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ABSTRACT Numerous studies have been conducted on display techniques for intranasal chemosensory
perception. However, a limited number of studies have focused on the presentation of sensory spatial
information. To artificially produce intranasal chemosensory spatial perception, we focused on a technique
to induce intranasal chemosensation by transcutaneous electrical stimulation between the nasal bridge and
the back of the neck. Whether this technique stimulates the trigeminal nerve or the olfactory nerve remains
debatable; if this method stimulates the trigeminal nerve, the differences in the amount of stimulation to
the left and right trigeminal branches would evoke lateralization of intranasal chemosensory perception.
Therefore, we propose a novel method to lateralize intranasal chemosensation by selectively stimulating the
left or right trigeminal nerve branches through the shifting of an electrode on the nasal bridge to the left
or right. Finite element simulations reveal that electrical stimulation applied between the electrodes on the
left/right nasal bridge and the back of the neck results in the construction of a high current density area
on the left/right branch of the trigeminal nerve. The results of two psychophysical experiments reveal that
intranasal chemosensation can be lateralized by using the proposed method. The results of our experiment
also suggest that lateralization is not the result of electrically induced tactile sensation of the skin surface but
rather due to the distribution of stimuli to the trigeminal nerves. To the best of our knowledge, this study is
the first successful lateralization of intranasal chemosensation that utilizes an easy-to-apply method without
involving nostril blocking.

INDEX TERMS Chemesthesis, chemosensation, transcutaneous electrical olfactory stimulation, odor
lateralization, olfactory display, pungent odor.

I. INTRODUCTION
Technologies that render intranasal chemosensation, includ-
ing olfaction and trigeminal sensation, have attracted con-
siderable research attention because of their potential for

The associate editor coordinating the review of this manuscript and
approving it for publication was Sandra Baldassarri.

enhancing the sense of immersion in virtual reality (VR).
For example, Archer et al. reported that adding smell to
VR games considerably improved the sense of immersion
and the psychological and physiological quality of the VR
experience [1]. Various methods, including devices that
deliver chemical substances to the nose through micro
dispensers and solenoid valves [2] and methods that induce
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intranasal chemosensation through electrical stimulation
[3], [4], have been proposed to provide chemosensations.

However, most intranasal chemosensory studies have
focused on inducing sensation, but limited studies have
focused on the spatial rendering of intranasal chemosensa-
tion. Intranasal chemosensory displays that can accurately
represent the spatial information of chemosensations could
be used for the precise representation of intranasal chemosen-
sation in VR, which can result in immersive and realistic
experiences. These intranasal chemosensory displays also
allow applications such as guidance using smells.

Regarding the spatial perception of intranasal chemosen-
sation, the stimulus distribution to the trigeminal nerve
branches in the nasal cavity is thought to be essential [5],
[6], [7], [8], [9]. Olfactory and trigeminal nerve bundles
exist in the nasal cavity, and intranasal chemosensation
results from the interaction of these inputs [10]. Olfac-
tory nerves detect odorants and induce olfaction, whereas
trigeminal nerves detect pungent gases, such as ammonia
and carbon dioxide (CO2), and evoke stinging sensations.
Olfactory and trigeminal inputs are combined and perceived
as intranasal chemosensation, whereas the trigeminal input
alone is responsible for the spatial perception of sensory
information. The spatial perception of intranasal chemosen-
sation, particularly lateralization, has been investigated in
numerous experiments by using pure olfactory stimuli,
olfactory-trigeminal stimuli, and pure trigeminal stimuli.
The results of these experiments have revealed that the
trigeminal input is necessary for lateralizing sensations [5],
[6], [7], [8], [9]. For example, Kleemann et al. reported
that participants could lateralize the trigeminal stimulants
isoamyl acetate and CO2 with high probability, whereas
they could not lateralize hydrogen sulfide, which is a pure
odorant that does not stimulate the trigeminal nerve [7].
Another study has reported that the ability of lateralization
in olfaction can be improved through training [11]. However,
olfactory fMRI scanning of individuals with high lateral-
izing ability reveals a significantly enhanced activation of
cerebral trigeminal processing area. This suggests that the
lateralization of olfaction is determined by the degree to
which olfactory input activates the trigeminal area; moreover,
this activation level depends on the type and intensity of
the olfactory input, as well as individual differences, and
can potentially be improved through training [9]. Therefore,
trigeminal activation evidently plays an important role in the
lateralization of intranasal chemosensation. Several studies
have indicated that humans can detect the direction of
intranasal chemosensation without a trigeminal input at
the subconscious level. Wu et al. reported that even with
nontrigeminal odor stimuli, the self-motion direction of the
participants is biased toward the high concentration side [12].
However, they confirmed that the participants could not
verbalize whether they perceive the odor in the left or right
nostril without trigeminal input. Thus, the trigeminal input
is necessary to clearly distinguish the left and right sides

