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ABSTRACT 
Multisensory augmented reality systems have demonstrated the 
potential of olfactory cues in the augmentation of flavor perception. 
Earlier studies have mainly used commercially available sample 
products. In this study, custom rye-based cakes with reduced sugar 
content were used to study the influence of different odorants on 
the perceived sweetness. A custom olfactory display was developed 
for presenting the odorants. The results showed that augmentation 
of a reduced sugar rye-based cake with localized maltol, vanilla, and 
strawberry odor increased the perceived sweetness of the cake-odor 
pair compared to a cake with deodorized airflow. 

CCS CONCEPTS 
• Human-centered computing → Human computer
interaction → Empirical studies in HCI

• Human-centered computing → Human computer
interaction → Interaction paradigms → Mixed / augmented
reality

1 INTRODUCTION 
Today’s modern consumer lives in a contradictory situation being 
surrounded by an abundance of delicious high-calorie foods but 
trying to maintain a healthy diet. In addition to healthiness, 
expectations towards the eating experience are high. For example, 
elements of pleasure, creativity, and playfulness are desired from 
the foods. The food should meet nutritional needs and hedonic 
needs to lead to ‘reward homeostasis’ which, in turn, is expected to 
decrease the risk of overeating [31]. Although healthy foods fulfill 
the homeostatic needs, the hedonic needs are not necessarily 
fulfilled. With new technology and Human-Food Interaction (HFI) 
[5], healthy foods could be augmented to enhance the eating 
experience in a customized fashion. 

Because eating is a highly multisensory event where all the five 
senses contribute to the overall perception of flavor [8,25,32], HFI 
researchers have created visual [8,21], auditory [3,12,28,40], haptic 
[7,9], olfactory [17–19,38], and gustatory [26,27] cues associated 
with the flavor. One particularly promising technology platform for 
flavor augmentation is augmented reality which enables 
superimposing digital information over real world views [6]. For 
example, the MetaCookie+ augmented reality system presented 
visual and olfactory cues for altering the flavor of a cookie [19,20]. 
Olfactory cues are an essential part of taste perception which 
largely originates from the sense of smell [2]. Olfactory cues can 
also enhance or suppress the perception of tastants and vice versa 
[34,39]. The results of an exploratory study with the MetaCookie+ 
system indicated that most participants experienced a change in the 
flavor with the added visual and olfactory cues [19]. Similar systems 
with visual and olfactory cues have also been developed for VR 
[10,33,37] and a general olfactory toolkit OWidgets has been 
published [16] to facilitate this design. 

While the earlier multisensory systems have demonstrated the 
potential of AR in augmenting flavor perceptions, they have utilized 
small-scale user evaluations [6,41]. Also, the process of selecting 
olfactory cues has not been in the focus of earlier work [19,37,38]. 
Our research project titled “Augmented Eating Experiences” aims 
to contribute to this line of research by studying how food products 
augmented with different sensory cues can modify eating 
experiences. The goal of our research is to understand whether 
augmented food products can assist in promoting health and well-
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being, for example, by modifying the perceived sweetness of food. 
A consumer could choose a low sugar, healthy product that is 
equivalent to a regular product in the sensory experience. 

Eating experience, as defined here, is a complex phenomenon where 
individual’s sensory evaluations, physiological cues (such as 
satiety), emotional responses to eating situation, mood, perceived 
vitality, satisfaction, food reward and psycho-physiological 
responses to food are crucial (e.g. [4,13,15,22–24,30]). This initial 
workshop paper focuses on sensory evaluations. 

The aim of this study was to explore how olfactory cues can be used 
to augment the perceived sweetness of sugar reduced healthy cakes. 
The influence of various locally delivered odors on the perceived 
sweetness of reduced sugar healthy rye cakes was evaluated.  

2 METHODS 

2.1 Participants 
The assessors were members of VTT’s trained sensory panel. These 
assessors were selected by testing their senses of smell, taste, and 
color vision and trained extensively in the use of descriptive, 
quantitative sensory evaluation techniques and in the use of line 
scales to evaluate sensory intensities. The selection and training 
followed the standard protocols for analytical sensory panels 
[11,14]. There were 11 assessors in study 1 (3 males and 8 females, 
30 to 58 years old, average age 44 years, standard deviation 10 years) 
and 10 assessors in study 2 (3 males and 7 females, 30 to 58 years 
old, average age 40 years, standard deviation 9 years). The assessors 
were trained to the specific evaluation protocol, the different 
samples, and the sensory attributes before the main evaluations in 
a consensus training session before each study. 

