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Significance

 Recent advances in virtual reality 
technologies (VR) have 
accelerated the foundation of 
flawless 3-dimension virtual 
worlds. Alongside visual, 
auditory, haptic, and olfactory 
sensations, taste significantly 
influences both the physiological 
and psychological aspects of 
human experience, however, the 
research in the development of 
taste-generating technologies in 
VR applications is still in its 
infancy. This study reports a 
concept of intelligent, portable 
lollipop-shaped gustation 
interfaces based on arrays of 
taste generators for gustatory VR 
applications. The miniaturized 
gustation interfaces support 
independent teleoperation for 
each channel of taste generators, 
providing adjustable taste 
intensity feedback. To 
demonstrate the advances of the 
gustation interfaces, three 
applications are designed, 
including medical gustation 
assessment, immersive remote 
shopping, and mixed reality 
applications.
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Gustation is one of the five innate sensations for humans, distinguishing from vision, 
auditory, tactile, and olfaction, as which is a close and chemically induced sense. Despite 
the fact that a handful of gustation display technologies have been developed, the new 
technologies still pose significant challenges in miniaturization of the overall size for 
portability, enriching taste options within a limited working area, supporting natural 
human–device interaction, and achieving precisely controlled taste feedback. To address 
these issues, here, we report a set of intelligent and portable lollipop-shaped taste inter-
facing systems covering from 2 to 9 different taste options for establishing an adjustable 
taste platform in virtual reality (VR), augmented reality (AR), and mixed reality (MR) 
environments. Tasteful and food-grade chemicals embedded agarose hydrogels serve 
as taste sources based on iontophoresis operation principle, with an adjustable feed-
back intensity and independent operation time by tuning the voltage input. To achieve 
portability and user-friendly operation, the devices are miniaturized into a gustation 
interface with 9-channel taste generators in the dimension of 8 cm × 3 cm × 1 cm. To 
realize both gustation and olfaction feedbacks in Metaverse, an olfaction interface based 
on 7-channel odor generators is also introduced into the gustation interface system. As 
a result, the demonstrations of our gustation interface systems in intelligent medical 
gustation assessment, remote shopping, and mixed reality have proven their advances 
and great progress in various potential application areas, ranging from human–machine 
interfaces, to biomedical science, and to entertainment.

mixed reality | portable electronics | human machine interfaces | gustation interface |  
gustation assessment

 Food intake, including eating and drinking, is one of the primary activities that humans 
engage in naturally since infancy to absorb essential nutrients for survival, during which 
the taste of food plays a crucial role in the gustation of satiation for promoting or sup-
pressing appetite ( 1 ). Generally, human gustation consists of five basic flavors, including 
sweet, salty, sour, bitter, and umami, induced by chemical stimulation on the dorsum of 
the tongue and in parts of the larynx, pharynx, and epiglottis ( 2 ). As one of five typical 
human sensations, including vision, auditory, haptics, and olfaction, gustation allows us 
to avoid dangerous foods, and approach beneficial things by sensing these external stimuli, 
serving as a unique and efficient channel to communicate with surroundings ( 3 ). Gustation 
interface systems, as an intelligent taste generation technology, could supply specific infor-
mation to users by generating target taste, exhibiting great potential in numerous appli-
cations, for instance, virtual, augmented, and mixed reality (VR/AR/MR), clinical 
treatment, entertainment, and education ( 4   – 6 ). Unlike the other four widely reported 
human sensory feedback technologies ( 7                                 – 24 ), to date, only very limited numbers of 
gustation interfaces have been developed based on several working principles, ranging 
from chemical, thermal, and electrical stimulations and iontophoresis (SI Appendix, 
Table S1 ).

 Among these reported gustation interface systems, the chemical stimulation-based 
devices could display target tastes by applying flavoring chemicals directly onto the 
human tongue with the intensity determined by the quantity of chemicals ( 25 ). 
Nevertheless, the cumbersome size due to severe space requirement for chemical storage 
and the long delay time induced by the bulky mechanical liquid delivery system exten-
sively limit the application areas. For temperature variations enabled gustation interface 
systems, the taste feeling could be stimulated by applying distinguished temperature 
distributions onto the human tongue ( 26 ). To achieve fast and accurate temperature 
manipulation, a high-power, heavy cooling subsystem, and additional temperature sen-
sors are required, posing high challenges to system stability, biological safety, and sim-
plification of control panels ( 26 ). Electrical stimulation, as the mainstream method 
adopted in gustation interface systems, is capable of displaying five basic flavors by 
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controlling the frequency, intensity, and direction of electrical 
power into the human tongue ( 27   – 29 ). However, electrode 
patches positioned on or near the tongue will inevitably hinder 
intraoral activities, thereby degrading the eating experience ( 27 ). 
Moreover, observed differences in gustation between individuals 
may lead to stimulated taste biases ( 27 ). Iontophoresis has 
emerged as an alternative to overcome the aforementioned flaws, 
where iontophoresis utilizes the movement of ions through 
biosafe hydrogels to transport tasteful chemicals for realizing 
stable taste feedback at low electrical power ( 30 ). Although this 
method has exhibited exceptional advances over the conventional 
ones in terms of biosafety, power consumption, precise taste 
feedback, and more natural human–machine interaction, it still 
poses great challenges in the overall size for portability, supplying 
abundant taste options in a limited working area for achieving 
a broad taste variance, supporting user-friendly utilization in 
terms of operating procedures and instructions, and realizing 
intelligent system teleoperation. What’s more, the hurdles existed 
significantly restrict the development of gustation interface in 
VR/AR and MR applications.