of chemoperception, at least on verbally recognizable levels.
On the basis of these studies, the distribution of input stimuli
to the left and right trigeminal nerves lateralizes intranasal
chemosensation.

Several methods of trigeminal nerve stimulation, such
as chemical stimulation using CO2, electrical stimulation,
and mechanical stimulation using an air puff, have been
proposed [13]. Among these methods, electrical stimulation
is the most compact and inexpensive; moreover, the timing
and intensity of stimulation can be easily controlled through
computers.

Various studies have used electrical stimulation to activate
the olfactory and trigeminal systems. Maharjan et al.
reported that high-frequency (80 Hz) stimulation of the
auricular branch of the vagus nerve can enhance olfactory
performance, while Badran et al. demonstrated that elec-
trical stimulation of the trigeminal nerve through forehead
electrodes can improve olfactory performance [14], [15].
Cakmak et al. used simulations to suggest that electrodes
placed on the nasal bridge and the back of the neck
can activate the olfactory region, but experiments with
human subjects have not been conducted to support their
study [16].
Aoyama et al. discovered that applying direct current

between electrodes across the nasal bridge and on the back
of the neck can induce intranasal irritating chemosensation,
which they named galvanic olfactory stimulation (GOS) [17].
Although whether GOS stimulates the olfactory nerve or
the trigeminal nerve remains debatable, the features of the
sensation reported by the participants indicated that it likely
stimulates the trigeminal nerve. If GOS acts on the trigeminal
nerve, left–right differences in stimulus intensity evoke the
lateralization of intranasal chemosensation.

The current density distribution on the nerves produced by
electrical stimulation can be changed by the position of the
electrodes. Therefore, various electrode positions generate
a biased current density on the left and right trigeminal
nerves. According to previous studies, we hypothesized that
the generation of biased current densities on both sides
of trigeminal nerves enables the lateralization of intranasal
chemosensory perception. This study revealed that by shifting
the electrode position on the nasal bridge of the GOS, which
was proposed in the previous study [17], to the left or right,
the trigeminal nerve on the left or right side was selectively
stimulated, which allowed control of the position where
intranasal chemosensation arises.

To the best of our knowledge, this study is the first
that lateralizes intranasal chemosensation through electrical
stimulation from outside the nasal cavity. This study enables
the spatial rendering of intranasal chemosensation, which is
yet to be investigated comprehensively. The results of the
study could be used in VR and human–computer interaction
(HCI) for immersive and higher-quality physiological and
psychological experiences and applications such as guidance
through chemosensory directions.
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A. RELATED WORK
Numerous studies have been conducted on intranasal
chemosensory displays through electrical stimulation. How-
ever, many methods require surgical operations to attach
the device or are uncomfortable to wear and are not
suitable for practical use such as VR or HCI. For example,
Kumar et al. reported that stimulation to the olfactory bulb
and olfactory tract with subdural electrodes in epileptic
patients resulted in most patients being able to smell [18].
Holbrook et al. placed electrodes in the ethmoid sinus
and applied a stimulating current to participants who had
undergone sinus surgery, including total ethmoidectomy, and
found such measures induced unpleasant odors [4]. These
invasive techniques require surgery and cannot be easily
used by everyone. Considering applications such as VR
with the spatial representation of intranasal chemosensation
and navigation through chemosensations such as smells, the
method that does not require surgery and is comfortable for
users to wear is ideal.

