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The imitation of pain sensation in Virtual Reality is considered valuable for safety education and training but has been
seldom studied. This paper presents Douleur, a wearable haptic device that renders intensity-adjustable pain sensations with
chemical stimulants. Different from mechanical, thermal, or electric stimulation, chemical-induced pain is more close to
burning sensations and long-lasting. Douleur consists of a microfluidic platform that precisely emits capsaicin onto the skin
and a microneedling component to help the stimulant penetrate the epidermis layer to activate the trigeminal nerve efficiently.
Moreover, it embeds a Peltier module to apply the heating or cooling stimulus to the affected area to adjust the level of pain on
the skin. To better understand how people would react to the chemical stimulant, we conducted a first study to quantify the
enhancement of the sensation by changing the capsaicin concentration, skin temperature, and time and to determine suitable
capsaicin concentration levels. In the second study, we demonstrated that Douleur could render a variety of pain sensations
in corresponding virtual reality applications. In sum, Douleur is the first wearable prototype that leverages a combination of
capsaicin and Peltier to induce rich pain sensations and opens up a wide range of applications for safety education and more.
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Fig. 1. Douleur is a wearable prototype that induces pain sensation of different intensity to enhance the immersion of
realistic VR experiences: (a) The dog-biting scenario; (b) The corrosive liquid scenario; and (c) The spilled hot coffee scenario.

1 INTRODUCTION

Pain is a human instinct and plays an important role for safety. One common type of pain is the burning sensation
and can be induced in several ways, including flame exposure, scald exposure, contact burns, radiation, chemicals,
and electricity [60]. The accidents inducing burning sensation often cause injury, or even mortality. As reported
by National Burn Repository [62], 40.60% of all burning cases were caused by fire/flame, 31.40% by scald, 9.10% by
contact with hot objects, and 3.60% and 3.50% by electrical and chemical components. Unfortunately, potentially
hazardous sources causing pain might go unnoticed due to people’s lack of awareness or experiences with such
hazard sources.

Virtual Reality (VR) is capable of engaging people with visual, audio and haptic renderings, and has been
widely used in domains such as art, clinical, educational, and skill training. Inducing brief pain sensation in
a VR environment can provide a safe and immersive way for people to experience the pain that is otherwise
unavailable unless they unfortunately run into a real accident. Such simulated experience might help people
better associate pain with potentially hazard sources, increase their safety awareness, and help them better avoid
accidentally getting hurt in the future [27, 39, 75]. Furthermore, coupled with visual and audio feedback, such
brief simulated pain sensation can also be helpful to improve VR users’ immersive experiences.

Motivated by the potentials of simulated pain in safety education and VR applications, we present Douleur,
a novel wearable haptic device that creates brief and adjustable pain sensations on the skin without causing
injuries. Pain is mainly associated with the activation of receptors in the primary afferent fibers, such as C-fiber
and Af-fiber [78]. These receptors are specialized peripheral sensory neurons known as nociceptors, which alert
us to potentially hazardous stimuli on the skin. The burning pain sensation involves of the activation of such
receptors in the skin, yet often comes with irreversible damage to skin tissues. For instance, burning sensation
is typically caused due to scalding, burning by boiling oil or even burning by flames. There exist physical and
electrical stimuli that create pain sensations [16], but they are much different from the burning pain as pain
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sensations created by these physical and electrical stimuli are unsustainable. Once the power supply is cut o , the
e ect of such stimuli is stopped correspondingly. Besides, due to the limitation of the actuator size, the e ective
area is usually small and hard to scale. More importantly, the burning sensation is not able to be formed by
physical or electrical stimuli due to di erent acting mechanisms. Instead, capsaicin is an ideal chemical stimulant
for creating burning pain while causing no injury to the skin. It is commonly seen as an active component of
chili peppers, and is irritant to humans when it contacts the skin or mucosa.

Informed by physiological principles of pain sensation and the prior knowledge on capsaicin usage, we leverage
capsaicin stimulant in the design of Douleur. Speci cally, Douleur comprises a badge-like micro uidic platform
that precisely emits capsaicin onto the skin, and embeds Peltier to apply the heating or cooling stimulus to the
a ected area which plays a key role in adjusting di erent levels of pain on the skin. The device also includes
a microneedling component to help the stimulant penetrate the epidermis layer to activate nociceptors safely
and e ciently. To remove the e ect, heavy cream, oleic acid and camphor can be used as analgé%ié§[99.
Douleur is the rst wearable device that integrates both a chemical stimulant and a temperate unit to render
adjustable pain sensation and has the following unique properties unavailable in conventional electromechanical
devices: i) the pain sensation can last for a long time without further stimulation or intervention; ii) it can adjust
the pain intensity in an e cient way via thermal regulation; iii) it can generate pain sensation on a relatively
large skin area due to liquid spreading.