 Here, we report a series of intelligent, portable lollipop-shaped 
gustation interfaces (LGIs), that consist of 2 to 9 different taste 
generators (TGs) based on iontophoresis, exploiting edible-grade, 
tasteful chemicals embedded agarose hydrogels, are developed, 
capable of producing adjustable taste sensations in virtual envi-
ronments. By optimizing the layout of the electronics components 
on ultrathin flexible printed circuit boards (0.27 mm) and adopt-
ing a lightweight 3D printed Nylon lollipop exterior as the main 
body of the electronics, the gustation interface systems could 
realize a miniaturized overall size (8 cm × 3 cm × 1 cm) with a 
weight of 15.2 g @ 9-channel TGs, 12.36 g @ 5-channel TGs, 
and 11.5 g @ 2-channel TGs, which are convenient for users to 
utilize and carry around. Additionally, multiple integrated chan-
nels of TGs support independent or parallel operation by wire-
lessly manipulating the intelligent gustation interfaces according 
to the tasks in a virtual environment. The intensity of generated 
taste could be adjusted by variating the amplitude of voltage into 
each TG channel ranging from 0 V to 2 V, where 2 V is within 
the human body safe voltage range (0 to 30 V). And unlike the 
majority of reported works that require an external electrode to 
be mounted onto human skin around the mouth before operation, 
our gustation interfaces have no restrictions on the working con-
ditions like a real lollipop as the current in each TG channel will 
not flow through human skin or tissue, further ensuring the users’ 
safety. By monitoring the current flow and operation time in each 
TG channel, the gustation interfaces could accurately predict the 
generated taste mass and concentration based on self-developed 
data-driven mathematical models by communicating the data with 
the paired personal computer, distinguishing our intelligent gus-
tation interface systems with reported ones. Considering the fact 
that extensive previous research works have demonstrated the 
strong correlation between olfactory sensation and the perception 
of food taste ( 31 ,  32 ), we also developed an olfaction/gustation 
combined interface (OGCI) system by integrating channels of 
miniaturized odor generators (OGs) into the gustation interface 
platform, which is rarely incorporated in reported gustation feed-
back system, capable of generating specific taste with correspond-
ing odor released for extensively enhancing users’ immersive 
experience in a virtual environment. As a result, benefitted from 
the user-friendly portability, well-designed device structure, high-
channel taste generators, controllable tasteful solutions generation 
rate, and olfactory feedback system integrated, we have demon-
strated the gustation interfaces family in three applications, includ-
ing medical gustation assessment, immersive remote shopping, 

and MR with visual, audio, haptic, olfaction, and gustation sen-
sations feedback. 

Results

Schematic Illustrations and Operation Principle of the LGIs. 
Fig. 1A shows the concept of the gustation interfaces, extending 
the conventional VR/AR/MR technologies with visual, audio, and 
haptic feedbacks to one more dimension, gustation display, where 
users could experience the taste by directly licking the working area 
of the devices. Here, we developed three gustation interfaces with 
different numbers (2 to 9) of TG channels, allowing users to select 
the suitable one according to their preferences in various application 
scenarios. It is worth mentioning that since the working areas of 
the three LGIs remain consistent (~7.1 cm2), more TG channels 
will result in a reduction in the volume of the tasteful agarose gel, 
as well as a decrease in the feedback intensity of each TG channel 
(SI Appendix, Figs. S11, S12). Fig. 1B shows the exploded view 
of the 9-channel gustation interface, composed of multiple layers 
stacked: i) a 3D printed Nylon skeleton (SI Appendix, Fig. S1) 
serving as the main body of the device with the sufficient structural 
strength to cope with any external unpredictable loads, meanwhile 
housing flavored agarose gels and a commercial lithium-ion 
battery (3.7 V, 100 mAh); ii) Edible-grade, agarose gels based, 
9 channels of taste generators with different tasteful, food-grade 
chemicals embedded, including sugar, salt, citric acid, cherry, 
passion fruit, green tea, milk, durian, and grapefruit (Fig. 1 C 
and D and SI Appendix, Fig. S2; see details in Characteristics), here 
it is worth mentioning that the agarose gels will not melt in 35 °C 
water, which simulates the internal environment of the human 
oral cavity (SI Appendix, Fig. S3); iii) a control panel based on 
two layers of flexible printed circuit boards (FPCBs, thickness of 
0.27 mm; Fig. 1E and SI Appendix, Fig. S4) with microcontroller 
(MCU), Bluetooth module, decoders, resistors, capacitors, N-
type and P-type metal-oxide-semiconductor field-effect transistors 
(MOSFETs), and low dropout (LDO) linear regulators integrated, 
capable of wirelessly manipulating the number of operating TG 
channels and output voltage amplitude through self-developed 
Graphical User Interfaces (GUIs) in a virtual environment (Fig. 1 
A and E and Movies S3 and S4).

 To realize the iontophoresis effect of each TG channel, the 
current generated by the control panel will flow through the target 
flavored agarose gel for delivering the corresponding chemicals 
outsides; then users could enjoy the taste feedback by licking the 
working area of the LGI ( Fig. 1F  ). When an electric field is gen-
erated between the ends of the gel, both electromigration, which 
is the directional migration of ions, and electroosmosis ( 33 ), which 
induces the flow of the solvent molecules in the gel regardless of 
the polarity ( 34 ,  35 ), are derived. For the reporting taste-generating 
system, as the mineral water is included in the gels, the surface of 
the tasteful agarose gel is unevenly charged. Therefore, the tasteful 
chemicals that combine with water molecules are exuded through 
electroosmosis by delivering the tasteful liquid to the whole surface 
area of the gel chaotically while a portion of tasteful solutions are 
collected in the cavity of the tasting side during the operation. 
Here, distinguished from the reported gustation display technol-
ogies, the current in each TG channel does not pass human skin 
or tissue, that allows the gustation interface to start working in 
advance, thereby achieving delay-free applications in VR/AR/MR 
environments.  Fig. 1G   and Movie S1  show that the simulated 
equivalent strains of the 3D printed Nylon-based back cover reach 
the yield strength of Nylon (48 MPa) in the external distributed 
pressure of 23.71 MPa. It proves the high stability of LGI against 
various external loads, because the normal operating pressure is 

http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials


PNAS  2024  Vol. 121  No. 49 e2412116121� https://doi.org/10.1073/pnas.2412116121 3 of 12

