current is noninverted.

side of the tongue, as shown in Figures 15 and 16. Although there are several pieces
of evidence that suggest taste sensations such as sweetness, saltiness, and bitterness,
the only sensation consistently reported from the left side of the tongue is sourness (as
in Figure 15). However, it can be seen that, compared to the results reported for the tip
of the tongue, the level of intensity is slightly decreased (from 20μA to 80μA) for the
sour taste. As Figure 16 suggests, there was an increase in the average intensity for
the bitter and sour tastes from the right side of the tongue. Results reported for salty
and sweet sensations are inadequate and negligible to the findings.

As highlighted in Figures 17 and 18, the left- and right-side stimulations with in-
verted current have resulted in only sour and salty sensations. Additionally, a few
participants highlighted that the inverted current caused slight numbness on the
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Fig. 16. Reported taste sensations and their intensity levels observed from the right side of the tongue when
current is noninverted.

Fig. 17. Reported taste sensations and their intensity levels observed from the left side of the tongue when
current is inverted.

bottom surface of the tongue. There were no taste sensations reported from the top
surface of the tongue. Almost all of the participants mentioned that, when the elec-
trode was rubbed on the tongue surface, they could perceive the sensations more clearly.
This finding also requires further examination in future experiments.

5.4. Comparison with Real Taste Sensations

Twenty participants were invited to participate in this experiment (ages 21–28y, M =
23.5y, SD = 3.22y). They were selected from the participants of the first experiment,
who responded well for the artificial sour taste. Three lime solutions with mild, medium,
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Fig. 18. Reported taste sensations and their intensity levels observed from the right side of the tongue when
current is inverted.

Fig. 19. Preparing three intensities of lime juice: mild, medium, and strong.

and strong intensities were prepared for the comparison between digitally stimulated
taste and natural sour taste. Figure 19 shows different equipment used to prepare
the three lime solutions. First, three teaspoons of lime juice (5ml × 3) were squeezed
into each cup and mixed with deionized water, 30ml (mild), 16ml (medium), and 5ml
(strong), respectively. Then, five users were recruited to evaluate the intensities of
the three sour solutions blindly. Based on their feedback, we modified the strong and
medium solutions accordingly. The respective final pH values of mild, medium, and
strong lime solutions were approximately 2.516, 2.38, and 2.245. The pH values were
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Fig. 20. Mean values of thresholds for three intensities of sour taste (mild, 20μA–38.33μA; medium,
38.33μA–88.75μA; and strong, 88.75μA–140μA).

measured using a Thermo Scientific Orion 4-Star Plus pH/Conductivity Meter3 and a
Thermo Scientific Orion pH Electrode.

5.4.1. Procedure. Before the experiment with the Digital Lollipop, a blind sour taste
test was conducted for each participant. They were asked to taste three solutions of
lime (2ml per trial), and identify whether the solution had a mild, medium, or strong
sour taste. As the smell of the lime solutions might affect the intensity of the sensations,
we minimized the exposure of the participants by presenting smaller servings (2ml) of
lime solutions on separate spoons.

Participants rinsed their mouth with deionized water and relaxed for 2min between
each trial in order to enable a clearer distinction between each level of sour taste. Then,
they were asked to hold the lollipop and use the anterior tip of their tongue to touch
the silver ball, since it is the most sensitive segment of the human tongue.

During the experiment, the magnitude of the current running through the tongue
was increased from 20μA to 200μA in approximately 20μA intervals. The experiment
was conducted in three steps for three levels of intensity: mild, medium, and strong.
At the beginning of each step, participants were given the natural sour taste. After a
2min interval, the Digital Lollipop was used to simulate a sour taste. The participants
were asked to interrupt and inform the researcher once they perceived a similar level
of intensity generated by the Digital Lollipop to the natural sour taste that they had
perceived. Participants were informed to rest and rinse their mouth if they felt tired or
uncomfortable. After all three experimental rounds, they were asked to describe their
experiences during the experiments.

5.4.2. Results. We were able to identify the corresponding three intensities (mild,
medium, and strong) of digital sour taste similar to the natural sour sensation (lime),
as illustrated in Figure 20. This shows the controllability of artificial sour taste through
the Digital Lollipop.

3https://static.thermoscientific.com/images/D15562∼.pdf.
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Fig. 21. All sour taste sensations that occurred during the user experiments.

Fig. 22. Mean scores with standard error for three study pairs (p < .01).

