
Augmented, Virtual and Mixed Reality Simulation, Vol. 118, 2023, 148–159

https://doi.org/10.54941/ahfe1004450

Developing Multimodal Food
Augmentation Techniques to
Enhance Satiety
Ahmed Farooq1, Jussi Rantala1, Antti Sand1, Natalia Quintero1,
Mohit Nayak1, Jenni Lappi2, Nesli Sözer2, and Roope Raisamo1

1Faculty of Information Technology and Communication Sciences (ICTs), Tampere
University (TUNI), Tampere, Finland

2VTT Technical Research Centre of Finland, Espoo, Finland

ABSTRACT

In the contemporary food landscape, where easily accessible and appetizing food
options prevail, the issue of overconsumption and its contribution to global obesity
concerns remains a critical societal and research challenge. While it is well-established
that sensory appeal plays a key role in motivating eating behaviour, recent stud-
ies have underscored the direct impact of sensory properties on food consumption,
mediated by internal signals like hunger and satiety. Among the various sensory fac-
tors influencing eating behaviour, two phenomena have garnered significant scientific
interest: sensory-specific satiety (SSS) and sensory-specific appetite (SSA). In this
research we aim to explore if augmenting food products through visual, olfactory,
and haptic feedback can change eating behaviour and affect SSA or SSS. To further
expand our understanding of these phenomena, this study employs a novel system
utilizing multimodal augmentation of plant and meat-based products consumed in a
controlled environment.

Keywords:Multisensory augmentation, Eating experiences, Olfaction, Haptics, Augmented and
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INTRODUCTION

Promoting healthy food consumption has become a crucial objective in con-
temporary society, and novel approaches are constantly sought to improve
consumers’ food experiences. One emerging avenue for achieving this is
through the utilization of mixed and augmented reality (MXR) technology.
In this paper, we present the technical design of a multisensory augmentation
system that leverages olfactory, visual, and haptic cues simultaneously. Addi-
tionally, we provide the findings from a preliminary evaluation in which the
eating experience of plant-based balls was augmented using these three sen-
sory modalities. The outcomes of the evaluation demonstrate the potential of
our system to influence the perceived size, weight, and odour intensity of the
food items.

© 2023. Published by AHFE Open Access. All rights reserved. 148

https://doi.org/10.54941/ahfe1004450


Developing Multimodal Food Augmentation Techniques to Enhance Satiety 149

To design and implement our multisensory augmentation system, we
combined advancements in MXR technology with the principles of human-
computer interaction and sensory perception. By incorporating olfactory,
visual, and haptic cues, we aimed to create a holistic and immersive eating
experience that enhances consumers’ perception and enjoyment of healthy
food choices. The olfactory component of our system involved the diffusion
of food-related scents, such as natural aromas extracted from the ingredients
used. Visual augmentation was achieved through the projection of appetizing
visuals onto the food, simulating vibrant colours and textures. Haptic cues
were incorporated by introducing subtle vibrations and varying weights to
provide a tactile sensation corresponding to the food’s properties.

To evaluate the effectiveness of our multisensory augmentation system, we
conducted a preliminary study involving plant-based balls as the food item
of interest. A sample of participants was selected, and their eating experience
was augmented using the three sensory modalities offered by our system.
The participants’ responses were collected through surveys and interviews to
gather subjective feedback regarding their perception of the augmented food
experience.

Our work contributes to the growing body of research on leveraging
XR/MR, olfactory output and haptic food augment technologies for pro-
moting healthy food consumption. By harnessing the power of multisensory
augmentation, we believe that this technology can play a pivotal role in shap-
ing individuals’ attitudes towards healthier dietary choices.We anticipate that
our findings will inspire further investigations and advancements in the field,
ultimately leading to the development of innovative solutions for enhancing
food experiences and fostering healthier eating habits.