As a minimally invasive technique that does not require
surgery, Hariri et al. proposed a novel method of electrical
stimulation to the olfactory region by inserting electrodes
deep into the nasal cavity [3]. Although this method is
minimally invasive, comfort may be compromised due
to the deep insertion of the electrodes into the nostrils.
Additionally, simultaneous chemical olfactory stimulation
could be impossible as the electrodes obstruct the nostrils.

Brooks et al. specifically targeted the trigeminal input to
intranasal chemosensation. They placed electrodes across the
nasal septum and reported that the absolute electric charge
of the stimulation modulates the intensity of the induced
intranasal chemosensation, whereas the phase order and
net charge determine the direction of the sensation [19].
Additionally, they introduced the concept of simultaneous
electrical trigeminal stimulation with chemical olfactory bulb
stimulation. On the other hand, Aoyama et al. proposed a
method that induces intranasal chemosensation without any
obstruction of the nostrils, offering a notably non-invasive
alternative.

The electrical stimulation from the outside of the nasal
cavity by placing electrodes on the nasal bridge and on the
back of the neck as proposed by Aoyama et al. successfully
induced intranasal chemosensation less invasively and with-
out any obstruction in the nostrils [17]. This study followed
Aoyama et al. in placing electrodes on the nasal bridge and
on the back of the neck and shifted the electrode on the nasal
bridge from the center to the left or right to stimulate the left
or right trigeminal nerve selectively.

Nakamura et al. demonstrated that selective stimulation of
nerves is possible depending on the position of electrodes [20]
and developed a multi-electrode galvanic taste stimulation
(GTS) configuration with electrodes outside the mouth. The
results of their study revealed that the electrical potential
distribution within the buccal cavity could be manipulated,
which could be used to control where taste sensation is

induced. According to this study, the electrical current density
distribution in the nasal cavity can theoretically be controlled
by using multiple electrodes on the nasal bridge and thus can
modulate the location of chemosensation.

The novelty of this study is that it succeeds in manipulating
the location of intranasal chemosensation with a mini-
mally invasive and easy-to-wear method. Psychophysical
experiments confirmed that chemosensory lateralization is
not a perceptual illusion caused by the tactile sensation
of electrical stimulation to the skin. Furthermore, our
experimental results, in which the lateralization of intranasal
chemosensation was observed, provide scientific novelty
in which the sensations induced by electrical stimulation
between electrodes on the nasal bridge and the back of the
neck can be attributed to the trigeminal nerve input.

B. STIMULATION AND STUDY DESIGN
This study developed a simple and easy-to-wear method to
control the location of intranasal chemosensory perceptions.
To induce intranasal chemosensation, the method proposed
by Aoyama et al. [17] was used. In this method, electrodes
are placed on the nasal bridge and the back of the neck,
and an electric current was applied between these electrodes.
In our study, we call this method transcutaneous electrical
nasal bridge stimulation (TENS).

To control the location of the intranasal chemosensation
evoked by the TENS, two types of TENS were examined
in this study: the left TENS and the right TENS. In the
left TENS, the electrode of the nasal bridge was shifted
to the left side compared with the center TENS, in which
the electrode was located in the center of the nasal bridge.
Similarly, in the right TENS, the electrode on the nasal bridge
was attached to the right side. Based on previous studies,
the hypothesis was that the left TENS stimulates the left
trigeminal branch strongly and vice versa, thus lateralizing
the intranasal chemosensation whose spatial perception is
mediated by the distribution of trigeminal stimulations.

To test this hypothesis, a simulation for these stimulation
designs was conducted, followed by two psychophysical
experiments.

II. SIMULATION FOR THE ELECTRODE CONFIGURATION
In this study, electrodes were placed on the nasal bridge and
the back of the neck to stimulate the peripheral trigeminal
nerve. To investigate the relationship between the position
of the electrodes on the nasal bridge and the location of
induced intranasal chemosensation, three TENS stimulation
configurations were designed: the left TENS, the center
TENS, and the right TENS. Electrodes were placed on the
center of the nasal bridge in the center TENS as displayed in
Fig. 1(a) and on the left side in the left TENS and vice versa
in the right TENS as displayed in Fig. 1(b).

