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Abstract. There are fundamental differences between the tactile and thermal sen-
sory systems that must be accommodated when designing multisensory cutaneous
displays for use in virtual or teleoperated robotic environments. In this review we
highlight the marked temporal and spatial differences between the senses of cold
and warmth as revealed in psychophysical experiments. Cold and warmth are dis-
tinct senses with marked differences in the time taken to respond to stimulation and
in their temporal filtering processes. Such variations must be taken into account
when time-varying profiles of thermal stimulation are delivered to the skin con-
current with tactile stimulation since the resulting sensations will not be perceived
on the same time scale. Although it is often reported that the thermal senses are
markedly inferior to the sense of touch with respect to their spatial acuity, it is also
clear that there is considerable variability across the body in the accuracy with
which thermal stimuli can be localized. The distal to proximal gradient in thermal
acuity suggests that locations other than the palmar surface of the hand are better
suited for displaying thermal cues, in contrast to the situation for tactile inputs.
As was noted for temporal processes, there are differences between localizing
warmth and cold stimuli, with localization being superior for cold. These proper-
ties provide benchmarks that can be used in designing thermal and multisensory
displays.
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1 Introduction

Multisensory displays that present visual and auditory cues to users have been exten-
sively investigated. There is also a substantial body of research that has evaluated how
the tactile sense interacts with visual and auditory processes and the conditions under
which it provides added benefit to such interactions [1]. The latter research has high-
lighted the contribution of tactile inputs as part of multisensory interfaces where they
complement the information provided by other sensory channels. One function that can
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be supported by adding tactile cues to an interface is an increased bandwidth of informa-
tion transfer in complex data-rich environments, where the visual and auditory channels
have traditionally been heavily relied upon. In these applications, the sense of touch is
being used to offload the visual and auditory modalities and to present information that
would otherwise be delayed or not available at all.

Displays that optimize the information conveyed by stimulating the skin are of
widespread interest due to the pervasiveness of mobile devices and wearable technolo-
gies, both of which rely excessively on vision for communication [2-4]. By combining
vibration, pressure, and skin stretch in a single display the information provided to the
user can be augmented and particular cues can be associated with specific types of
tactile inputs. Although there are numerous studies of the visual and auditory senses
that indicate that with increased dimensionality of a display there is an increase in
the amount of information that can be received by the user [5], much less is known
about multi-dimensional tactile displays. What has been studied has typically focused
on static displays and information transfer rather than dynamic displays and the rate of
information transfer.

Changes in skin temperature provide an additional signal that can be combined with
tactile cues to create a multisensory cutaneous display. Early research on thermal displays
focused on simulating the thermal cues associated with holding an object to determine if
these cues could be used to assist in identifying its material composition [6, 7]. Results
from this research demonstrated that users were able to identify the material composition
of a variety of objects based on the output from these model-based thermal displays.
User performance was determined to be comparable to that achieved with real materials
[8, 9]. More recently, thermal displays have been evaluated in the context of enhancing
user interactions with objects presented on digital media or in virtual environments,
for example by changing skin temperature to convey emotional content [10, 11], to
present scalar information that is mapped onto temperature [ 12] or to improve situational
awareness in driving scenarios [13, 14]. These displays have also been used to create
thermal icons [15] by analogy to tactile icons or tactons in the tactile domain. Thermal
icons have been designed by varying the direction (warming or cooling), amplitude,
spatial extent and duration of thermal stimulation. The contexts in which thermal icons
have been evaluated include enhancing affective communication in human computer
interactions [16], assisting in navigation by giving proximity cues [17], and providing
prompts regarding the source and importance of incoming text messages on mobile
devices [18]. The parameters of the thermal icons created for these experiments were
based on data from pilot studies rather than being derived from models of the changes
in skin temperature and resulting sensations associated with different thermal inputs.

To address this shortcoming, Singhal and Jones [19] used linear system identification
techniques to develop a dynamic model of the changes in skin temperature as a function
of thermal input signals. The model could predict changes in skin temperature from
unrelated experiments involving thermal icons. Further work by Ho et al. [20] using linear
systems theory modelled the temporal profile of the resulting sensation as a function of
the waveform of the thermal input. This model predicted the response delay and the
distortion in the temporal profile of the resulting sensation when perceiving dynamic
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thermal inputs. These two models provide the foundation for a model-based approach
to creating thermal icons.

The combination of tactile and thermal inputs in multi-sensory cutaneous displays
has the potential to increase the sense of realism and immersion in virtual and augmented
reality environments and enhance the bandwidth available for skin-based communication
[10, 21, 22]. For multisensory feedback to be effectively implemented it is important to
understand the fundamental properties of the tactile and thermal sensory systems, and
in particular how their temporal and spatial features differ. In this paper we provide an
overview of thermal perceptual processes from the perspective of designing cutaneous
displays that enhance object recognition or information transmission; the particular focus
is on temporal and spatial processing. The findings presented are from research studies
conducted over a number of years in which we have sought to characterize tactile and
thermal perception as it relates to the design of thermo-haptic devices.