much lower than the limit value obtained from FEA. The stress 
distributions of the 3D-printed Nylon back cover under various 
practical applications are presented in SI Appendix, Fig. S5 . In 
﻿SI Appendix, Fig. S5 A  and B , the FEA results indicate that when 
subjected to uniformly distributed pressures on the handle root 
and the top arc, the maximum external stress could reach up to 
1.13 MPa and 0.94 MPa, respectively. In SI Appendix, Fig. S5C﻿ , 
the FEA demonstrates the maximum uniformly distributed force 
that the upper surface of the back cover can withstand when users 

held at different handle positions (the entire, 2/3, and 1/3 of the 
handle). It is obvious that the maximum tolerable stress decreases 
with the decreasing gripping areas, 0.078 MPa @ the entire handle 
area, 0.077 MPa @ the 2/3 handle area, and 0.045 MPa @ the 
1/3 handle area, and the calculated yield limits are sufficient dur-
ing the practical applications. As a result, users could obtain the 
desired taste feedback by clicking the corresponding virtual button 
in a self-developed virtual environment to trigger the interfaced 
LGI ( Fig. 1H   and Movie S2 ), where the LGI installed with 9 

A

B

G H

C E

D F

Fig. 1.   Architecture and operation of the gustation interface systems. (A) Schematic diagram of the gustation interfaces for providing taste feedback to a female 
user in a virtual environment. (B) Exploded view of the 9-channel LGI with detailed descriptions on each layer. (C) Optical image of the adopted agarose-based 
gels with three diameters, 5 mm, 10 mm, and 15 mm. (D) Optical image of the working area of the 9-channel LGI. (E) Optical image of the two FPCBs used in the 
LGIs. (F) Optical image of a working LGI with an inserted subfigure showing the correct utilization method. (G) Mechanical stimulations of the 3D-printed Nylon 
back cover under the distributed external pressure. (H) Wireless operation process among the gustation interfaces, the VR glasses, and the PC.
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different channels of taste is controlled by the separate 9 digital 
GPI/Os of a microcontroller unit (MCU) (ATMEGA328P-MU, 
Microchip Technology Inc.) in real-time, associated with external 
VR equipment (see more details in SI Appendix, Supplementary 
Note 1 ).

﻿Movie S3  presents the wireless operation of the 9-channel gus-
tation interface with each channel connecting a light-emitting 
diode (LED) in parallel for indicating the operating state, where 
we developed a simplified GUI for intuitive demonstration. Its 
excellent characteristics, stable operation, and fast response ensure 
a wide range of potential application areas for the LGIs, from 
human–machine interfaces, to medical treatment, and to 
Metaverse. To verify the anti-interference ability of the LGI during 
the practical application, the 9-channel LGI was programmed to 
alternately turn on /off two channels (sugar- and salt-based TG 
channels) at a constant frequency of 0.1 Hz with the working area 
sunk in deionized water (DI water) for simulating the environ-
ment in the human oral cavity, and the results have shown that 
the impact of water on the voltage output into each TG channel 
is negligible, demonstrating that users could accurately perceive 
the target taste without taste crosstalk (SI Appendix, Fig. S6 ). 
﻿SI Appendix, Fig. S7  illustrates the stability test of the LGI, where 
the device is fully immersed in DI water with sugar-based TG 
channel operation for over 25 min at a frequency of 0.1 Hz, and 
the stable voltage output in the TG channel proves its good water-
proof performance and long-term stability in complicated and 
harsh environment. To demonstrate the good potential of the LGIs 
in various practical applications, we measured the wireless com-
munication distance of the 9-channel device in three different 
statuses, including standing freely, holding in the hand, and oper-
ating in the mouth, with the distance ranging from 9.4 m to 3.8 
m, which meets the needs of various scenarios (SI Appendix, 
Fig. S8 ).  

Electrical Characteristics of the 9-Channel TGs. Fig. 2 A and B 
show the generated chemical solution mass and pure chemical 
mass as a function of voltage amplitude into TG channels, tasteful 
chemical types, and operation time. Here, the voltage into each 
TG channel is set below 2 V for minimizing the potential safety 
issue in the complicated working environment (human mouth), 
as which may cause some unpredictable negative impact on the 
operation of LGIs in a long-term application. As observed in 
Fig. 2 A and B, along with the 1-h operation time, the 9 channel 
TGs could continuously exude tasteful solution with chemicals 
dissolved insides at a constant voltage input, for instance, from 3.6 
mg solution with 1.9 mg at 1.5 min to 28.9 mg @ 5 mg at 60 min 
for sugar (2 V input), from 5.8 mg solution @ 1.3 mg at 1.5 min 
to 30.5 mg @ 4.9 mg at 60 min for passion fruit (1.5 V input), and 
from 5.9 mg @ 1.8 mg at 1.5 min to 35.3 mg @ 3.1 mg at 60 min 
for grapefruit (1 V input) (see more details in SI Appendix, Figs. S9 
and S10), and it is also found that higher voltage into the 9 TG 
channels could contribute to a faster chemical generation rate, for 
example, from 2.4 mg with 1 V input to 3.6 mg with 2 V sugar 
solution at 1.5 min, from 43.6 mg citric acid solution @ 1.5 V to 
48.9 mg @ 2 V at 36 min, and from 3.2 mg green tea chemical @ 
1 V to 4.2 mg @ 2 V at 60 min, as higher voltages tend to increase 
the current flow within TGs, further accelerating the migration 
of charged water molecule (36). Here, we adopted the absorbent 
paper to collect the exuded chemical solutions by the TGs, then 
measured the mass variations of the solution-absorbed paper and 
the air-dried one for obtaining generated chemical solution mass 
and pure chemical mass, respectively.

