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PAPER
Optimization of Multi-Component Olfactory Display Using Inkjet
Devices

Hiroya HACHIYAMA†, Nonmember and Takamichi NAKAMOTO†a), Member

SUMMARY Devices presenting audiovisual information arewidespread,
but few ones presenting olfactory information. We have developed a device
called an olfactory display that presents odors to users by mixing multiple
fragrances. Previously developed olfactory displays had the problem that
the ejection volume of liquid perfume droplets was large and the dynamic
range of the blending ratio was small. In this study, we used an inkjet device
that ejects small droplets in order to expand the dynamic range of blending
ratios to present a variety of scents. By finely controlling the back pressure
using an electro-osmotic pump (EO pump) and adjusting the timing of EO
pump and inkjet device, we succeeded in stabilizing the ejection of the
inkjet device and we can have large dynamic range.
key words: olfactory display, virtual reality, inkjet device, electro-osmotic
pump

1. Introduction

Due to the recent development and spread of VR technol-
ogy, VR experiences have become familiar to many people.
Although it has become possible to easily experience VR at
home, most of them are only visual and auditory experiences.
In order to increase the reality of the experience, it is effective
to add the presentation of odors using an olfactory display
[1]. Regarding olfactory display devices, a scent projector
[2], aroma card [3], MEMS device [4], wearable device [5],
smelling screen [6] have been proposed. Regarding olfactory
contents, Movie with scents [7], game with scents [8], [9],
cooking simulator [10], disaster simulator [11] have been
proposed. However, the more types of odors that can be pre-
sented by the olfactory display, the more scenes with scents
can be represented.

In order to presentmany odors, it is necessary to prepare
many perfumes. However, we can expect to efficiently create
a variety of odors by blending multiple odors to create new
one.

Although we proposed odor components to reproduce
a variety of odors [12], a device to present smell is indis-
pensable. Therefore, we have attempted to develop a multi-
component olfactory display [13]. Onemethod of presenting
odors on an olfactory display is to eject and vaporize a liq-
uid perfume. We have proposed multi-component olfactory
displays using various droplet ejection devices and vaporiz-
ers [14], [15]. However, the dynamic range of the blending
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ratio was insufficient. There is the upper limit of ejection
volume because the switching time of the previous device,
i.e., solenoid valve, limits the increase in its drive frequency.
Thus, the dynamic range is insufficient. On the other hand,
the drive frequency of the inkjet device can be raised much
higher than the solenoid valve, whereas the lowest frequen-
cies in both devices are similar. In order to reproduce various
odors with an olfactory display, it is necessary to blend mul-
tiple odor components (sources of odors) in a wide range of
ratios.

Therefore, we focus on inkjet device since its droplet
is tiny and the dynamic range of blending ratio can be ex-
panded. Although we have developed olfactory display us-
ing inkjet devices [16], its stability was insufficient because
it lacked the method to supply perfume to inkjet device.
More sophisticated method is required to raise the stability.
Although other olfactory display using inkjet devices have
been studied [17], there have been no research on blending
odors. Since scent pulse was very short in that paper, it is
necessary to check its blending capability. Moreover, the
detailed technical information was not enough to replicate it.

Since the inkjet device does not have a valve, its back
pressure should be finely adjusted. Moreover, simple and
tiny device is indispensable to control the backpressure of
the inkjet device. In this study, we adopted EO pump to
control the back pressure of inkjet device and timing of EO
pump and inkjet device precisely so that the ejection stability
could be improved. Then, we evaluated the improvement in
ejection stability by comparing the concentration measure-
ments using a gas concentration sensor called PID (Photo
Ionization Detector).