In addition to TENS, sham stimuli were designed for
psychophysical experiments. In the sham stimulus, electrodes
were placed on the left or right side of the nasal bridge and
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FIGURE 1. Positions of the electrodes. (a) Center TENS, (b) one-sided
TENS, left TENS in this figure, and (c) one-sided sham, the left sham in
this figure. In the right TENS and the right sham, the current is applied
between the right nasal bridge and the back of the neck and between the
right nasal bridge and the right cheek, which is contralateral to the
electrode positions in (b) and (c).

the upper part of the cheek as displayed in Fig. 1(c), and
an electric current was applied between them. The current
between the nasal bridge and the cheek provides tactile
sensation from electrical stimulation to the nasal surface, but
the strength of the stimulation to the trigeminal nerve should
be less than TENS stimulation. Therefore, sham stimulation
is applied to the contralateral side while stimulating the left
or right TENS to verify that the lateralization of intranasal
chemosensory perception is not a perceptual illusion caused
by the tactile sensation of electrical stimulation.

This study designed left/right TENS, but it is uncertain
whether these TENSs cause a bias in the amount of

stimulation to the left and right trigeminal branches. It is
also unclear whether the sham stimulation results in less
trigeminal input compared with the two TENSs. Therefore,
to confirm the effects of the TENSs and sham stimulation,
simulations were conducted to visualize the current density
distribution using the finite element analysis.

A. NUMERICAL ANATOMICAL MODEL
As the volumetric conductor model of the human body,
a 3D solid male model (Zygote Media Group Inc.) was
used. The model is based on data obtained from magnetic
resonance imaging (MRI) and computed tomography (CT)
as well as anatomical knowledge. The model is widely used
in anatomical educational contexts. The model consists of
over 1,200 files (.iges or .igs format) of the entire body. After
importing this model into Scan IP (Simpleware, SYNOPSYS
Inc.), the data were grouped into 12 structures, namely brain
and spinal cord, nerves, membranes, ligaments, cartilage,
vessels, eyes, inner nose, organs, skeleton, muscles, and skin.
After grouping, the bottom part below the neck was removed
from the entire body model. This model had some unnatural
gaps because it did not contain internal tissues, cerebrospinal
fluid (CSF), or blood. Therefore, the gaps were filled using
the Boolean operation function of Scan IP, and the filled areas
between the brain and the membranes were defined as CSF,
inner vessels as blood, and all other areas as inner tissue.
Electrodes were attached to the left side, center, and right
side of the nasal bridge, the back of the neck, and the left
and right cheeks. A 20mm x 20mm x 15mm rectangular
electrode model was used to simulate the actual electrode
area used in the later psychophysical experiments. Owning to
the difficulty of modeling an electrode that precisely fits the
curvature of the skin, a thickness of 15mm was set to ensure
that the electrode-to-skin contact area approximated that used
in subsequent psychophysical experiments. A total of 16 parts
were defined in the model, as displayed in Fig. 2(a).

B. SIMULATION OF THE CURRENT DENSITY
DISTRIBUTION ON THE HEAD
The model edited in Scan IP was exported as a volumetric
mesh file in NASTRAN format (total of 4,067,250 elements),
and the file was imported into COMSOL Multiphysics
6.0 (COMSOL Inc.), as displayed in Fig. 2(b). Because
COMSOL Multiphysics requires the conductivity of each
part to be defined, conductivities were assigned as presented
in Table 1. These conductivities were defined based on the
database of IT’IS Foundation [21] and a previous study that
simulated transcranial direct current stimulation [22].

The Laplace equation ∇ · (σ∇V ) = 0 (V is electrical
potential, σ is conductivity) was solved by applying the
following boundary conditions:

1) Inward current = Jn (normal current density) is applied
to the exposed surface of the anode.

2) Ground (cathode) is applied to the exposed surface of
the cathode.
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FIGURE 2. Head model and positions of electrodes. (a) Volumetric parts and (b) finite element model and coordinate
system.

TABLE 1. Electrical conductivity of tissues and body fluids.

3) All other external surfaces are treated as insulators.
4) The inward current density for each electrode is defined

as appropriate to provide a current value of 2.0mA,
considering the surface size of each electrode.