From the experiment, we found that most of the participants experienced mild sour
sensations at around 40μA, medium sensations at around 90μA, and strong sensations
at around 140μA. A few participants mentioned that, although they experienced a
sour taste, the sensation was less similar to the natural (lime) taste. Figure 21 shows
the complete set of digital sour taste occurrences, which are plotted against different
intensity levels: mild, medium, and strong. In general, during the comparison study,
we observed that the participants could compare the (artificial and natural) sensations
and responded quickly when the natural taste was presented.

We also conducted several statistical measurements of the comparison data from this
study. The paired sample t-test, as shown in Figure 22, confirms that mild-medium
[t(19) = 9.45, p < .01, SD = 20.22, SE = 4.52], medium-strong [t(19) = 9.2, p < .01,
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SD = 23.81, SE = 5.32], and mild-strong [t(19) = 13.057, p < .01, SD = 31.42, SE =
7.02] groups are significantly different.

6. DISCUSSION

Many participants remarked that it felt uncomfortable when the current was approx-
imately 180μA and above. Two participants indicated that they could feel vibrations
on the tongue at approximately 200μA. One of the most noteworthy comments that we
received was that several participants felt that a lower magnitude of current resulted
in more realistic sour taste sensations.

The design of the stimuli was one of the critical factors for the efficient results of this
technology. During the conducted experiments, there were no uncomfortable situations
reported due to the stimuli. Nevertheless, several participants reported experiencing
an aftertaste once the experiments were completed. Two female participants mentioned
a slight numbness on their tongue after the experiments. We suspect that this may be
due to the level of sensitivity of their tongues.

One of the challenges that we faced during the experiments was correctly aligning
the tongue interface of the Digital Lollipop on the participant’s tongue. We had to
monitor and adjust the placement of the electrodes on the tongue during experiments
since we used a smaller electrode (5mm diameter) for better handling and to avoid
touching other parts of the mouth. Furthermore, we instructed participants to open
their mouth and place the tongue slightly out of the mouth to enable close monitoring.
Due to this, salivating was one of the problems that we faced during the experiments
using the Digital Lollipop.

Moreover, on several occasions, taste qualities elicited were found to be subjective.
Gustation or the perception of taste sensations is a complex physiological process;
thus, subjectiveness of taste perception is well known even for chemical-based taste
sensations. This happens mainly due to the fact that a certain chemical stimulus may
be associated with multiple taste qualities based on previous experiences as well as
the genetic differences in human beings [Bartoshuk 2000]. Electrical stimulation could
also yield similar experiences, thus resulting in different taste qualities reported for
the same stimuli, as shown in the results. However, one way to overcome this problem
is to calibrate the device according to users’ perceptions.

The sensation of taste is perceived through multiple senses. Texture and memory
also play a leading role when recognizing taste sensations. However, in our system,
presenting taste sensations with the same texture and no previous experience may
affect the users’ ability to recognize certain taste sensations. Although we did not
conduct focused experiments to study this, a training procedure may help to improve
the results obtained through user experimentation.

In addition, several participants stated that some sensations were difficult to un-
derstand and communicate precisely when we conducted interviews with them. This
may be due to a lack of experience with these sensations and not having a sufficient
vocabulary to describe different taste sensations. For example, when asked about the
umami sensation, almost every participant commented that they did not know how
to explain umami. Moreover, participants also mentioned that some of the sensations
were mixed, such as salty-sour and salty-bitter.

On the other hand, several participants commented on the look and feel of the current
lollipop interface. For example, one such suggestion was “to make it portable and have
only one spherical contact point, similar to a real lollipop.” Based on this feedback, we
are designing the next version of the interface, as illustrated in Figure 23. The next
version will incorporate an embedded electronics platform to increase portability and
both electrodes will be mounted closer to one another. Moreover, new features will be
introduced, including “shake and change” to change the output stimuli, thus changing
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Fig. 23. The next version of the integrated flavor-changing Digital Lollipop.

the virtual taste sensations, and “smell emission” to simulate not only the basic taste
sensation but also more flavors.

7. CONCLUSION

In this article, we describe the development of the Digital Lollipop. It was developed
with two main modules: the control system and tongue interface. Most important,
a complete set of technical measurements of the Digital Lollipop are presented and
evaluated. Then, we explain two user experiments conducted using the Digital Lollipop.
The first experiment was focused on electrical stimulation on different regions of the
human tongue. According to the results, sour, salty, bitter, and sweet sensations were
actuated from this experiment. Among these reported sensations, the sour taste was
consistently experienced by almost all the participants.