2 Temporal Processes

One of the challenges associated with presenting tactile and thermal cues concurrently
is the profound difference between the senses in the time taken to process information.
Reaction times for tactile stimuli are much faster than those for thermal stimuli which
means that concurrent thermo-tactile stimulation will not necessarily be perceived as
simultaneous. In addition, decreases in skin temperature signaled by cold thermorecep-
tors are responded to more rapidly than increases in skin temperature sensed by warm
thermoreceptors. These variations in response times primarily reflect the conduction
velocities of the peripheral afferent fibers with the AP fibers associated with tactile
mechanoreceptors having conduction velocities of 35-75 m/s as compared to the con-
duction velocity of 5-15 m/s of the A3 fibers from cold thermoreceptors and the 1-2 m/s
of C fibers that innervate warm thermoreceptors [23, 24]. A further temporal factor to
consider is the time course of the response of the skin to thermal stimulation. As illus-
trated in Fig. 1 below, when the skin is in contact with a Peltier-based thermal display
there is a delay in its response to warming and cooling, and the gain is less than one due
to its lower bandwidth [25].
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Fig. 1. Temperatures measured using thermistors mounted on a Peltier module (blue) and at two
locations on the skin, one in contact with the thermal display (green) and one not in contact with
the display (red). Redrawn and adapted from [25]. (Color figure online)
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An additional consideration in thermal temporal processing is that humans perceive
temporal information regarding warming and cooling differently due to the distinct
temporal filtering properties of the senses of warmth and cold [20]. As demonstrated in
Fig. 2A, the temporal impulse response function of the sense of cold has a shorter system
delay and a larger transience factor than that of the sense of warmth. In other words,
the sense of cold responds to a stimulus quicker, and the resulting sensation declines
in a shorter time than the sense of warmth. This difference in the temporal filtering
properties directly modulates the resulting sensations for dynamic warming and cooling
stimulation. For example, the senses of warmth and cold have distinct sensations resulting
from a full-cycle sinusoid stimulation (Fig. 2B) and a half-cycle sinusoid stimulation
(Fig. 2C). The peak responses, that is the coolest or the warmest sensations, are delayed
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Fig. 2. Differences in temporal filtering properties of the senses of warmth and cold. The dif-
ference is demonstrated in the impulse responses of the warm and cold systems and the output
responses to the full-cycle and half-cycle sinusoid stimulations. The vertical solid (dashed) lines
represent the timing of the physical (perceptual) warm peak, and physical (perceptual) cold peak.
Note that the gain is arbitrarily set to 1 in both systems, so the absolute values of the amplitude
in the impulse responses and output responses are not informative, and the units are omitted.
Attention should be paid to the relative change in amplitude across time. Redrawn and adapted
from [20].
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for the warming stimulation but advanced for the cooling stimulation. It is crucial to
consider these differences in the temporal filtering properties of the senses of warmth
and cold, especially when presenting tactile feedback with dynamic warming/cooling
stimulation concurrently.

3 Spatial Processes

3.1 Pattern Recognition

With respect to the spatial properties of the thermal senses, the vast landscape of skin
provides an extensive area for communication. As with the sense of touch, there are
substantial variations in thermal sensitivity across the body with the cheeks and the
lips being the most sensitive and the extremities, particularly the feet being relatively
insensitive [26]. Even within the hand itself there is a five-fold variation in warm and
cold sensitivity, with warm thresholds being twice the size of cold thresholds measured
at the same site [26]. In contrast to tactile sensitivity which shows a proximal to distal
increase in spatial acuity (palm to fingertips), the opposite occurs for thermal sensing with
sensitivity increasing in the distal to proximal direction for both glabrous and hairy skin
[27, 28]. In addition, hairy skin on the dorsal surface of the hand is more thermosensitive
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Fig. 3. Upper: Representative thermal patterns that varied in terms of the direction of temperature
change (warming and cooling) and waveform. Lower: Percent correct score identifying the four

thermal patterns at three sites on the arm. The group (N = 10) mean (standard deviation) responses
are shown.
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than glabrous skin, when evaluated in terms of warm and cold thresholds [29] or ratings
of the magnitude of supra-threshold stimuli [30]. These variations in thermal sensitivity
are also reflected in differences in the ability to identify thermal patterns.

In a series of studies, we compared the accuracy with which participants could
identify thermal patterns that varied with respect to the magnitude and rate of change
in temperature. Three sites were tested: the fingertips, the thenar eminence at the base
of the thumb and the wrist. Participants identified the stimulus using a visual template
of the thermal waveforms [19]. The objective of this work was to determine whether
specific sites on the hand and arm would be optimal for mounting a thermal display due to
their enhanced capacity to process thermal cues. As illustrated for a set of representative
thermal stimuli shown in Fig. 3, patterns displayed on the thenar eminence or wrist were
identified more consistently (92% and 91% correct respectively) than those displayed
on the fingertips (82% correct) (Friedman’s test, p < 0.01).