We rst conducted a user study with 12 participants to understand how capsaicin concentration, temperature,
and time a ect their perceived pain sensations when wearing Douleur. Results showed that Douleur delivered
pain sensations on users' wrist immediately under speci c conditions, e.g., with relatively high temperature
or high capsaicin concentration. Pain intensity level increased signi cantly in the rst 200-second window,
followed by a stable pain intensity level, which lasted at least 6.5 mins on average without further stimulation
or intervention. The higher the temperature and the capsaicin concentration level, the higher the induced pain
intensity. What's more, the two most common types of pain perceived by the participants were shooting and
hot-burning sensations. Interestingly, it was found that as capsaicin concentration and temperature increased,
the percentage of hot-burning feeling increased while the percentage of shooting feeling decreased.

Informed by the results, we conducted the second user study. We asked another group of ve participants to
experience three VR scenarios that simulatdte dog-biting, the corrosive liquid and the spilled hot co eg as
shown in Figure 1with andwithout pain sensation induced by Douleur. Results showed that Douleur played a
positive role in safety alert by signi cantly increasing participants' immersive experiences with the induced pain
sensation. Furthermore, our study revealed interesting directions for enhancing pain sensation for VR users.

In sum, we make the following contributions in this work: i) Douleur, a novel micro uidics and peltier module
based wearable prototype that precisely controls the chemical and thermal stimuli to generate pain sensation; ii)
An understanding of the e ects of capsaicin concentration, temperature, and time on the intensity and the type
of pain sensation induced by Douleur; iii) An initial exploration of Douleur's potentials in enhancing immersive
VR experience by inducing brief pain sensation.

2 RELATED WORK

Creating haptic sensations is of special interest in recent years. Many examples exist that render haptic sensations
including, but not limited to force, vibration, shape, weight, position, texture, wetness, and temperature [22, 24,
26,51, 67, 89. Here we review the work on studying abnormal sensations, wearable haptic device design, and
induction of pain in gaming and virtual experiences.

Proc. ACM Interact. Mob. Wearable Ubiguitous Technol., Vol. 5, No. 2, Article 66. Publication date: June 2021.



66:4 ~ Jiang and Chen, et al.

2.1 Haptic Rendering of Abnormal Sensation

Sensations like burning, wetness, itching, electric shock, and needles are usually abnormal and unpleasant.
They are usually caused by lesions of the nervous system, peripheral or central, spontaneous or evoked. Haptic
rendering of such abnormal sensations is gaining attention in the interaction design domain. Peiris éflal. [
integrated ve thermal feedback modules on a HMD to provide hot or cold feedback directly onto users' face.
Later they looked into thermal feedback as a haptic feedback modality around users' wfikstNliijima et al. [63
designed a haptic display with three tiny Peltier devices to provide di erent thermal feedback depending on the
sensitivity of di erent body parts. Besides, Giinther et aj designed a thermal display that provides warm

and cold on-body feedback in VR through owing liquids with di erent temperatures, and investigated the
interdependency of visual and thermal perception in VR. Blaga et@lapalyzed the e ect of thermal visual

cues on users' grasping actions without inducing actual thermal stimulus. Xu et%#.reported a non-contact

cold thermal display using a vortex tube to generate ultra-low air temperature.

Lee et al. 15 explored a non-contact wearable tactile display using air ow, and compared it with a vibrotactile
display in information transformer performance. Shim et af9g combined wind and vibration to make a
multimodal tactile display that created "colored" tactile sensations on wrists. Lopes et al. [53] presented a small
impact device to render haptic sensation of hitting and being hit, using a solenoid and electrical muscle stimulation.
Spelmezan et al8[ stimulated ngertips with touchable electric arcs to provide users in-air tactile feedback.
Han et al. B3 studied how temperature, pressure and friction stimulus resulted in the perception of wetness.
Besides the cutaneous sensations, researchers also looked into other sensory channels to create, for instance,
scent stimulus via a near nose olfactory interfac®]. Recently, Brooks et al.7/] demonstrated emitting certain
scents to create temperature illusion via stimulating the trigeminal nerve. This work is similar to ours in the way
that both consider using chemical stimulants. Di erently, Douleur emits the chemicals with micro uidic channels
and microneedling, and with adjustable temperature, it is able to adjust the intensity level of pain sensation.