 To investigate the impact of the tasteful agarose gel’s size on the 
electrical performance of TGs, we measured the mass of exuded 

chemicals and corresponding solutions as a function of agarose 
gel diameter from 5 mm to 15 mm, at a constant length and 
voltage input of 7 mm and 2 V, respectively (SI Appendix, Figs. S11 
and S12 ). It is obvious that the tasteful gels with a larger size exhibit 
faster chemical and solution exudation rates, for example, from 
1.9 mg with a gel diameter of 5 mm to 6.5 mg @ 15 mm durian 
solution at 6 min, from 3.3 mg @ 5 mm citric acid chemical to 
5.2 mg @ 15 mm at 26 min, and from 3.4 mg @ 5 mm grapefruit 
chemical to 11.5 mg @ 15 mm at 36 min. Therefore, the 2-channel, 
5-channel, and 9-channel LGIs ( Fig. 1A  ) respectively adopt the 
gels with diameters of 5 mm, 10 mm, and 15 mm, resulting in a 
fact that the three devices own distinguished advantages and short-
comings over each other. For example, the 2-channel device could 
contribute the fastest chemicals exudation rate but provide min-
imum number of TG channels among the three LGIs. As a result, 
users could select the appropriate device according to their pref-
erences.  Fig. 2C   and SI Appendix, Fig. S13  respectively show the 
normalized and absolute current into the 9 channel TGs as a 
function of operation time at a constant input voltage of 2 V, and 
it is found that both of the salt- and citric acid-based TGs exhibit 
distinguished current variation curves with those of the other 
7-channel TGs, which may result from the abundant free ions in 
the two gels.

 For the TGs based on salt and citric acid, during the chemical 
exudation process, the chemicals concentration in the gels increases 
along with the operation time except the extremely short period at 
the beginning (≤1.5 min), further decreasing the resistance of the 
gels due to the increasing free ions in gels ( Fig. 2D  ). Here, the 
chemical mass percentage concentrations in  Fig. 2D   are calculated 
by dividing the mass of the pure chemicals by the total mass of the 
generated chemical solutions with the unit of wt%. Compared to 
the salt- and citric acid, the electrical conductivity of the embedded 
chemicals in the other 7-channel TGs is much poorer, leading to 
higher initial resistance (50 to 7,901 kΩ) of the gels (SI Appendix, 
Fig. S21 ). Therefore, the high chemical concentration exudation 
(>0.1, the initial chemicals concentration in gels) at the beginning 
state could contribute to lower chemicals concentration in the TG, 
resulting in a decreasing gel resistance and an increasing current 
flow through the gels. Following, the low concentration of the 
exuded chemicals (~0.1) and amount of water loss from each TG 
channels will inevitably reduce the electrical conductivity of the 
gels, causing current to continuously drop down, as observed in 
 Fig. 2D  . Here, the nonlinear chemical concentration variations may 
result from the difference between the loss rates of the pure tasteful 
chemicals and the gel base.  Fig. 2 E  and F   respectively present the 
exuded chemical solution and pure chemical as a function of oper-
ation time in each TG channel at a constant voltage input of 2 V, 
and it is clear that all the TG channels tend to slow down the 
exudation rates of both chemical solution and pure chemical along 
with operation time, which may result from the continuous water 
loss in the gels. Therefore, 1 h as the full-load running lifetime for 
each TG channel is recommended for achieving optimal taste feed-
back experience. To monitor the taste generation rate and intensity 
in each TG channel, we developed two data-driven mathematical 
models based on operation time and corresponding current varia-
tions to respectively estimate the mass of chemical solution (total 
taste mass) and pure chemical (taste mass) in real time ( Fig. 2 G  
and H   and SI Appendix, Table S2 ). At the beginning state, the first 
20-min operation time, the nonlinear fitted models indicate that 
the exudation process of both chemical solution and pure chemical 
may be majorly affected by the heating effects of electric current. 
Then, the exudation process was characterized as a linear relation 
with electric current as the exudation slowed down. The taste feed-
back could be precisely controlled by monitoring the exudation of 

http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials


PNAS  2024  Vol. 121  No. 49 e2412116121� https://doi.org/10.1073/pnas.2412116121 5 of 12

tasteful chemicals by inspecting the total operation time and cor-
responding current variations of each TG channel. SI Appendix, 
Fig. S14  shows the total mass loss of the 9 tasteful gels with the 9 
different chemicals embedded under the three different testing con-
ditions: 1) the first one is an open-air environment of 21 °C; 2) the 
second one is a practical application where one user enjoys the LGI 
based on his own eating habits; 3) the third one is that all gels were 

operated in 35 °C DI water. It is interesting to find that the average 
total mass loss of the gels in the second testing condition (operation 
in user’s mouth) is the highest, which may be induced by the fre-
quently sucking the LGI during the application. As a result, we 
think many unpredictable parameters may have potential effects 
on the chemical generation mass of the LGI, including users’ eating 
habits, ambient temperature, and humidity.  

A

B

C D

FE

G H

Fig. 2.   Electrical performance of the taste interface with 9 channels. (A) The mass of the generated tasteful solution as a function of chemical types, operation 
time, and voltage input. (B) The mass of the embedded tasteful chemicals as a function of chemical types, operation time, and voltage input. (C) Normalized 
current flowing through 9 TG channels as a function of operation time. (D) Tasteful chemical concentration of 9 TG channels as a function of operation time. (E) 
The measured mass of the generated tasteful solutions by the 9 TG channels as a function of operation time. (G) The data-driven mathematical model fitted 
mass of the generated tasteful solutions by the 9 TG channels as a function of operation time. (F) The measured mass of the generated tasteful chemicals by 
the 9 TG channels as a function of operation time. (H) The data-driven mathematical model fitted (H) mass of the generated tasteful chemicals by the 9 TG 
channels as a function of operation time.