2. Overview of Olfactory Display Using Inkjet Device

The designed olfactory display is shown in Fig. 1. Liquid
perfume is supplied to the inkjet device from the EO pump,
and droplets are ejected toward the micro-ceramic heater.
An EO pump is a small, low speed pump with a built-in
liquid reservoir. The droplets are vaporized by the heater
and delivered to the user’s nose by a fan. A 60V pulse is
used to drive the inkjet device, and one droplet is ejected
with one pulse. In other words, by adjusting the frequency,
the odor concentration can be controlled. Digital-to-Analog
converter (DAC) is needed to adjust EO pump voltage since
back pressure of inkjet device is influenced by its drive fre-
quency. FPGA makes control signals for DAC and inkjet
devices. The parameters of the pulse signal input to the
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Fig. 1 Structure of olfactory display.

inkjet device and the applied voltage of the EO pump can be
controlled from the GUI on the PC. The current system can
blend up to four perfumes at specified ratio.

3. Control Design of Olfactory Display

3.1 Inkjet Device

The inkjet device (MicroFab, MJ-AB-01) has a structure
in which a piezoelectric material surrounds a glass tube.
When a voltage is momentarily applied to this piezoelectric
material, pressure is applied to the glass tube, pushing out
the liquid at the tip and ejecting one droplet. It is neces-
sary to generate a continuous pulse signal with an arbitrary
frequency to control the odor concentration. In this study,
FPGA generates pulse stream when pulse width, its period
and total number of pulses are specified. The pulse width
is fixed at 30 µs, and the pulse period and the total number
of pulses can be set to arbitrary values using the GUI intro-
duced in Sect. 3.4. As shown in Fig. 1, the pulse parameters
input to the GUI are sent to the FPGA via USB serial com-
munication, and the FPGA generates pulse signals. Since
FPGA outputs 3.3V pulse, a 60V pulse signal to drive the
inkjet device is made through power MOSFET circuit.

3.2 Electro-Osmotic Pump

The EO pump (Takasago Electric, EBP-RF1R) generates a
flow in the liquid in the built-in reservoir by applying a volt-
age, and the flow rate can be controlled by the applied volt-
age. Since the ejection amount of the inkjet device changes
depending on the drive frequency, it is necessary to adjust
the amount of liquid supplied by the EO pump according to
the frequency. Therefore, as shown in Fig. 1, it is necessary
to connect one EO pump to one inkjet device and set appro-
priate EO pump voltage for each channel. At initial stage,
DC constant voltage was supplied to an EO pump. However,
a multi-channel DAC was adopted now since each EO pump
needs different voltage according to inkjet drive frequency.
EO pumps consumes very little power, so it can be driven
directly from the DAC. A multi-channel DAC (ANALOG
DEVICES, AD5535) is a device that converts a digital sig-
nal into an analog voltage. By inputting 19-bit serial data

Fig. 2 GUI to control each device.

called a DAC code, it can be output any voltage from 0V to
200V. Similar to the inkjet device, the voltage value input
to any channel through the GUI on the PC is sent to FPGA,
which sends DAC code to D/A converter. Then, the DC
voltage at the specified channel is generated.

3.3 Heater and Fan

Both the micro-ceramic heater used as the vaporizer and the
DC fan that generates the airflow to deliver the odor to the
user are supplied with current and voltage from a DC power
supply. A micro-ceramic heater (SAKAGUCHI E.H VOC
CORP., MS-3) can raise the surface temperature by passing
an electric current through it. By flowing a 0.2A current,
it is possible to keep the temperature between 200 and 300
Celsius to evaporate liquid perfume. The DC fan (SHICOH,
F3010ES-12UCV) can adjust the air flow speed by the input
voltage value.

In this study, both are driven by DC power supplies,
but we plan to control the fan from an FPGA in order to
synchronize it with the presentation of odors in the future.
Since the micro-ceramic heater takes time to heat up, it is
driven first.

3.4 MATLAB GUI

We created aGUI usingMATLAB to easily control the inkjet
device and the EO pump on a PC. Figure 2 shows the GUI.
The channel to be used can be selected by clicking the check
boxes from 1ch to 4ch. A user is requested to input the inkjet
device drive frequency, the applied voltage of the EO pump,
and the presentation time of the selected channel, and press
“Write” to send each parameter to the FPGA.