2.2 Wearable Haptic Device Design

Wearable haptic devices have been well studied and shown to be e ective in providing localized tactile sensations
on body M]. There is a recent trend in device design towards being compact, lightweight, and exible. Many
works are designed on ngertips as their contact with virtual objects is usually involved in hand operations.
Examples include AeroFingeR(], HydroRing [31], and SPA-Skin§2, which provided miniature end e ectors
and actuated the devices with liquid or air ow. Tactto®{] demonstrated the feasibility of using thin-layered
tactors to build ultra-thin tactile interfaces on ngertips. HapBeadZ was made thin and exible, leveraging a
micro uidic channel and oscillating a bead to provide tunable vibration sensations on ngertip.

There are lots of work on designing haptic devices worn on hand or held within hand. Dexa&btfacks the
user's motion and provides force feedback. Combined with 3D graphics rendered environment, user can enjoy
a realistic sensation of grasping an object in virtual reality. Hinchet et 8H [applied braking force resulted
from modulating the electrostatic attraction between exible elastic metal strips to rapidly render on-demand
kinesthetic feedback. Choi et all]] achieved similar functionalities via Leveraging low-power brake-based
locking sliders. Tsai et algg presented a device to provide continuously changing resistive force and instantly
occurring impact upon the user's hand using elastic band. A more comprehensive review examining existing
force feedback gloves and exoskeletons can be seen from Wang éflalHandheld haptic devices are getting
popular and have been thoroughly researched, e.g., to simulate the sensation of weight, grasp, touch, contact,
texture and compliance [10, 12, 46, 52, 85, 93].

Besides, researchers also paid attention to applying haptics on users' wrist. This was very much motivated
by the need of enriching haptic feedback for smartwatches or smartbands. Lee éfpévaluated wrist-worn
wearable vibrotactile displays that provided easy to perceive alerts for on-the-go users. Liao gfjalegigned a
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system of spatiotemporal vibration patterns for delivering alphanumeric characters on the back of a watch-like
device. Gupta et al.Jq investigated a device that generated squeezing sensations on wrist using shape memory
alloys. Zhu et al. 10Q provided fabric-based sleeves to render compression, skin stretch, and vibration by
controlling pneumatic pressure inside. Pece et 8F[developed a exible haptic interface based on latching
electromagnetic actuators integrated in exible straps. Douleur is a wrist worn device serving for enriching
haptic experiences in VR applications such as safety education. Similar to the previous work, Douleur also takes a
compact-sized structure and embeds micro uidic channels in a exible platform for i) emitting precisely a small
drop of the capsaicin solution to the skin, ii) be comfortable and lightweight to wear or attach onto the body.
With the use of small size Peltier, temperature change can be precisely controlled.

2.3 Inducing Pain Sensations

Inducing the sensation of pain is non-trivial for safety and ethical reasons. However, it was shown that pain helps
improving emphatic experiences in VR, such as being hit or punched. Lopes éthtdmbined mechanical
actuators and EMS to create an immersive experience for users to perceive the sensation of being hit. Similar
technical approach was used on a user's face/eyes to manipulate her eyelids (e.g., to close her eyes), and it
managed to induce fear or pain with visual and such arti cial blink re ex§. Although it was shown that
electrical stimulation can elicit strong tactile/pain sensations without damaging the skin, it is inferior in terms of
naturalness $7]. Other methods to induce pain in VR were described as using thermal stimulus. For instance,
Niijima et al. [63 reported that a user could perceive heat and pain when touching Peltier devices using a
sensitive part such as lips or forearm. Other than VR, instrument inducing pain feedback was designed as a
game component, such as in PainStati@¥| where possible feedback e ects include heat impulses, an electric
shock and an integrated miniature wire whip. Di erent from these, Douleur explores the feasibility and e ects of
leveraging chemical stimulant - capsaicin to create pain sensations on skin without causing injuries. Capsaicin
was used in Brooks et al7], but their purpose was to create hot temperature illusion by emitting chemical
stimulants to the air close to the user's nose. Sabien et@ ] {ised high-concentration topical capsaicin to study
whether the changes in thermal sensitivity induced by the capsaicin can be explained entirely by desensitization
of capsaicin-sensitive a erents. They did not study the e ects of di erent concentration levels and temperatures
on induced pain. Donald et al8[] studied the e ects of di erent capsaicin solution concentrations, from 0.0001%

to 1%, on the pain intensity and found that the area and duration of mechanical hyperalgesia and the area of are
increased with the dose of capsaicin. However, they ignored the e ects caused by temperatures and time.