http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
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Biosafety and Stability of the Taste Generators. In order to verify 
the consistency of the properties of chemicals before and after 
exudation through iontophoresis, we respectively measured the 
Raman spectrum of TGs exuded sugar and citric acid solutions in 
the spectral regions 1,000 to 1,500 cm−1 and 400 to 1,800 cm−1 
(Fig. 3 A and B). The principal bands of the spectrum can be 
assigned to several vibrational modes of the sucrose molecule and 
keep consistent with that of the sucrose that have been published 
previously (37, 38). Similarly, the spectrum bands of the TGs 
exuded citric acid electrolyte are consistent with the characteristic 
of citric acid (39). As a result, the Raman spectrum proves that 
the iontophoresis would not change the electrolyte contents and 

induce other substances. Furthermore, we test the exudation time 
of the iontophoresis using our previously reported state-of-the-
art sodium ion (Na+) sensor (40). As shown in Fig. 3C, the Na+ 
concentration on the agarose surface would remain a constant 
value due to the sodium chloride (NaCl) electrolyte in the agarose. 
When the voltage is applied on the agarose, the output of Na+ 
sensor would increase within about 0.27 s, indicating the increase 
of Na+ concentration and rapid reaction time of the TG. Further, 
we adopted the Na+ sensor to monitor the Na+ concentration 
generated by the TG channel every 1.5 min with the result 
(SI Appendix, Fig. S15) approaching to that in Fig. 2D, proving 
the fact that the chemical concentrations by the TGs will increase 

A B C

FED

G H

I J K

Fig. 3.   Biosafety and stability of the TGs. (A and B) Raman spectra of the exuded solutions by the sugar (A) and citric acid (B) based TG channels. (C) Electrical 
response of a NaCl sensor to the solution generated by the NaCl embedded TG channel. (D) Normalized current of the 9 TG channels as a function of the 
vibration frequency ranging from 0 to 5 Hz with a constant voltage input of 2 V when the LGI is fixed onto a commercial oscillator. (E) Normalized current of 
the grapefruit-based TG channel as a function of operation time at the vibration frequency of 5 Hz. (F) Voltage signal between the cherry-based TG channel as 
a function of operation time at the voltage input amplitude and frequency of 2 V and 0.1 Hz, respectively. (G) Current signal of the sugar-based TG channel at 
a voltage input of 2 V as a function of operation time with the three different charging times ranging from 10 s to 30 s. (H) Average recovery time of all agarose 
gels with three different sizes and 9 different tasteful chemicals embedded. (I) Weight loss of the 9 TGs after exposed in air for 1 h at the three different ambient 
temperature (21 °C, 40 °C, and 50 °C). (J) Weight loss of the 9 TGs with the two storage methods (vacuum package and open air) at the ambient temperature of 
50 °C. (K) Long-term weight loss monitoring of the 9 TGs stored in vacuum packaging at an ambient temperature of 21 °C.

http://www.pnas.org/lookup/doi/10.1073/pnas.2412116121#supplementary-materials
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to the peak values within a few minutes (≤3 min), then drop to a 
stable level till the end. SI Appendix, Fig. S18 further proves the 
exuded sugar chemical by testing the reaction of the glucose test 
papers with and without sucrose invertase treated. Besides the 
NaCl embedded TG, we also measured the reaction time of the 
citric acid–based TG by adopting the self-developed pH sensor 
(41) with the value of 0.1 s, as shown in SI Appendix, Fig. S16. In 
addition to the tests shown in Fig. 3 A–C and SI Appendix, Fig. S16, 
we also conducted a series of volunteer tests to further investigate 
the consistency of the 9 tasteful chemicals (sugar, salt, citric acid, 
cherry, passion fruit, green tea, milk, durian, and grapefruit) before 
and after exudation through iontophoresis, as shown in Fig. 4, 
which will be described in details later. Here, the reaction time 
is defined as the time which the biosensors require to detect the 
target chemicals generated by the TGs. As a result, it is found that 
the 9 embedded chemicals could be exuded with their original 
chemical characteristics through the iontophoresis, ensuring the 
biosafe application of the LGIs to users. To demonstrate the 
stability of the 9-channel gustation interface system, the LGI was 
fixed onto a programmable commercial oscillator with controllable 
vibration frequency during full-load operation of the LGI (voltage 
input, 2 V), then the vibration frequency variates from 0 to 5 Hz 
at an interval of 1 Hz with a vibration amplitude of 1.86 mm 
(Fig. 3 D and E). It is obvious that all TG channels kept stable 
with negligible fluctuations at the vibration frequency ≤4, where 
the normalized current values in each channel range from 0.93 
to 1. The low current fluctuations demonstrate the high stability 
and accurate control in exuding tasteful chemicals of the LGI as 
interfaced with human beings in daily life, where it is reported 
that the frequency range of human daily activities was shown to be 
between 0.3 and 3.5 Hz (42). Fig. 3F and SI Appendix, Fig. S19 
show the stability test of the LGI by inputting a constant voltage 
(2 V) into the cherry-based TG channel at a frequency of 0.1 
Hz, and 60-min stable operation proves the good stability of the 
device. It is worth mentioning that the voltage between the TG 
channel requires 5 s to drop from 2 V to 0.35 V when the power 
into the TG is shut down, which may result from a fact that the 
agarose gel and two-side electrodes function as a capacitor to store 
electrical energy during operation and release it when power is off. 
To investigate the capacitor effect on the electrical performance 
of the TGs, we measured the current response of the gels with 
different overall sizes (diameters, 5 mm, 10 mm, and 15 mm; 
thickness, 7 mm) in the 9 TG channels when operating time (also 
called charging time for capacitors) variating from 10 s to 30 s 
(Fig. 3 G and H and SI Appendix, Fig. S20), and it is interesting 
that the delay time (time it takes for the current to drop to 0 
when the power into each TG is cut off) of all TG channels keeps 
around 30 ms, thereafter, the voltage in the TG channel leaks 
slowly after turning off the power input, as shown in SI Appendix, 
Fig. S19. Besides, the 30 ms delay time further demonstrates the 
excellent electrical performance of the LGIs, ensuring the smooth 
user experience in virtual environments.