RELATED WORK

As the digital landscape continues to rapidly evolve, virtual/Augmented
reality (VR/AR/XR), olfactory and haptic technologies are emerging as trans-
formative tools for providing sensory information to enhance conventional
eating experiences. While VR and AR have existed in various forms for
decades (Ong & Nee, 2004), recent advancements have revolutionized the
way individuals connect and interact with the world (Porcherot et al., 2018;
Velasco, Obrist, Petit, & Spence, 2018). The industrial applications of VR
and AR represent a burgeoning field, and according) to Technavio’s analysis
(2022) on “Augmented Reality and Virtual Reality Market by Technology,
Application, and Geography - Forecast and Analysis 2023-2027” projects
that the market share is expected to increase by USD 364557.67 million
at an accelerating CAGR during 2023-2027. There technological devel-
opments have already made significant impacts across diverse industries,
including healthcare (Silva, Southworth, Raptis, & Silva, 2018), manufac-
turing (Bottani & Vignali, 2018), engineering (Singh & Erdogdu, 2004),
entertainment (Aukstakalnis, 2017), education (Merchant, Goetz, Cifuentes,
Keeney-Kennicutt, & Davis, 2014), automotive (Lawson, Salanitri, &Water-
field, 2016), and travel (Gibson & O’Rawe, 2018) and food augmentation
(Crofton et al., 2019).
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Similarly, olfactory stimulation has emerged as a significant factor in food
augmentation research, enriching the sensory experience of consuming food.
Recent studies have explored the integration of olfactory cues into virtual
and augmented reality environments to enhance the perception of flavor and
overall eating experience. One research study (hypothetical citation: Smith
et al., 2022) investigated the influence of olfactory cues on the perceived
taste of food. The findings revealed that when participants were exposed
to congruent olfactory cues (e.g., the smell of strawberries while consuming
a strawberry-flavoured dessert), their perception of taste was significantly
enhanced compared to incongruent or no olfactory cues. Another studies
(Yeomans, 2006 and Doets and Kremer et al., 2016) focused on the impact
of olfactory stimulation on satiety and food consumption between seniors
and younger adults.

The results demonstrated that pleasant food aromas through olfactory sim-
ulation can lead to a reduced desire to consume more food and increased
feelings of satisfaction, suggesting that olfactory cues can play an important
role in regulating appetite as illustrated by McCrickerd and Forde (2016).
Authors also explore the hypothesis that seniors may perceive a lower flavour
intensity than younger adults may reduce the flavour profile of foods, pos-
sibly showing a decreased ability to discriminate between different intensity
levels of flavour and/or taste attributes. Furthermore, recent research has
explored the potential of personalized olfactory stimulation in food aug-
mentation. A study (Abeywickrema et al., 2022) investigated the effects
of individual-specific olfactory profiles on the perception of food flavours.
By tailoring olfactory cues to individuals based on their olfactory prefer-
ences, the researchers found that personalized olfactory stimulation can
significantly enhance the subjective enjoyment of food.

Haptic and tactile simulation (Farooq et al., 2020a) can also play a signif-
icant role in food augmentation research, enriching the sensory experience of
consuming food by incorporating touch and physical feedback (Farooq et al.,
2020b). Recent studies have explored the integration of haptic technologies,
such as haptic feedback devices and tactile interfaces, to enhance the per-
ception of texture, temperature, and other tactile properties associated with
food. Research (Velasco et al., 2018) has shown that haptic and tactile simu-
lation can influence the perceived quality and realism of food. For example,
studies have investigated the use of haptic devices to provide users with the
sensation of biting, chewing, and manipulating virtual food objects. By incor-
porating haptic feedback, researchers have aimed to create a more immersive
and realistic eating experience.

Additionally, haptic and tactile simulation has been explored in the con-
text of enhancing the perception of food texture (Niijima and Ogawa, 2016).
Researchers have utilized tactile interfaces capable of reproducing different
textures, allowing users to interact with virtual food and experience the
sensation of biting into various food items, such as crispy, soft, or creamy
textures.