3 DOULEUR PROTOTYPE
3.1 Theory of Operation

The forming of pain sensation is associated with the activation of nocicept@&37], such as A - ber and
C- ber. The brain requires the perception of a series of sensory events to detect pain and produce a response
towards the threat 1]. Fundamentally, the basic pain mechanism undergoes three events including transduction,
transmission and modulation when there is a presence of noxious stimuli [97].

Pain is widely considered as both distressing sensation and emotional experience. Pain is mainly associated
with the activation of the receptors in the primary a erent bers, such as C- ber and Aber. These receptors
are specialized peripheral sensory neurons known as nociceptors, which alert us to potential damaging stimuli at
the skin, such as extreme temperature, pressure, and injury chemicals. These stimuli, transduced by nociceptors
into long-ranging electrical signals, are relayed to higher brain centers, which causes pain sensbf@&7,[97.
Contrasted to the sensitivity of visual, auditory, olfactory, taste, and somatosensory organs to their stimuli, the
sensation of nociceptors is often sensitive to the stimuli that exceed a threshold range. For each nociceptor there
is a threshold range of activation, beyond which the nociceptor can be activated. In order to form pain sensations,
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nociceptors must be activated by noxious chemical stimuli or extreme temperature above or below the threshold
range to induce abnormal and unpleasant sensatidh[TRPV1, as one of the transient receptor potential cation
channels (TRP channels) that expressed on C- ber, can be activated by capsaicin and temperature higher than
43 to form pain sensation. Besides, TRPV (2-4) and TRPM3 can also be activated by di erent chemicals and
temperature p(, TPRV2 is activated by Cannabidiol and temperature higher than 5Z7RPV3 and TRPV4 are
activated when temperature is higher than 33-3%nd 27-34 separately, TRPM3 is activated by the agonist

such as CIM-0216 and temperature higher than 3056, which also form pain sensation. The activation of

these channels causes the release of calcitonin gene-related peptide (CGRP) from the primary sensory nerves,
which in turn results in the elevation of intracellulai0 2, levels [60].

In particular, capsaicin lowers the temperature threshold of TRPV1 activation, so that it is activated at room
temperature, which forms pain sensation that is of same intensity level at much higher temperature without
damaging skin structurel3. Though seems di erent, the mechanism of pain sensation induced by accidents
such as being burned by boiling water or hot oil, erosion by corrosive chemicals, burned by scalding is similar,
only through the application of capsaicin and less extreme temperature. Therefore, safety education can be
conducted via combining VR scenarios and pain feedback created by Douleur, which therefore requires a highly
precise prototype for pain feedback creation.

Fig. 2. Microneedling: (a) Transdermal of microneeedling; (b) Real size of microneedling.

3.2 Capsaicin & Microneedling

Utilizing chemical stimulants for haptic rendering is a novel concept that little knowledge can be referred to about
selection of the stimulant. We considered several candidates including Histamine, Acetylcholine, strong base and
strong acid which are o the shelf. Capsaicin was chosen for its accessibility and thorough research of toxicity
[36 86. Compared to other stimulants, capsaicin, which extracted from pepper, is more acceptable mentally by
users as human has a much longer contact history with it. Histamine is not chosen in this project so as to prevent
allergy and immune system disorders, which also forms itch sensation that may interfere the sensation of pain
[99. Compared to strong acids, capsaicin is less harmful for not damaging skin structure. Acetylcholine is highly
hazard, which is even applied in chemical weapons, that is not suitable to be utilized in this project. Strong Base
is also corrosive compared to capsaicin. Besides, capsaicin selectively activate trigeminal nerve, especially TRPV1,
which is highly e ective in rendering pain sensatiorn?[d. The preparation procedure of capsaicin solution is
as follows: Capsaicin powder was weighed at rst and then put in a ask. Next, the solvent (deionized water:
ethanol = 1:1) was weighed and added into the ask. Then, the solution was strongly stirred by a glass rod, which
accelerated the dissolution of the capsaicin powder. Finally, after vacuum ltration, the capsaicin solution was
kept in the reagent bottle for utilization.