  Fig. 3 I  and J   show the impacts of ambient temperature (21 °C, 
40 °C, and 50 °C) and tasteful gels storage methods (open air and 
vacuum package) on the weight loss of gels, and it is obvious that 
higher ambient temperature and open-air storage will accelerate 
the weight loss of gels, inevitably resulting in chemicals exudation 
later by iontophoresis. Therefore, to ensure the effectiveness of the 
taste gels during the application, all prefabricated gels are vacuum-
packed and then stored at room temperature (~21 °C) before 
assembling them into the LGIs for operation.  Fig. 3K   shows the 
weight loss of the 9 different tasteful gels (channel numbers corre-
spond to those shown in  Fig. 2 ) as a function of vacuum package 
time over 30 d, and it is found that the average weight loss of the 

gels rises slowly from 0.2% at 2nd day to 0.9% at 30th day, further 
demonstrating the potentials for future commercialization and 
outdoor long-term applications. SI Appendix, Fig. S21  presents the 
initial resistance of the 9 tasteful gels with the results shown as the 
following: 7.9 MΩ @ sugar, 11.7 kΩ @ salt, 9.3 kΩ @ citric acid, 
135.5 kΩ @ cherry, 67.1 kΩ @ passion fruit, 60.5 kΩ @ green tea, 
60 kΩ @ milk, 50.1 kΩ @ durian, and 69.8 kΩ @ grapefruit. At 
a constant voltage input in each TG channel, higher resistance of 
the gels results in a lower current flowing through, inducing a lower 
mass of exuded chemicals (SI Appendix, Fig. S13  and  Fig. 2 E  and 
﻿F  ). SI Appendix, Fig. S22  shows the pH values of the 9 gels ranging 
from 1 to 7, and it is worth mentioning that due to the limited 
amount of exuded citric acid (SI Appendix, Figs. S11 and S12 ), the 
generated citric acid (pH, 1) will be diluted by saliva to a safe level 
(over 2) before swallowing, making it biosafe for users. SI Appendix, 
Fig. S17  shows a volunteer test to demonstrate the similarity 
between the generated chemical solutions by the TGs and the orig-
inal chemical solutions, where we define a range of similarity scores 
from 0 to 3, corresponding to the zero similarity and 100% identity. 
It can be seen that the 7 volunteers’ average score is 2.14, indicating 
that these volunteers could accurately identify the type of generated 
chemicals.  

Development of Olfaction and Gustation Combined Feedback 
Systems. Benefitted from the suitable working and well-designed 
concept, the family of miniaturized, intelligent lollipop-shaped 
gustation interfaces have been developed in various potential 
application areas, ranging from entertainment, to medical 
instrumentation, and to education. To further enrich the immersive 
experience to users in virtual environments, we integrated a 
detachable olfaction interface module with 7 OGs onto the backside 
of the 9-channel LGI platform, as shown in Fig. 4A, where the 
OGs can be programmed to release or terminate the target odor 
by manipulating the current direction flowing through the copper 
(Cu) coils (SI Appendix, Figs. S24 and S25). Here, we adopted 4 V 
as the constant voltage into each Cu coil due to the limited inner 
height of the OGs chamber (SI Appendix, Fig. S26), and 4 V is also 
the minimum voltage required for lifting the magnet up due to 
weight of the magnet (diameter, 6 mm; thickness, 0.5 mm) and the 
attached bending platform (thickness, 1 mm). SI Appendix, Fig. S27 
shows the stability test of the OG by continuously switching the 
voltage input direction at a frequency of 1 Hz for over 5,400 
cycles, and the stable operation of the OG demonstrates the good 
potentials of the OGCI in practical applications. See the detailed 
structural difference between the 9-channel LGI and the OGCI 
in SI Appendix, Supplementary Note 2 and Fig. 4B. Due to the 
olfaction interface module, the OGCI shares a same lollipop-shape 
size with the LGIs but owns a thicker height (1.25 cm and 1 cm for 
OGCI and LGIs, respectively), as shown in Fig. 4C.

 To further demonstrate the advances of the OGCI over the 
LGIs, we conducted a series of volunteer tests in evaluating volun-
teers’ recognition rates and corresponding response time of the 9 
different tastes with the data automatically collected by a self-
developed GUI (Movie S3 ), where 20 volunteers (8 males and 12 
females) are evenly divided into two testing groups: one group (4 
males and 6 females) for experiencing pure taste feedback though 
the 9-channel LGI, and the other one group for both odor and 
taste feedbacks though the OGCI ( Fig. 4 D –K  ). During the test, 
the paired PC will command the LGI (or OGCI) to randomly 
generate a specific taste (and the corresponding odor for OGCI) 
to volunteers, then the volunteers could give their answer by click-
ing the button on the GUI for data collection. Once the answer 
is recorded by the PC, a new command will be sent to the LGI (or 
OGCI) after 1 min until all the 9 tastes are generated. Here, the 
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1-min interval is to avoid the odors crosstalk due to the measured 
odor recovery time shown in SI Appendix, Fig. S28 . As observed 
in  Fig. 4 D –I  , odor-aided taste feedback system realized by the 

OGCI could achieve a higher average recognition rate (0.76) than 
that (0.67) of the pure taste feedback (the 9-channel LGI), but the 
average response time is slightly longer (10.46 s @ OGCI, and 

A B

D E F
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J K

C

Fig. 4.   Structure of the OGCI and the corresponding volunteer testing results. (A) Exploded view of the OGCI with the detailed description for each component. 
(B) Circuit design of the OGCI. (C) Optical images of the 9-channel LGI and the OGCI. (D and G) Recognition rate of 10 volunteers in recognizing 9 different tastes by 
respectively using the 9-channel LGI (D) and OGCI (G). (E and H) Response time of 10 volunteers in reacting 9 different tastes generated by respectively using the 
9-channel LGI (E) and OGCI (H). (F and I) Training confusion results as a function of taste channel number of the 9-channel LGI (F) and OGCI (I). (J and K) Recognition rate 
(J) and response time (K) of the volunteers from the two testing groups (pure taste feedback by the LGI and the odor/taste feedbacks by OGCI) as a function of gender.
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9.91 s @ LGI), which may be due to the fact that people could 
obtain more external information from taste and olfactory feed-
backs than that only from taste channels before making a final 
decision. Here, the response time is defined as the time which users 
need to physiologically sense the tasteful chemicals generated by 
the gustation interface systems.