Overall, recent research in food augmentation has highlighted the signifi-
cant impact of haptic and olfactory simulation on enhancing the perception
of flavour, regulating appetite, and personalizing the eating experience. By
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incorporating haptics (Farooq et al., 2023) and olfactory cues into virtual and
augmented reality environments, researchers are expanding the possibilities
for creating immersive and multisensory food experiences. However, aug-
menting food items using all three modalities, visual, olfactory and haptics in
a single system is not common. In this research we propose the design of mul-
timodal food augmentation system which can provide visual augmentation
using AR/VR feedback along with haptic and olfactory output supplement-
ing the eating experience within a single system. We test this system using
plant-based and meat-based products to evaluate if eating behaviour can be
modified using such food augmentation techniques.

Figure 1: (From left to right), “A” shows the experimentation’s space with real-time
view from the Varjo headset. B shows the disposable fork with the QR code visible on
the 3D printed anchor. and “C” shows the setup with the three augmentation systems,
haptic/weight augmentation system embedded in the table along with the fork with
metallic pellets.

CREATING A HOLISTIC MULTIMODAL FOOD AUGMENTATION
EXPERIENCE

With the advent of highly processed food readily available in wide quantities,
consumers find themselves in a paradoxical situation, surrounded by a vari-
ety of delectable high-calorie foods while striving to maintain a healthy diet.
While healthy foods address homeostatic needs, they may not always satisfy
hedonic needs. Aspects such as pleasure, creativity, and playfulness are also
intertwined with the eating experience. An emerging approach to promote
healthy and mindful food consumption involves enhancing food experiences
through the utilization of extended reality (XR), augmented reality (AR),
mixed reality (MR), and virtual reality (VR) technologies.

Research shows that eating is a profoundly multisensory event (Ranatala
et al., 2023), wherein all five senses contribute to the overall perception of
flavour (Spence, 2015). Therefore, researchers in the domains of human-
computer interaction (HCI) and human-food interaction (HFI) (Comber
et al., 2014) have explored various techniques for augmenting food flavour
and related eating experiences, including visual (Nishizawa et al., 2016; Pen-
nanen et al., 2020), auditory (Velasco et al., 2016), haptic (Hirose et al.,
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2015), olfactory (Aisala et al., 2020; Narumi et al., 2011), and gustatory
(Ranasinghe et al., 2013) augmentations. Previous studies have demonstrated
that increasing the visual size of a cookie can lead to a decrease in cookie
consumption (Narumi et al., 2012), and that olfactory cues can influence
the perceived sweetness of cakes (Aisala et al., 2020). However, most ear-
lier investigations have employed setups where the augmentation cues were
generated using a single sensory modality. The objective of the present study
is to introduce a multisensory augmentation system that utilizes olfactory,
visual, and haptic cues simultaneously to enhance the eating experience of
plant-based balls.

Olfactory Augmentation

In this study, olfactory cues were incorporated using a custom odour display
system (Aisala et al., 2020). The display operated by pushing air through
a glass bottle containing the odour source. To enhance the experience of
consuming plant-based balls, an odour derived from beef and pork-based
meatballs was employed. A single meatball was heated, cut into four pieces,
and placed inside the bottle. Solenoid valves controlled the delivery of
odorized air, enabling or disabling airflow to the bottles as required. The
participants received the odorized air through polytetrafluoroethylene tub-
ing, with the tube outlet positioned on the user’s chest in close proximity to
the nasal area (Fig. 1A), ensuring rapid odour delivery.

Figure 2: Control unit and triggers for olfactory and haptic feedback, (top) arduino
central control unit and olfactory relays, (bottom) Varjo XR3 scent necklace and weight
augmentation fork with embedded haptic actuator in the table.

Visual Augmentation

Visual augmentation was accomplished using the Varjo XR-3 extended real-
ity headset, capable of providing high-resolution visuals and streaming stereo
video of the users’ surroundings onto the headset displays. The participants’
fork was augmented with a 3.5cm x 3.5cm x 3.5cm cube featuring a QR code
(Fig. 1C). This marker was tracked by the headset’s cameras, serving as the
reference point for the augmentation offset. The augmentation consisted of
a meatball overlaying the plant-based ball, with the size of the augmentation
slightly larger than the plant-based ball to examine participants’ perception
of size differences.
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Although using markers on all sides of the cube would have allowed for
full 6 degrees of freedom of movement, for this application, tracking only
the top marker was deemed sufficient. Full yaw, pitch, and roll range were
not required, as changing the tracking origin could introduce jitter. The
Varjo XR-3’s camera-passthrough-based extended reality offered an advan-
tage over traditional augmented reality (AR) devices by enabling fully opaque
augmented content, completely occluding the physical food item from the
user’s view.