When the user presses “Start”, the pulse for driving the
inkjet device is generated with the sent parameters, and the
DAC code for the voltage applied to the EO pump is sent to
the D/A converter, thereby starting the ejection of the liquid
perfume.
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Fig. 3 Jig for electro-osmotic pumps, inkjet devices and heater.

Fig. 4 Geometry of jigs for (a) electro-osmotic pumps and (b) inkjet
devices.

3.5 Jig

We made a jig with a 3D printer to fix each device such
as inkjet devices, EO pumps, and a micro-ceramic heater.
Figure 3 shows the jig for supporting these devices. The side
views and geometries of EO pump jig and inkjet device jig
above it are illustrated in Figs. 4(a) and (b), respectively.

4. Experimental Result

4.1 Ejection Stabilization of Inkjet Device

4.1.1 Voltage Measurement of an EO Pump

Since the inkjet device does not have a valve at the tip, fine

Fig. 5 State of tip of inkjet device due to relationship between back
pressure by EO pump and drive frequency of inkjet device.

control of back pressure by an EO pump is essential. Fig-
ure 5(b) shows an ideal state at an appropriate back pressure.
However, it is not easy to maintain this ideal state. As shown
in Fig. 5(a), if the back pressure is lower than one required at
specified driving frequency of the inkjet device, air bubbles
enter the tip. If the back pressure is higher than required
one as shown in Fig. 5(c), the liquid accumulates at the tip.
In other words, it is necessary to investigate the optimum
voltage value of the EO pump for each driving frequency of
the inkjet device.

Several representative drive frequencies for inkjet de-
vice were selected, and the range of EO pump voltage that
enables stable ejection at each frequency was investigated
every 5V from 1V to 200V. In addition, it was judged to
be “ejectable” when the ejection was completed three times
for 30 seconds without stopping even once. The results
are shown in Table 1. The range of EO pump voltage that
can be discharged for each frequency on the horizontal axis
is shown in blue. For example, when the inkjet device is
driven at 500Hz, stable ejection is possible by setting EO
pump voltage between 30V and 100V.

4.1.2 Adjustment of Driving Timing of EO Pump

In the previously developed prototype, the voltage of the EO
pump was manually supplied from a DC power source. As
a result, ejection became unstable when there was a discrep-
ancy between the driving timing of the inkjet device and the
EO pump. When the EO pump is driven first, the liquid
accumulates at the tip of the inkjet device before the ejection
starts. In this study, the EO pump and inkjet device become
driven at the same time. Its timing can be controlled by the
computer, whereas the timing could not be controlled by the
previous manual operation.

4.2 Inkjet Device Ejection Volume Measurement

Although we previously thought that the ejection volume per
droplet was constant and the blending ratio was determined
by the frequency ratio, it is not true. The ejection volume
per droplet changes drastically under constant back pressure
condition. In this study, the ejection volume per droplet
was measured at each frequency in order to determine the
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Table 1 Range of EO pump voltage that can be ejected (horizontal axis
is inkjet drive frequency (Hz) and vertical axis is voltage applied to EO
pump.

blending ratio based on the ejection volume.
Ethanol was ejected from the inkjet device into the

vial, and the change in mass before and after ejection was
measured with an electronic balance to calculate the ejection
volume per droplet. Table 2 shows the ejection volume of
one droplet measured at each representative frequency. Each
value shows the average value of three measurements. It
can be seen that in the range from 5Hz to 1000Hz, the
ejection volume is stable around 200 pL regardless of the
frequency. It is thought that fine adjustment of the back
pressure enables the stable ejection volume over wide range
of drive frequency. Since the ejection volume is almost
constant, the blending ratio is identical to frequency ratio,
and by using frequency from 5Hz to 1000Hz, a maximum
blending ratio is 200.

4.3 Ejection Stability Evaluation by Random Sequence

In order to confirm that stable ejection can be achieved un-
der various ejection conditions (inkjet frequency, ejection
time, ejection interval time), the ejection conditions were
randomized and ethanol was ejected continuously.