TABLE 2. Maximum current density points and corresponding current
densities for each condition.

Simulations were conducted for a total of four conditions,
namely left TENS, right TENS, left sham, and right sham.

C. SIMULATION RESULTS
Fig. 3 displays the current density distribution on the
volumetric model of nerves. Red indicates that the current
density is high, and the color is the darkest at 0.4A/m2 or
higher. Blue indicates a low current density, and the deepest
blue represents 0A/m2. Table 2 details the coordinates of the
point of maximum current density and its current density, and
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FIGURE 3. Simulation results of the current density distribution on the volumetric model of nerves for
(a) left TENS, (b) right TENS, (c) left sham, and (d) right sham condition. Red indicates 0.4 A/m2 or higher
and dark blue indicates 0 A/m2. Red framed windows reveal the zoom of the maxillary nerve, which is a
branch of the trigeminal nerve.

FIGURE 4. Points having the maximum current density on the nerves for
each condition.

Fig. 4 depicts the position of the maximum current density
point on the nerves.

Figs. 3(a) and (b) reveal that the left TENS has a high
current density in the left maxillary nerve, which is a

TABLE 3. Maximum current density on the ophthalmic nerve for each
condition.

trigeminal nerve branch, and the right TENS has a high
current density in the right maxillary nerve. Thus, the left and
right trigeminal nerves could be selectively stimulated by left
and right TENS configurations.

As displayed in Figs. 3(c) and (d), the trigeminal nerve
has a slightly higher current density in the sham stimulation,
but to a lesser extent than that in the TENS. Table 2 and
Fig. 4 reveal that although the maximum current density
points are positioned nearly the same in the TENS and
the sham stimulation, the maximum current density in the
sham stimulation is 3.2709A/m2 for the left sham and
3.3221A/m2 for the right sham, which is considerably
smaller than those of TENSs. Therefore, stimulation to the
trigeminal nerve is weaker with sham stimulation than with
the TENS.

Since these stimuli are expected to stimulate not only
the maxillary nerve but also the ophthalmic nerve, which
is closely located to the maxillary nerve, the maximum
current density was also calculated for the ophthalmic nerve
(Table 3).
Based on the simulation results, the left TENS stimulates

the left trigeminal branch, whereas the right TENS stimulates
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the right trigeminal branch. Thus, the left TENSwould induce
intranasal chemosensation on the left side of the nasal cavity
and vice versa. Furthermore, the stimulus level of the sham
stimulation to the trigeminal nerve is weaker than that of
the TENS. Thus, the sham stimulation could induce some
intranasal chemosensory perception, which is considerably
weaker than that of TENSs.

The level of stimulation to the ophthalmic nerve by
the TENS and the sham stimulation was weak compared
to that to the maxillary nerve. Therefore, although these
stimulations could trigger phosphenes, the extent of the
induced phosphenes is limited. In addition, to eliminate the
influence of phosphenes on the lateralization of intranasal
chemosensory perception, an experimental design in which
the sham stimulation is provided simultaneously on the
side contralateral to the TENS can virtually eliminate
the influence of left–right differences in ophthalmic nerve
stimulation since the maximum current densities for the left
and right ophthalmic nerves are approximately the same in
the left TENS + right sham and right TENS + left sham
conditions.

The first psychophysical experiment was conducted to
investigate whether the position of the electrode on the
nasal bridge of the TENS modulates the perceived loca-
tion of intranasal chemosensation. Another psychophysical
experiment was designed using the sham stimulation to
the contralateral side of the TENS simultaneously to
verify that the lateralization of intranasal chemosensation
is neither because of the tactile stimulation to the skin
nor the phosphenes but rather the distribution of trigeminal
stimulations.

III. PSYCHOPHYSICAL EXPERIMENTS
Ten participants (sex: 9 male, 1 female; mean age: 28.8 years;
standard deviation (SD): 5.2 years) participated in the first
and the second experiments. The experiments were approved
by the ethics committee at the University of Tokyo. All
participants were informed of the experiments and signed a
letter of consent stating that 1) they sufficiently understood
the experimental procedures, including the risks of electrical
stimulation; 2) they consented to the use of data from
these experiments for publication of academic papers; and
3) they participated in these experiments voluntarily. The
study protocol was performed in accordance with the ethical
standards outlined in the Helsinki Declaration.