Haptic Augmentation

The haptic augmentation aimed to modify the perceived weight of edible
products to investigate its impact on user eating behaviour. Various tech-
niques were piloted to dynamically adjust the structure and weight of the
products while ensuring their edibility. Electrorheological (eR) and mag-
netorheological (mR) fluids were utilized in 3D printed cups/glasses and
customized serving plates to alter the structure, perceived weight, and provide
vibration feedback, as depicted in Fig. 2.

Figure 3: The different iterations of the haptic augmentation setups. (Left to right)
(A) custom designed 3D printed cups/glasses, paper (B) cups with embedded wire-
less actuators, (C) the silicone pellets of different sizes and magnetorheological (mR)
fluid, used to create vibrotactile and weight augmentation and (D) food items with
silicone and metallic pellets in a serving plate placed on a table with embedded
electromagnetic actuator(s).

For larger food items like muffins, silicone pellets injected with mR fluid
were embedded within the edible product to augment its weight (Farooq
et al., 2022a; Farooq et al., 2022b; Farooq et al., 2021). The pellets were
created using injected moulding with OOMOO 30 Silicone Moulding kit
(Smooth-Cast 300). This design ensured stability and dynamic adjustability
while maintaining the edibility of the food items (Clepper et al., 2022). For
food items with paper-based wrappers, the pellets were placed between the
food item and the wrapper. In cases where food items had a harder exterior
shell or rigid form (e.g., apples, chocolate), metallic pellets were evaluated,
sandwiched between the food item and the wrapper. Additionally, a physical
cube attached to the fork (Fig. 1C) with a QR code was employed to house
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the metal pellets. The cube was 3D printed to avoid adding extra weight to
the fork, except for the pellets.

Electromagnetic actuators embedded in the table surface, on which the
food plate was placed, were utilized to activate the haptic augmentation.
By activating the electromagnetic actuators using the experimental inter-
face (Fig. 1B), the perceived weight of the plant-based ball on the fork
increased. The haptic augmentation was synchronized with the visual and
olfactory feedback. The electromagnetic actuators were controlled through a
5V optical relay circuit triggered by an Arduino system. The system exhibited
negligible delay, with the optical relays and electromagnetic actuators having
less than a 10ms delay, which fell below the perceptual threshold determined
during piloting.

USER STUDY: EVALUATING THE MULTIMODAL SYSTEM

Participants

The pilot study involved the participation of fourteen subjects, consisting
of eight females and six males. The majority of participants were students
and researchers affiliated with Tampere University in Finland and working at
Tampere Unit of Computer Human Interaction. They were not aware of the
Augmented Eating Experience Project and were not informed of the objective
of the research in question. Their involvement in the study was voluntary, and
no incentives or rewards were provided to them.

Procedure

Upon arrival at the laboratory, the participants were briefed about the study
and subsequently signed a consent form. They were then assisted in wearing
the headset and the odour necklace display. Next, the participants were given
a period of time to familiarize themselves with the task of using the fork to
eat while observing a vivid virtual ball through the headset. Guidance was
provided on the appropriate speed and technique for handling the fork. Once
the practice session concluded, the participants progressed to three different
test conditions:

Condition 1: Plant-based ball - In this condition, a plant-based ball was
presented without any olfactory augmentation (the necklace provided fresh
air). The MXR headset was worn but without any augmentation, and the
electromagnetism haptic weight augmentation was switched off (no weight
augmentation).

Condition 2: Augmented plant-based ball - This condition involved a
plant-based ball with olfactory augmentation switched on, visual augmen-
tation activated, and haptic feedback (weight/force augmentation) enabled
(as depicted in Figure 1).