Therefore, a second experiment was conducted to experimentally evaluate and com-
pare digital and natural sour sensations. It is clear that the magnitude of the digital
sour sensation is approximately proportional to the magnitude of the current sup-
plied through the tongue interface. Furthermore, based on the user responses, we
have categorized the sour sensation into three different categories: mild, medium,
and strong. The results have proven that the Digital Lollipop is capable of digi-
tally simulating the sour sensation on the human tongue at three intensity levels
(mild, medium, and strong). However, there was a small quantity of feedback de-
scribing a slight variation between the artificial sour sensation and the natural sour
sensation.

In the future, we believe that this technology has a wide range of applications since
the stimulation of the sense of taste is relatively new to the digital domain. The po-
tential applications vary in several domains, including entertainment, communication,
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as well as medicine. We believe that there are possibilities in the near future to in-
corporate this technology in gaming, virtual reality, and remote communication. For
example, through this technology, people may share a sweet message with a remote
friend using mobile devices. Additionally, we are excited to highlight the possibilities
of adding the sense of taste into the remote communication paradigm. What if people
could share different tastes of their meals remotely through the Internet using the
future technologies developed based on the Digital Lollipop?

REFERENCES

L. M. Bartoshuk. 2000. Comparing sensory experiences across individuals: Recent psychophysical advances
illuminate genetic variation in taste perception. Chemical Senses 25, 4, 447–460.

R. Blaycock. 1996. Excitotoxins–The taste that kills. Obtenido el 14, 8.
R. Brown and D. McNeill. 1966. The “tip of the tongue” phenomenon. Journal of Verbal Learning and Verbal

Behavior 5, 4, 325–337.
C. F. Dalziel and W. R. Lee. 1968. Reevaluation of lethal electric currents. IEEE Transactions on Industry

and General Applications, IGA-4, 5, 467–476.
D. Derbyshire. March 2009. Revealed: The headset that will mimic all five senses and make the vir-

tual world as convincing as real life. Retrieved September 23, 2016 from http://www.dailymail.co.uk/
sciencetech/article-1159206/The-headset-mimic-senses-make-virtual-world-convincing-real-life.html.

R. J. Dobrin. 1984. Liquid cleaner-disinfectant composition for use in wiping down dental operatories. (Aug.
7 1984). US Patent 4,464,293.

A. Drewnowski. 1997. Taste preferences and food intake. Annual Review of Nutrition 17, 1, 237–253.
S. Firestein. 2001. How the olfactory system makes sense of scents. Nature 413, 6852, 211–218.
R. Haag and A. Cuschieri. 1993. Recent advances in high-frequency electrosurgery: Development of auto-

mated systems. Journal of the Royal College of Surgeons of Edinburgh 38, 6, 354–364.
V. Hayward, O. R. Astley, M. Cruz-Hernandez, D. Grant, and G. Robles-De-La-Torre. 2004. Haptic interfaces

and devices. Sensor Review 24, 1, 16–29.
I. Lackovic and Z. Stare. 2007. Low-frequency dielectric properties of the oral mucosa. In 13th International

Conference on Electrical Bioimpedance and the 8th Conference on Electrical Impedance Tomography.
Springer, Berlin, 154–157.

H. T. Lawless, D. A. Stevens, K. W. Chapman, and A. Kurtz. 2005. Metallic taste from electrical and chemical
stimulation. Chemical Senses 30, 3, 185.

C. A. Loucks and R. L. Doty. 2004. Effects of stimulation duration on electrogustometric thresholds. Physi-
ology & Behavior 81, 1, 1–4.

Dan Maynes-Aminzade. 2005. Edible bits: Seamless interfaces between people, data and food. In Conference
on Human Factors in Computing Systems (CHI’05)—Extended Abstracts. Citeseer, ACM, 2207–2210.

H. Nakamura and H. Miyashita. 2011. Augmented gustation using electricity. In Proceedings of the 2nd
Augmented Human International Conference. ACM, 34.

T. Narumi, M. Sato, T. Tanikawa, and M. Hirose. 2010. Evaluating cross-sensory perception of superimposing
virtual color onto real drink: Toward realization of pseudo-gustatory displays. In Proceedings of the 1st
Augmented Human International Conference. ACM, 18.

K. H. Plattig and J. Innitzer. 1976. Taste qualities elicited by electric stimulation of single human tongue
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