A. FIRST EXPERIMENT: INVESTIGATION OF
CHEMOSENSATION ARISING AREA
This experiment investigated the relationship between the
position of the cathodes on the nasal bridge and the location
of intranasal chemosensation.

Three stimulus conditions were examined in the exper-
iment: the left TENS, the center TENS, and the right
TENS. Although the anode was attached to the back of the
neck, the cathode was attached to either the left side, the
center, or the right side of the nasal bridge (Red Dot, 3M

Company, on the nasal bridge and UltraStimX, Axelgaard
Manufacturing Co., Ltd., on the back of the neck). The
size of electrodes was 20mm x 20mm. A 3.0mA, 3000ms
direct current was applied to the electrodes. Participants were
instructed to draw the area where they perceived intranasal
chemosensation after each trial, as well as the point of most
intense sensation, on the cross-sectional view of the head as
displayed in Fig. 5. A system developed with Processing 3
was used for the drawing. With this system, participants used
the mouse to draw, and the keyboard to change the thickness
of lines and to erase lines. Participants used this system on a
laptop computer (MouseComputer Co., Ltd., mouse K5-WA,
screen size 15.6 in) to draw. Participants were told in advance
to draw the region and the maximum intensity point outside
the head in Fig. 5 in case they did not feel any intranasal
chemosensation during a trial. Three trials were performed
for each of the three cathode position patterns to yield nine
trials per participant.

FIGURE 5. Cross-sectional view of the head on which the participant
drew the area where they perceived intranasal chemosensation and the
point of maximum intensity.

B. SECOND EXPERIMENT: VERIFICATION OF THE
LATERALIZATION OF INTRANASAL CHEMOSENSATION
The second experiment was conducted to examine whether
different positions of the cathodes on the nasal bridge enhance
the lateralization of intranasal chemosensation. Specifically,
this experiment was used to verify that the lateralization
of intranasal chemosensation, as indicated in Experiment 1,
is not some illusory effect of the electrical tactile sensation on
the skin but is caused by the distribution bias of the stimuli
to the trigeminal nerve branches.

The following two stimulus conditions were examined in
the experiment as displayed in Fig. 6: the left TENS + the
right sham and the right TENS + the left sham. To verify
that participants were not responding to skin sensations from
electrical stimulation, sham stimulation was applied to the
contralateral side to which the TENS was applied. For the
left TENS, the anode on the right cheek and the cathode on
the right nasal bridge were sham stimulated, whereas in the
right TENS condition, the anode on the left cheek and the
cathode on the left nasal bridge were sham stimulated (Red
Dot, 3M Company, on the nasal bridge and on the cheek, and
UltraStimX, Axelgaard Manufacturing Co., Ltd., on the back
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FIGURE 6. Two stimulus conditions examined in Experiment 2. (a) the left
TENS + the right sham and (b) the right TENS + the left sham.

TABLE 4. Mean and standard deviation of square measures of areas
where participants reported intranasal chemosensation (Experiment 1).

of the neck). The size of electrodes was 20mm x 20mm.
A 2.0mA, 3000ms direct current was used for both TENS
and sham stimulation. A current value of 2.0mAwas adopted
in this experiment to reduce the amount of current applied
to the head for the safety of the participants. Participants
were asked to select whether they perceived the intranasal
chemosensation from the left or right side of the nasal cavity
by using two-alternative forced choice (2AFC). Four trials
were conducted for each condition, which yielded eight trials
per participant.

IV. RESULTS OF PSYCHOPHYSICAL EXPERIMENTS
A. FIRST EXPERIMENT: INVESTIGATION OF
CHEMOSENSATION ARISING AREA
Prior to the analysis, data were excluded if the drawn
intranasal chemosensation area and maximum intensity point
were positioned outside of the head.