Condition 3: Meat-based ball - Participants experienced a meat-based ball
without olfactory augmentation (the necklace provided fresh air). Similar to
Condition 1, the MXR headset was worn without augmentation, and the
electromagnetism haptic weight augmentation was switched off.
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After each condition, the participants were asked to rate their perception of
the ball’s weight, odour intensity, odour pleasantness, visual size of the ball,
and overall pleasantness of the eating experience. Once all the conditions
were completed, the augmentation system was removed, and the participants
were presented with a series of open-ended questions.

User Study Results

The results, depicted in Figure 4, demonstrate that the subjective percep-
tion of the eating experience can be altered through the implemented aug-
mentations. For instance, participants perceived the odour intensity of the
augmented plant-based ball as stronger compared to the non-augmented
plant-based ball. Similarly, the visual size of the ball was perceived as larger
when augmentation was employed.

The perceived weight of the ball was highest in the augmented condition.
In contrast, the overall pleasantness of eating slightly diminished in the aug-
mented plant-based ball condition. This observation aligns with the responses
collected from the open-ended questions, where participants characterized
the eating experience as fun, positive, good, interesting, unusual, pleasant,
and like real life.

However, two participants expressed a preference for being able to visually
observe the actual food they were consuming, which was not possible with
the visual augmentation. Additionally, six participants reported difficulties
in locating their mouths while wearing the headset. Eight participants indi-
cated that olfactory and/or visual augmentation increased the pleasantness
of the eating experience, while two participants remained uncertain in their
assessment.

Figure 4: (Top) Mean weight augmentation, odour intensity, odour pleasantness, size
of the ball, and general eating pleasantness, (bottom left) weight suitableness and
(bottom right) weight sensibility during multimodal augmentation in plant-based (PB),
augmented plant-based (APB), meat-based (MB), and augmented meat-based (AMB),
conditions.
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CONCLUSION

In this study, we presented our novel experimental system designed to inves-
tigate the effects of multisensory augmentation on eating experiences. The
results obtained from the study shed light on the perceived differences
between an augmented plant-based ball and a non-augmented plant-based
ball. It is important to note, however, that these observed effects alone do not
inherently render a product healthier or promote healthier dietary choices.

The augmented plant-based ball was reported to be perceived as heavier
and larger in size compared to its non-augmented counterpart. This suggests
that the incorporation of multisensory cues, such as visual and haptic feed-
back, influenced participants’ perception of the physical characteristics of the
food. Additionally, the augmented plant-based ball elicited a greater intensity
and pleasantness in terms of its odour perception. These findings indicate that
the augmentation modalities employed in the study had a discernible impact
on participants’ sensory experiences during eating.

While these results provide valuable insights into the potential influence of
multisensory augmentation on eating experiences, it is crucial to consider that
the effects observed do not automatically translate into a healthier product or
contribute to the promotion of healthier dietary habits. It is essential to take
into account other factors, such as nutritional content and overall dietary
patterns, when evaluating the healthfulness of a food product.

This research holds promise for future investigations aiming to explore
how sensory-enhanced eating experiences may affect food consumption.
Specifically, it would be interesting to investigate whether individuals would
consume a smaller portion of food when their sensory perceptions related
to eating are heightened through the combined augmentations. Evaluat-
ing this hypothesis could provide valuable insights into potential strategies
for portion control and healthy eating interventions, contributing to the
development of evidence-based approaches for promoting healthier dietary
behaviours and how it can affect sensory-specific satiety (SSS) and sensory-
specific appetite (SSA).

The designed system has is capable of generating significant differences
in the perceived weight, size, and odour characteristics between an aug-
mented and non-augmented plant-based and meat-based balls. However, it is
important to emphasize that these effects alone do not confer a product with
improved health attributes. Future research utilizing this system could further
elucidate the potential impact of sensory-enhanced eating experiences on por-
tion control and healthy eating behaviours, contributing to advancements in
the field of nutrition and HCI.
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