For a total of 12 ejection patterns with 4 inkjet frequen-
cies (50Hz, 100Hz, 500Hz, and 1000Hz) and 3 types of

Table 2 Inkjet device frequency and average ejection volume per one
droplet.

ejection time (10 s, 20 s, and 30 s), the order was randomized
and each pattern occurred 3 times. The ejected ethanol was
vaporized on the heater, and the concentration was measured
by a gasmonitor called PID (Photo IonizationDetector, Hon-
eywell, ppbRAE3000+). The PID detector was placed about
5 cm away from the heater. In order to confirm the improve-
ment in ejection stability due to the driving timing adjusted
in Sect. 4.1.2, we compared the case when the EO pump was
driven 1 second earlier and the case when the inkjet device
and the EO pump were driven simultaneously.

Figure 6 shows the PID response when the EO pump
was driven 1 second earlier, and Fig. 7 shows the PID re-
sponse when the inkjet device and EO pump were driven
simultaneously. Only the first 10 responses out of 36 con-
secutive ones are shown for simplicity.

Figures 8 and 9 show the PID response at 100Hz, 20
seconds when EO pumpwas driven 1 s earlier and when both
devices were simultaneously driven, respectively. Vertical
lines in the figures mean the start and the sop of the ejection.
When the EO pump was driven 1 second earlier, it was
confirmed that the peak of the PID response was unstable
and the response did not decrease after the end of the ejection
(smell remained).

This is thought to be due to the fact that liquid accumu-
lates at the tip (state shown in Fig. 5(c)) of the inkjet device
before the start of ejection, leading to unstable ejection and
residual odor. On the other hand, when the inkjet device and
the EO pump were driven simultaneously, the response peak
was stable, and no residual odor was observed. The ejec-
tion stability was improved by adjusting the drive timing,
and stable ejection was achieved then under various ejection
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Fig. 6 PID response when EO pump was driven 1 second ahead of inkjet device. Graph shows only
first 10 out of 36 consecutive measurements.

Fig. 7 PID response when inkjet device and EO pump were driven simultaneously. Graph shows only
first 10 out of 36 measurements.

Fig. 8 PID response when EO pump was driven 1 s ahead (inkjet drive
frequency: 100Hz, duration: 20 s).

conditions.
The time lag of a few seconds occurred at the start and

the stop of the ejection. It is acceptable since PID response
time is 3 s [18].

4.4 Ejection Experiment of 4 Components

Ejecting from multiple channels at the same time was per-
formed to confirm whether the specified ratio could be
achieved. One or more channels were selected from 4 chan-
nels (15 ways of selection), and one measurement was per-

Fig. 9 PID response when inkjet device and EO pump were driven si-
multaneously.

formed for each selection. The driving frequency of the
inkjet device was 1000Hz. The ejection time was 30 sec-
onds, and the ejection interval time was 30 seconds. Then,
15 consecutive ejections were totally performed. The ejected
ethanol was vaporized with a heater and the concentration
was measured by PID.

The results of 15 consecutive measurements are shown
in Fig. 10. The number above each response indicates the
number of channels driven simultaneously, and it can be seen
that the number of channels driven and the peak value of the
PID response are almost proportional. From this result, it
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Fig. 10 PID response in 15 consecutivemeasurements. Number above each response indicates number
of channels driven.

is shown that blending is possible by the proposed olfactory
display.

5. Conclusion

In this study, we combined an inkjet device and an EO
pump, synchronized the ejection timing of each device, and
achieved stable ejection by finely adjusting the applied volt-
age of the EO pump according to the frequency of the inkjet
device. Furthermore, we constructed a 4-component olfac-
tory display and demonstrated the feasibility of blending by
measuring the PID response when using multiple channels
simultaneously.

In the future, wewill conduct odor blending using actual
perfumes and odor components, and evaluate the accuracy
of odor blending using the olfactory display through sensory
tests although its fundamental blending capability was con-
firmed here. Then, we aim to create an olfactory display
that can reproduce various odors by further increasing the
number of components.
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