 In addition, it is also interesting to find that the female volun-
teers exhibit a better gustation capability with higher recognition 
rates and lower response time over that of the male ones in both 
two testing groups, as shown in  Fig. 4 J  and K  . As a result, com-
pared to the LGI, the OGCI could contribute a richer immersive 
experience to users but owns a larger overall size and higher weight, 
so users could select a suitable device according to their preferences 
in various application areas. SI Appendix, Fig. S29  shows the oper-
ation time of the three LGIs and OGCI at a full load with the 
time ranging from 0.94 h to 4.3 h, where a full load demonstrates 
that we turn on all working TG and OG channels with the wireless 
communication between the device and the paired PC. By bal-
ancing the overall size of the electronics and operation time, the 
OGCI adopts the 300-mAh battery (41 mm × 13 mm × 5 mm) 
with the full-load operation time of 0.94 h, which could cover the 
needs of the most application scenarios as the adopted tasteful gels 
are recommended to be replaced after 1-hr operation as mentioned 
before.  

Demonstrations of the Gustation Interface Systems. In Fig. 5, 
three different demonstrations for the gustation interface systems 
showcase their advances in building up an intelligent, unique taste 
feedback platform. One of the application areas for the gustation 
interfaces is to conveniently conduct a comprehensive and objective 
gustation test for users (Fig. 5A). Gustatory disorders are classified 
clinically as either quantitative or qualitative (43). To date, there is 
a lack of standardization for gustatory testing and no universally 
accepted method. There are also no clinically useful objective tests 
of gustation (44, 45), and majorly rely on subjective tests. One 
of the conventional gustation evaluation methods involves the 
subjects’ taste thresholds measurement in sour, sweet, bitter, salty, 
and umami. During the evaluation, testers prepare a series of 
concentrations of solutions containing one of the five basic tastes, 
then provide the solutions to the subjects in the order of increasing 
concentration, where the lowest concentration the subjects could 
recognize is the threshold value for the corresponding taste type 
(Fig. 5 A, i). However, the time-consuming solutions preparation, 
large result errors, and inefficient testing operations pose a difficult 
task for both of the clinician and subjects to conduct the gustation 
test. To solve this issue, our 9-channel LGI could be adopted for 
assessing subjects’ gustation capability in a short time with results 
synchronously displayed on screen for later data analysis (Fig. 5 
A, i), where the 6 volunteers are required to lick the working area 
of the LGI with a random taste generated until giving the answer 
on the taste type by clicking the corresponding button in a self-
developed GUI (same as that in Movie S2). Here, apart from the 
subject’s taste recognition rate, we also took the corresponding 
consumed time into consideration since the operation time of TG 
could also indicate the tasteful chemical concentration at which 
the subject identifies a taste. According to the results shown in 
Fig. 2D, the chemicals concentration of the generated 9 different 
TG channels will continuously increase to the peak values in the 
first 3 min, during which longer response time demonstrates a 
higher threshold value for the corresponding taste types, resulting in 
a lower response time score for assessing users’ gustation capability. 
It is worth mentioning that all the 9 different taste chemicals were 
used during the volunteer test for comprehensively evaluating 
users’ gustation. Benefitted from the user-friendly operation for 

the users, the 6 volunteers could finish the test in a short time 
(40.2 s to 119.8 s). As a result, the visualization of the gustation 
test results is also shown through polygon charts with empirical 
score to evaluate the volunteers’ gustation capability, as shown in 
Fig. 5 A, ii. Following our previous work (46) that employed a 
list-wise recommendation framework, the score was defined as a 
weighted sum of the evaluation of recognition time and the scaled 
response time between the minimum and maximum values.

 Then, an immersive online shopping was realized by exploiting 
the gustation interface system associated with VR headsets, sup-
porting the visual, audio, and gustation feedbacks ( Fig. 5B  ). In 
this application, users can select a specific taste option by touching 
the corresponding virtual food in a virtual grocery with a 9-channel 
LGI realizing the taste feedback. Here, once the target food is 
selected, the taste generation of the corresponding LGI channel 
is instantly activated by switching up the iontophoresis between 
the two ends of the tasteful agarose gel (voltage input, 2 V). 
Following, in one experiment, three different taste channels were 
examined, including passion fruit, green tea, and grapefruit, 
where, according to the user’s selection, each channel could be 
turned on and off consecutively with the corresponding electrical 
current flows displayed for further verifying the generation of 
different flavors ( Fig. 5B  ). Here, the working time of the three TG 
channels ranges from 24 s to 36 s, which is sufficient for users to 
perceive the taste feedback ( Fig. 4E  ).