An application regarding the sensory evaluation protocol was made 
to VTT’s internal ethical committee whose recommendations were 
followed in the evaluation. All panelists provided a written 
informed consent before the evaluations and were aware that the 
study aimed to investigate how the eating experience can be 
modified with augmented reality technologies.  

2.2 Odors 
In the first phase, 12 sweet candidate odor compounds and 
commercial products were evaluated for odor congruence and 
suitable dilutions with the sample cakes with a small panel (5 
members). These candidates were considered based on literature 
[35,39,42,43]. The odorant candidates were ethyl butanoate, methyl 
hexanoate, isoamyl acetate, vanillin, maltol, furaneol, γ-decalactone, 
ethyl cinnamate, citral and raspberry ketone, all bought from 
Sigma-Aldrich (Darmstadt, Germany). Additionally, commercial 
strawberry jam (Saarioinen Oy) and vanilla extract (Dr. Oetker) 
were included in the odorant screening. The candidate odors were 
dissolved in propylene glycol in 1/30 to 1/150 dilutions and 
presented with 3-digit codes. First each panelist described the odors 
individually and evaluated their congruence with a sweet sponge 
cake product. After a consensus discussion the most congruent 
candidate odors were selected for further study. 

Based on the screening, six odorants were selected for study 1: 
isoamyl acetate (1/250 dilution), maltol (1/50 dilution), citral (1/150 
dilution), γ-decalactone (1/80 dilution), strawberry jam (undiluted) 
and vanilla extract (undiluted but already an aqueous ethanol 
solution as a retail product). Five to ten microliters of the dilutions 
(and 3 g of the jam) were pipetted in 30 ml brown glass vials with 
caps and provided with the sample cakes. 

Maltol (10 g of 1/50 dilution in propylene glycol), strawberry jam 
(15 g of undiluted, homogenized jam), and vanilla extract (10 g of 
1/10 dilution in 10% ethanol) were further used in study 2. The 
odorants were pipetted in 50 ml brown glass bottles and delivered 
to the nasal area of the assessors with the odor display. 

2.3 Sample cakes 
Cake recipes with three varying sugar contents were designed with 
endosperm rye flour (Fazer Mills, Finland) as the cereal ingredient. 
Other ingredients included whole egg powder, sugar, baking 
powder, and rapeseed oil. The sugar contents of the cakes were 25 
g/100 g cake (normal cake), 17 g/100 g cake (reduced sugar cake), 
and 12 g/100 g cake (-50% sugar cake). The reduced sugar in recipes 
was replaced by additional endosperm rye flour and water. The aim 
was to produce samples with higher dietary fiber contents than 
wheat-based cakes and to retain as similar textures as possible 
despite the changing sweetness intensity. 

The cakes were baked by mixing egg powder with water, followed 
by sugar addition and whisking. Next rapeseed oil was added to the 
egg-sugar mixture. Finally, rye flour and baking powder were 
added. The batters were poured in metal cake pans and the cakes 
were baked in a rotating rack oven for 45 min at 175°C followed by 
10 minutes at 160°C (covered by foil). For the evaluation, the crust 
parts of the cakes (top, bottom and sides) were cut out and the 
resulting inner crumb was cut to 2 × 2 × 2 cm sample cubes and 
served monadically along with the paired odor in covered plastic 
cups. The samples were marked with 3-digit number codes. 

2.4 Odor display 
The odors were produced with a headspace technique based on 
pushing air through 50 ml bottles (Rixius, Germany) containing 
odorous material. To achieve a controlled airflow, we developed a 
custom odor display (shown in Figure 1). A compressor (HBM AS-
48, Waddinxveen, Netherlands) produced air that was used as the 
carrier gas. Polytetrafluoroethylene (PTFE) tubing and steel 
connectors were used between the different components of the 
display. The air was purified with a cylinder containing activated 
carbon. The flow of the carrier gas was set to 1.1 L/min with a Q-
flow rotameter (Vögtlin Instruments, Switzerland). The air was then 
directed to a valve manifold (VX210A08, SMC Corporation, Japan) 
with eight solenoid valves (VX2A0BZ1S, SMC Corporation, Japan). 
Solenoid valves have been used earlier for controlling airflow in 
odor displays [10]. 
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Figure 1. The experimental setup in study 2 consisting of 
the experimenter’s PC (1), solenoid valves (2), odorants in 
jars (3), and tube outlets (4) for delivering the odors to 
participants.  
 