Fig. 7 reveals the areas in which participants reported
intranasal chemosensation, and Table 4 presents the mean
and SD of the square measures of those areas under each
condition. The results summarized in Table 4 indicate
that the position of the cathode on the nasal bridge does
not affect the extent of the intranasal chemosensory area.
In Fig. 7, the darker the blue color is, the more trials the
participants marked the particular area in which they detected
intranasal chemosensation. Fig. 8 reveals the points at
which participants perceived intranasal chemosensation most

FIGURE 7. Areas where participants reported intranasal chemosensation
with the cathode on (a) left side, (b) center, and (c) right side of the nasal
bridge (Experiment 1). Among all valid trials, the areas drawn overlapped
in at most (a) 19 trials, (b) 17 trials, and (c) 21 trials.

intensely under each condition. Statistical analyses using
Kruskal–Wallis analysis of variance (ANOVA) revealed a
significant difference between the lateral coordinates of these
maximum intensity points (p = 1.054e − 16). A post-
hoc test using Scheffe’s method of multiple comparison
correction was performed, and statistically significant dif-
ferences were found among all conditions, as displayed in
Fig. 9(a) (Left-Center: p = 5.7969e − 05; Left–Right:
p = 1.1451e − 16; Center-Right: p = 0.000279).
The horizontal dotted line in Fig. 9(a) represents the
lateral coordinates of the centerline of the head, which
is 692.5. By contrast, a Kruskal–Wallis ANOVA for the
longitudinal coordinates of the maximum intensity points
revealed no significant difference, as displayed in Fig. 9(b)
(p = 0.15462).
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FIGURE 8. Points at which participants perceived intranasal
chemosensation most intensely with the cathode on (a) left side,
(b) center, and (c) right side of the nasal bridge (Experiment 1).

TABLE 5. Mean, and interquartile range of the corresponding rate, which
is how often the perceived side matched the TENS-applied side when the
sham stimulus was applied opposite the TENS together (Experiment 2).

B. SECOND EXPERIMENT: VERIFICATION OF THE
LATERALIZATION OF INTRANASAL CHEMOSENSATION
The corresponding rate, that is, how often the intranasal
chemosensory perceived sidematched the TENS-applied side
was calculated for evaluation. Table 5 reveals the median
and interquartile range (IQR) of the corresponding rate with
TENS on the left, with TENS on the right, and all conditions
summed. A binomial test was performed on the number of
corresponding answers without dividing the two conditions,

FIGURE 9. (a) Lateral and (b) longitudinal coordinates of the points of the
highest intensity of intranasal chemosensation with the cathode on the
left side, the center, and the right side of the nasal bridge (Experiment 1).
The horizontal dotted line in (a) represents the lateral coordinates of the
centerline of the head.

and the null hypothesis that the corresponding rate is 0.5 was
rejected (p = 5.871e− 08).

V. DISCUSSION
This study hypothesized that the lateralization of intranasal
chemosensory perception is possible with the left TENS and
right TENS, in which the electrodes on the nasal bridge of
the TENS are shifted to the left and right. The results of
the two psychophysical experiments support this hypothesis.
Fig. 7, 8, and 9(a) reveal that the location of intranasal
chemosensation shifted significantly to the left by the left
TENS and to the right by the right TENS, respectively.
Regarding the longitudinal direction, that is, the depth of the
head, no significant difference in the intranasal chemosensory
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location among the left TENS, center TENS, and right
TENS was observed. The position of the electrodes on the
nasal bridge only controls the lateral direction of intranasal
chemosensory perception. However, since TENS induces not
only intranasal chemosensation but also tactile sensations on
the skin surface and phosphenes, the location of intranasal
chemosensory perception was possibly influenced by these
sensations. To verify that the lateralization of intranasal
chemosensory perception was not caused by tactile sensation
or phosphenes, Experiment 2 was conducted subsequently.