 A MR-based immersive virtual system is developed with all the 
five basic senses of humans, including gustation, olfaction, haptic, 
audio, and vision, based on the combination of a VR headset and 
OGCI, where, for example, children could conveniently learn the 
characteristics and features of various food in a short time under 
the supervision of their parents ( Fig. 5 C , i  and ii   and SI Appendix, 
Supplementary Note 7 ). In this MR system, visual and audio 
feedbacks are provided by the VR headset, olfaction and gustation 
display is realized by our OGCI, and the haptics is achieved by 
the real lollipop device, where users could directly hold the device 
during the MR application. During the application, the OGCI 
and the corresponding virtual model share the same 3D position 
coordination in both of reality and virtuality. In the VR scenario, 
nine different virtual buttons, marking names of specific taste and 
olfaction channels, are built in for controlling the OGCI in gen-
erating particular flavors and odors ( Fig. 5 C , iii  ). During the 
utilization, once a virtual button is selected by virtual touch real-
ized by the hand tracking system and the lollipop is held by the 
user, commands for manipulating the intelligent OGCI system 
are transmitted wirelessly to activate corresponding taste and olfac-
tion channels ( Fig. 5 C , iii   and Movie S4 ), where, in the experi-
ment, taste, and olfaction channels for sugar, cherry, milk, and 
grapefruit were opened consecutively according to the commands 
received from the VR equipment. During the experiment, the 
taste channel was activated for a brief period of 10 s. However, 
according to the average recognition time shown in  Fig. 4E  , this 
10 s activation should be sufficient to meet the 9.91 s average 
recognition time for different tastes. Additionally, the activation 
time can be adjusted according to the specific taste and user pref-
erences. As a result, the three typical demonstrations shown in 
 Fig. 5  have proven the great potentials of our gustation interface 
family in wide application areas, ranging from human–machine 
interfaces, to medical evaluation, to education, and to entertain-
ment. In addition to the LGIs and OGCI, we also developed a 
9-channel LGI with a thermistor integrated for minimizing the 
temperature effect on chemicals generation mass prediction, as 
shown in SI Appendix, Figs. S30 and S31 . The thermistor, 
mounted at the bottom of the LGI working surface, could accu-
rately monitor the temperature near the TG channels, therefore, 
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Fig. 5.   Three typical demonstrations of the gustation interfaces. (A) A demonstration of the 9-channel LGI in providing an alternative gustation evaluation 
method (A–i) with the assessed test result of 6 female volunteers shown in A–ii. The 9 tasteful gels follow the setting of Fig. 2A. Negative scores are assigned to 
false detection while positive values indicate correct identification. (B) A demonstration of the 9-channel LGI in displaying the taste feedback to a female user in 
a virtual online shopping scenario for providing an immersive experience (B–i), and the three TG channels (passion fruit, green tea, and grapefruit) were turn on 
one by one, where the corresponding operating time is consistent with the user’s motion in the virtual environment (B–ii). (C) A demonstration of the OGCI in 
providing odor and taste feedbacks to users in a MR-based educational application (C–i), where a mother is teaching her son the tastes and odors of some fruity 
lollipop. Here, due to the characteristics of the MR, users could experience five basic sensation feedbacks, including gustation/olfaction/haptic feedbacks @ OGCI, 
and vision/audio feedbacks @ VR glasses (C–ii). In a practical MR application, a user experienced the four different tastes (sugar, cherry, milk and grapefruit) and 
corresponding odors by utilizing the OGCI in a virtual environment (C–iii), during which taste and olfaction channels for sugar, cherry, milk, and grapefruit were 
opened consecutively according to the commands received from the VR equipment (C–iv).
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once the detected temperature exceeds the preset value (for exam-
ple, 28 °C), the prediction of the chemical generation will be 
paused by stopping the current measurement in all TG channels, 
where the preset value is used to distinguish whether the LGI is 
in the mouth or not. SI Appendix, Fig. S32  presents the detected 
temperature variations as a function of operation time, during 
which the new LGI was repeatedly soaked into 34 °C water for 
four cycles, and it is obvious that the device could rapidly response 
to the surrounding temperature variations. To further demonstrate 
the LGI in practical applications, a user was required to repeatedly 
lick and take away the LGI, meanwhile the device continuously 
monitored the electrical signal of the thermistor with the current 
measured intermittently, as shown in SI Appendix, Fig. S33 . 
However, considering some unpredictable parameters effect (for 
example, surrounding humidity and users’ eating habits), our 
gustation interfaces family may fail to provide an accurate predic-
tion of the chemical generation rate and mass. We hope to provide 
a reliable solution to measure the chemicals release directly in the 
future.   

Conclusion

 In summary, we developed a series of intelligent, portable gustation 
interface systems in the format of the lollipop, supporting both of 
taste and olfaction feedbacks in virtual environments. Based on ion-
tophoresis working principle, our LGIs and OGCI could be pro-
grammed to separately manipulate the exudation intensity and time 
of tasteful chemicals embedded in agarose gels in the nine TG chan-
nels with a small working area of 7.1 cm2 , realizing a miniaturized 
structure design for the user-friendly utilization. Besides, the gustation 
interfaces enable the real-time recording of taste generation rate and 
exudation chemical mass based on the current and operation time 
for each TG channel by integrating a data-driven mathematic model. 
By designing the three different demonstrations, including clinical 
gustation evaluation, immersive online shopping, and educational 
MR experience with five basic sensation feedbacks, our gustation 
display family has demonstrated their advances over the reported 
works in electrical performance (response time, stability, and anti-
interference), overall size, the number of TG channels, the combina-
tion of olfaction feedback, intelligence during operation, and potential 
application fields, further proving their significant potentials in 
human–machine interfaces, education, entertainment, and medical 
diagnosis. However, the current gustation interfaces fail to realize a 
controllable chemical concentration in exuded solutions, which will 
be solved in the future by trying different working principles.  

Methods

Fabrication of Tasteful Gel. To fabricate the tasteful gels, 0.6 g agarose is 
added into 20 mL mineral water stored in a 100-mL beaker, and then the mixture 
solution is melted in a microwave oven for 1 min. Following, 2 g target flavoring 
essence (including sugar, salt, citric acid, cherry, milk, green tea, passion fruit, 
durian, and grapefruit) is added into the melt agarose-based gels. Mix the sample 

on the magnetic stirrer at the heating temperature and spinning speed of 80 °C 
and 200 rpm for 1 min, then cure the gel in the room temperature for 10 min. 
Finally, cut the gels into the target size by a customized round cutter. Purchasing 
information for all chemicals adopted is listed in SI Appendix, Supplementary 
Note 3.

Fabrication of the LGIs and OGCI. Two flexible circuits were developed by 
adopting flexible printed circuit board (FPCB) techniques with a copper con-
ductive layer plated with gold. All components, including a Bluetooth module, 
microcontroller, resistors, capacitors, etc., were soldered to the FPCBs. Finally, the 
circuits were mounted onto a 3D-printed Nylon skeleton, with the top and bottom 
FPCBs secured and decorated with colorful stickers. Detailed fabrication processes 
of the LGIs and OGCI can be found in SI Appendix, Supplementary Notes 4 and 5, 
respectively. In addition, the operation of the circuits in LGIs and OGCI could be 
found in SI Appendix, Supplementary Note 6.

Mechanical Simulation. The FEA commercial software ABAQUS (Analysis User’s 
Manual 2020) was used to obtain the stress distribution of LGI under the distrib-
uted external pressure. Please find more details in SI Appendix, Supplementary 
Note 8.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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