Four valves were utilized in the current experiment. Power for each 
valve was controlled separately with MOSFET transistors 
connected to an Arduino Mega microcontroller. The Arduino was 
connected to a laptop PC. The PC was running a graphical interface 
implemented with Processing (version 3.5.3) which the 
experimenter used for opening and closing valves. Once the 
experimenter opened a valve, the air was directed through a bottle. 
The outlet of the PTFE tube carrying odorous air was positioned 
close to the participant so that she could perceive the odor while 
eating the cake sample. Separate tubes and outlets were used for 
each odor to minimize cross-contamination of odors. The 
participants were seated so that the tube outlet was approximately 
10 cm away from their nose at the beginning of the evaluation and 
were monitored to keep this distance throughout the evaluation 
session. 

2.5 Procedure 
All evaluations were made in the sensory evaluation laboratory 
(ISO-8589). The laboratory had a 22 °C ambient temperature and 
50% relative humidity. The experimental procedure followed a 
typical descriptive profiling approach with panel training and 
repeated evaluations [14]. The panelists were asked to smell the 
odorant first, and then eat the sample cake while continuing to smell 
the odorant. After this, the panelists were asked to evaluate the 
combined perceived sweetness of the cake-odorant pair and the 
perceived intensity of the other flavor in the sample pair. Other 
flavor intensity was defined as the intensity of non-sweetness 
related odors and flavors in the nasal and oral cavities during 
chewing of the cake. The evaluation was done with 0-10 line scales 
typical to sensory profiling [14,43] where 0 was non-perceivable 
and 10 was labeled as very intense for the product segment. The 
panelists could also freely comment on the sample pair after the 

evaluation. The panelists were instructed to smell and drink water 
between samples to rinse their palate. 

In study 1, the aim was to pre-test the perceived sweetness of 
different odorants. The odor samples were in odor bottles that the 
panelists smelled themselves. Study 1 included the 17 g sugar/100 g 
cake and 12 g sugar/100 g cake samples. Blank odor bottles with no 
added odor were included as hidden controls in the sample design 
with both cake types. The 17% sugar content cake with the blank 
odor bottle pair was available as a reference product with a bound 
sweetness intensity of 7. The data was collected in two duplicate 
sessions in a complete block design with a randomized sample 
order. The data was collected with Compusense five (Compusense 
Inc., Guelph, Canada) sensory evaluation software. 

In study 2, the aim was to study the effect of odors on perceived 
sweetness using the odor display. The same sensory attributes and 
general setup was utilized as in study 1. However, the odors of the 
cake-odor pair were delivered with the odor display (Figure 1). For 
each sample, the assessors smelled the odorant (or clean air) for 10 
seconds before tasting the sample cake and proceeding with the 
intensity evaluation. Additionally, the sample cakes were the 25% 
sugar content and 12% sugar content cakes. Both sample cakes 
paired with non-odorized air were included as control samples. 
They were also available to the panelists as references: the 25% 
sugar content pair was tied to sweetness intensity 9, while the 12% 
sugar content cake was tied to sweetness intensity 4. A pause of 45 
seconds was forced between the samples to reduce odor carryover 
effects.  

2.6 Data analysis 
The resulting sensory data of both study 1 and study 2 were 
analyzed with a two-way mixed model analysis of variance with the 
samples as a fixed effect and the panelists as a random effect. 
Tukey’s HSD was used as the post hoc test. 

3 RESULTS 
In study 1, the 12 g sugar/100 g cake samples paired with maltol, 
strawberry jam, and vanilla extract were evaluated to be of 
approximately the same sweetness as the 17 g sugar/100 g cake 
sample (data not shown). These three compounds were selected 
thus for study 2. The panel performance was repeatable: the 17% 
sugar content cake was evaluated to be close to its bound sweetness 
intensity when it was presented as a sample. On the other hand, 
isoamyl acetate had almost zero influence on the perceived 
sweetness while γ-decalactone and citral even decreased the 
perceived sweetness of the 12% sugar content cake.  