The results of Experiment 2, as summarized in Table 5,
support the hypothesis that the lateralization of intranasal
chemosensation is mediated by the distribution of stimuli to
the trigeminal nerve branches. Although the sham stimulation
was less effective than the TENS in stimulating the trigeminal
nerve, it provided tactile sensations on the cutaneous
surface of the nasal bridge, as did the TENS. Thus, if the
tactile sensations cause the lateralization of the intranasal
chemosensation, the rate at which participants perceive
intranasal chemosensation from the side of the TENS should
be approximately 0.5. Despite that, participants answered
the side of the TENS at a rate significantly higher than
0.5 as the location of the intranasal chemosensation. This
result indicates that a factor other than tactile sensations
causes lateralization. In addition, as described in Section II-C,
the difference in the phosphenes between the left and right
eye was limited under the conditions of Experiment 2.
Regardless, the lateralization of intranasal chemosensory
perception is evident, indicating that the lateralization of
intranasal chemosensation is not caused by a left-to-right bias
in the phosphenes. Aoyama et al. [17] proposed the GOS
(referred to as TENS in this paper) and argued that themethod
stimulates the olfactory nerve or trigeminal nerve because
it induces intranasal chemosensation. Based on the fact that
numerous previous studies have proved that the distribution
of trigeminal input is critical for the lateralization of
intranasal chemosensation [5], [6], [7], [8], [9], the trigeminal
input was responsible for the lateralization observed in
Experiment 2. Aoyama et al. did not reveal whether the
TENS stimulates the olfactory nerves or the trigeminal
nerves. However, the results of this experiment indicate
that the TENS stimulates trigeminal nerves. Additionally,
participants described the intranasal chemosensation induced
by TENS as ammonia-like, stinging, burning, and a pungent
sensation as if water had been inhaled through the nose. These
descriptions are significantly similar to those of sensations
induced by chemical substances known to stimulate the
trigeminal nerve, such as CO2 and ammonia, suggesting that
TENS stimulates trigeminal nerves.

Some participants reported a ‘‘metallic taste’’ on the
tongue along with a stinging chemical sensation in the nasal
cavity. Previous studies have shown that electrical stimulation
of the mandibular nerve evokes a ‘‘metallic taste’’ [20], [23].
Accordingly, TENS possibly induces a slight current flow to
the mandibular nerve; alternatively, electrical stimulation of
the maxillary nerve possibly produces a slight metallic taste

on the tongue. The effect of the aforementioned ‘‘metallic
taste’’ on the perception of chemosensation in the nasal cavity
and a method to generate only intranasal chemosensation
without metallic taste are possible avenues of future research.

This study demonstrated that the location of intranasal
chemosensory perception could be manipulated by using an
easy-to-wear method. This result is highly applicable to VR
and HCI. For example, applications, such as locating the
source of a pungent odor from its direction or navigation by
chemosensation, are possible.

This method enables lateralization of intranasal chemosen-
sation without blocking the nostrils. Therefore, simultaneous
chemical olfactory stimulation is possible while the TENS is
applied. In future studies, we plan to investigate the effects
of simultaneous chemical odor presentation on olfactory
perception. An investigation into the perception of intranasal
trigeminal stimulation when CO2, a pure trigeminal stim-
ulation, is presented simultaneously with TENS could also
provide further insights into the mechanisms of intranasal
chemosensory perception. As reported by Aoyama et al. [17],
TENS can only induce irritating sensations, which limits its
application to VR andHCI applications. However, combining
the TENSwith chemical odor presentation in the future could
considerably expand its range of applications.

VI. CONCLUSION
This study demonstrated that intranasal chemosensation
could be lateralized by shifting the electrode position of the
nasal bridge to the left or right in the TENS which is used
to induce an irritating sensation in the nasal cavity with
electrodes on the nasal bridge and the back of the neck. Finite
element analysis simulations revealed that the left TENS
and right TENS can selectively stimulate the left and right
trigeminal nerve branches, which can lead to the hypothesis
that the spatial perception of intranasal chemosensation, for
which the distribution of stimuli to the trigeminal nerve
branches is essential, could also be modulated. Subsequent
psychophysical experiments to test this hypothesis revealed
that shifting the electrode on the nasal bridge to the
left induced intranasal chemosensation on the left side in
the nasal cavity, whereas shifting it to the right induced
intranasal chemosensation on the right side. Furthermore, the
lateralization of intranasal chemosensation was not because
of a perceptual illusion caused by the tactile sensation on
the skin surface but by the distribution bias of stimuli to the
trigeminal nerves. The results of the study can contribute
considerably to the academic field of chemosensory display
techniques and have great potential for application to VR
and HCI.
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