As studied [L7, 73 76, the time required for capsaicin solution to take e ect under normal circumstances is
fairly long, owing to the fact that the absorption of capsaicin by skin is slow. To solve the problem, we took the
approach of microneedling, which is typically a dermaroller procedure that uses small needles to prick the skin
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at only surface-level deefb[ 41, 54, 72. It creates microscopic punctures in the skin and thus can accelerate the
absorption to o erimmediate results under speci ¢ conditions, e.qg., relatively high temperature or high capsaicin
concentration. Traditional transdermal drug delivery method includes topical cream and hypodermic needle. The
former only delivered 10-20% of total drug loaded due to the requirement of passing the stratum corneum barrier,
which also needs relatively longer time. The latter goes deep into the dermis where pain receptors are present,
which decreases the in uence of capsaicin. Microneedling, however, bypasses the stratum corneum barrier and
delivers the drug directly into the epidermis or upper dermis layer, which avoid the stimuli of pain receptors and
remains high drug delivery e ciency. We integrated a commercially certi ed microneedling array as shown in
Figure 2 with a side of 4.9 mm and thickness of 0.40 mm which comprises micro- ne needles in diameter of 0.10
mm and height of 0.12 mm The nal microneedling component used in our experiment was obtained after
removing the plastic shell.

Fig. 3. Flare on skin induced by microneedling-assisted application of capsaicin: (a) Without using microneedling; (b) With
using microneedling.

3.3 Toxicity & Side E ect

Capsaicin injection was conducted in the area of medicine and biology in several previous research. Due to
transdermal injection of chemical stimuli, the toxicity and side e ect should be thoroughly studied. Fortunately,

it was extensively investigated by researchers in previous study related to capsaicin. In Sabien et al's study
[90, participants showed are response immediately after capsaicin patch remove. They described the sensation
induced by topical capsaicin as warm, pricking, burning, itching, and unpleasant. For the study of James

et al. [5§, the injection of 10 257; of 10 mg/ml capsaicin solution leads to spontaneous pain intensity and zones
of hyperalgesia and allodynia, which takes 15 min to disappear. As shown in Figure 3, it can be seen that without
using microneedling, capsaicin solution vaporized, causing little e ect to the skin. With the use of microneedling,
capsaicin solution penetrated into the skin, with the appearance of side e ect as are on the skin.

1Dr. Pen Replacement Cartridges Disposable Needles, Square Nano, https://drpen.com.au/collections/cartridges
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For long history, capsaicin with concentration of 1% and higher, such as 8% capsaicin cream, was used for
analgesia. Toxicity of capsaicin is highly dose-dependent, the LD50 in humans has been estimated at 0.50-5.00
o/kg. LD50 is a lethal dose that causes death in 50% of treated human or animal, which commonly regarded as a
measure of acute toxicity. Chemicals are considered highly toxic when LD50 is small and practically non-toxic
when the value is large. Neither the U.S. EPA nor the International Agency for Research on Cancer (IARC) has
published a cancer rating for capsaicin. Besides, No human data was found on the teratogenic or reproductive
e ects of capsaicin [49].

3.4 Form Factor

Douleur comprises a plate structure (Figure 4), measured 25.6 mm in radius and 18.40 mm in thickness, that
embeds the microchannels for dose emitter and water ow based temperature change, respectively. In the middle
of the plate anchors the microneedling component, which is only 0.10 mm in height and 0.4 mm in side length.
The device is lightweight (measured 42.8 g) and with a exible layer that contacts skin, measured 2.60 mm in
thickness, and can be worn tightly on a user's body. The main RF-Nano control board wirelessly transmits data
using RF 2.4 GHz. In our case, we demonstrate and evaluate Douleur on a user's wrist.

Fig. 4. Design of Douleur: 1 - Fan; 2 - Microneedling ; 3 - Microfluidic Channel ; 4 - Micropump ; 5 - Reservoir ; 6 - Heat Sink ;
7 - Peltier ; 8 - Temperature Sensor ; 9 - Chemical Delivery Layer ; 10 - Wristband.

3.5 Microfluidic Channel

As shown in Figure 5, micro uidic channel was fabricated by PDMS, after curing for 2 hours at 6Bhe relatively
soft interface makes Douleur more comfortable to wear. The design of the micro uidic channel, especially these
four symmetrically placed exits, are used to ensure the uniform distribution of capsaicin solution after its emission.

3.6 Driving Unit

The Douleur prototype was driven by a dedicated micro uidic pumping unit connected with a reservoir of 3.50
ml of capsaicin solution. When the reservoir is full, 50 pain events can be generated, as shown in Figure 4 as 4
and 5 (i.e., Kamoér KMPP-D3.7). Controlled by the main microcontroller (RF-Nano), the micro uidic pumping

2http://www.kamoer.com/product/product538.html/
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