In study 2, all three locally delivered odorants augmented the 
perceived sweetness of the sample-odorant pair (product effect 
p<0.005 in the two-way ANOVA [F(4,36) = 35.5]) compared to the 
cake with deodorized air only (Figure 2). Along with the rated 
intensities, most assessors described the odors and flavors in the 
sample pairs (Table 1). Based on these responses, the assessors 
identified the odorants well.  
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Figure 2. Results of study 2. The sweetness and other flavor 
intensities were evaluated with 0-10 line scales. Sweetness 
intensities of the 25% and 12% sugar content cakes with no 
odor were bound to 9 and 4, respectively (vertical lines). The 
error bars are standard deviations of the 10 assessors and 
two duplicate measurements. Odor pairs with different 
letters a-c have statistically significant differences (Tukey’s 
HSD post hoc test). 
 
 
Table 1. Free descriptions from the panel assessors in Study 
2. The descriptions in brackets are less common additions to 
the typical response. 
 

Odorant in 
sample 

Free comments 

no odor plastic (from PTFE tube) 

maltol 
cotton candy, (cake, 
honey) 

vanilla vanilla (in alcohol) 

strawberry (intense) strawberry (jam) 
 
 

The panel repeatability was good as the hidden blank samples were 
evaluated to be close to their bound reference value sweetness 
intensities. The evaluation of other flavor intensity was utilized to 
reduce dumping and the halo effect of sweetness. As expected, the 
cake sample pairs with no added odorant had the lowest other flavor 
values. However, maltol interestingly had a trend for a lower other 
flavor intensity than the other odors. This might be due to the 
odorant being less familiar in the cake context. 

4 DISCUSSION 
The two studies demonstrated that the perceived sweetness of 
reduced-sugar cakes can be augmented with locally delivered 
odorants. This finding with reduced-sugar cakes complements an 
earlier study [29] with commercial products such as candies and 
sugar sweetened beverages. The current results suggest that it is 
possible to augment the sweetness while retaining the lower sugar 
content. This has many benefits for the consumer because a sweet 
perception can be achieved with a reduced caloric intake. Using 
localized odorants  circumvents the challenges of low-calorie 
sweeteners such as the negative public image of aspartame and the 
laxative effects of sugar alcohols. 

In traditional odor-taste crossmodality research, the odorants 
prepared for sensory evaluations have been mixed in with the 
tastants as a solution [34,43]. However, in our approach, a localized, 
but external odor delivery method was employed. This is not an 
entirely unique approach [29], but a less studied one and similar to 
earlier VR scenarios [10].  

The possible mechanisms of sweetness augmentation with localized 
odors have been discussed earlier [29]. The mechanisms range from 
contextual interaction to transferring the sweet quality of the odor 
to the food matrix. From the viewpoint of HCI research, this means 
that successful augmentation can be achieved via various 
mechanisms. The associations of odorants to specific foods also vary 
as a function of previous experiences, which may also affect the 
augmentation efficiency. The different mechanisms as well as 
individual odor associations will be investigated in future research 
done with consumers rather than trained sensory assessors.  

Because we relied on participants’ subjective estimations of the 
perceived sweetness, it is possible that the perceived intensity, 
familiarity, and pleasantness of the odors were confounding factors 
in the study. However, this is unlikely because the participants were 
members of a trained sensory panel who have been trained to 
analytically deconstruct the sensory experience and to minimize the 
influence of their subjective preferences. 

Even though our findings indicate that the current olfactory display 
succeeded in augmenting sweetness perception, there are multiple 
ways to improve the display. For example, we plan to develop an 
alternative odor delivery method based on a body-mounted system 
where the odor output is integrated to a necklace [1,36] or an AR 
headset. This could make the odor delivery more localized and 
improve the comfort of use. In addition, we will add secondary 
valves after each odorant jar to ensure that only a single odor is 
presented at a time. 

0 2 4 6 8 10
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The work reported in this paper provides a starting point for our 
future experiments (N=60-100 per experiment) that focus on 
studying how eating experiences can be changed by augmenting 
food products with olfactory and other sensory cues. The current 
findings indicate that strawberry jam and vanilla extract are good 
olfactory cue candidates. In addition, we plan to use also visual cues 
that change the appearance of food products as suggested by earlier 
work [17–19,37,38]. The participants will see the visual cues 
through an AR headset while eating the products. We hypothesize 
that the number of different sensory cues (such as olfactory and 
visual augmentation) and their congruence influences the 
effectiveness of augmentation. The experiments will be carried out 
with consumers instead of trained sensory panelists, and we also 
intend to use psycho-physiological measures to complement the 
more commonly used self-reports. The general aim of our research 
is to understand whether augmented food products can help in 
nudging people towards healthier food choices and thus assist in 
promoting well-being. 
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