These findings indicate that variations in thermal sensitivity at different locations
on the hand occur for all types of suprathreshold stimuli. In addition, there is consistent
evidence across a broad range of studies of a distal to proximal progression in thermal
acuity and overall perceptual performance. In the context of a multisensory cutaneous
displays, it may be more efficacious to distribute tactile and thermal feedback across the
hand and arm rather than co-locating them, for example by displaying tactile cues on
the fingertips and thermal information more proximally on the wrist or forearm.

3.2 Localization

The ability to localize a stimulus in space is a fundamental feature of all sensory modal-
ities and is particularly important when information from the external environment is
mapped onto the body. Numerous studies have demonstrated that spatial information
maps well on to the skin, particularly the torso and forearm, making the tactile sense
the preferred medium for displays conveying cues related to orientation and navigation
[31]. In contrast, the thermal senses are markedly inferior at localizing the site of thermal
stimulation and at differentiating two thermal stimuli placed in close proximity. This is
not surprising in that as homeothermic mammals, sensing the overall thermal state of
the body is essential to regulating body temperature and so spatial summation across the
skin surface is a critical feature for maintaining core temperature. It has been reported
that low intensity warm stimuli presented 150 mm apart on the forearm are not perceived
as distinct [32], although localization errors for warm stimuli are much smaller on the
dorsal surface of the hand averaging 19 mm [33]. There do not appear to be any studies
that have used an identical protocol to examine localization accuracy for warm and cold
stimuli at the same location.

A direct comparison of the precision with which the location of cold and warm
stimuli is perceived would provide insight into the underlying perceptual processes for
the thermal senses and give a benchmark for determining the optimal density of thermal
actuators in an array based on localization acuity. In a series of experiments, we have
examined localization accuracy for warm and cold stimuli presented along the forearm
using the setup depicted in Fig. 4. The display comprised three Peltier modules (22 mm
long and 19 mm wide, and 3.8 mm thick) with a center-to-center distance of 75 mm
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between the modules. The contact area of each module was 418 mm?. Ten participants
(24-36 years) took part in each of the experiments.
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Fig. 4. Schematic diagram of the thermal display and its location on the forearm with three Peltier

modules (P1-P3) mounted on heat sink and thermistors measuring the temperatures (T) of the
modules and at two locations on the forearm (red dots in the lower diagram). (Color figure online)

Four thermal pulses 2 s in duration that either cooled (8 °C decrease) or warmed (6 °C
increase) the skin were presented on the forearm. The rate of temperature change was
3 °C/s with an inter-stimulus interval of 4 s. The warm stimuli had a smaller absolute
magnitude than the cold stimuli to ensure that they did not elicit pain. The first two
stimuli were always delivered at the same location and the position of the other two
pulses varied. The focus of the results presented here is on the perceived position of
the first two stimuli that were delivered either near the elbow (P1) or the wrist (P3)
as illustrated in Fig. 4. Participants were not informed about the specific locations of
the stimuli and used a cursor to indicate the positions of the two stimuli on a visual
representation of the forearm presented on a GUI on a computer screen. In order to
avoid any adaptation, the arm in contact with the thermal display changed after every
two trials. Each stimulus set was presented five times giving a total of 20 stimuli for
each condition. The cold and warm stimuli were presented on different days.

The perceived location of the two stimuli were digitized using the Image Processing
Toolbox in MATLAB (Mathworks, Inc.) with the distance being measured from the wrist
as shown in Fig. 4. A format originally devised by Goldreich [34] and employed in stud-
ies of thermal illusions [35] was used to conceptualize the actual and perceived locations
of the thermal stimuli on the forearm. These results are shown in Fig. 5. As evident in
Fig. 5 for both cold and warm stimuli, localization was more accurate for pulses delivered
around the elbow as compared to the wrist (F(1, 18) = 18.48, p < 0.001). This may be due
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to the importance of anatomical landmarks such as the elbow or the spine in facilitating
spatial localization as has been reported for the tactile modality [36].
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Fig. 5. Schematic depiction of the position of the physical stimuli on the graph and the group mean
perceived position of those stimuli on the forearm. The dashed lines indicate the actual location of
the Peltier modules on the arm.

A comparison of localization accuracy for cold and warmth reveals superior local-
ization for the first cold stimulus as compared to the equivalent warm stimulus, although
even for cold stimuli localization errors are still in the order of 10 mm. This result is
consistent with those from other studies which have also reported better localization for
cool than for warm stimuli [37]. These findings have been interpreted as indicating that
the cold sensory system provides better somatotopic information than the warm sen-
sory system. It is interesting to note, however, that the perceived location of the second
stimulus delivered at the same location as the first changes much more when the skin is
cooled as compared to warmed as shown by the greater spatial separation of the pulses
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in the upper plots in the figure as compared to the lower ones. The group mean change
in perceived position between the first and second stimulus was 45 mm for cold stimuli
as compared to 6 mm for warm stimuli. This difference may reflect the time course of
the return to baseline skin temperature (i.e., the temperature of the skin prior to stimulus
delivery) and/or the effect of the subsequent stimulus (pulse C) on thermal spatial pro-
cessing, with cold localization being more labile. It is also possible that this divergence
between warm and cold stimuli is due to the difference in their transience factors noted
earlier (Fig. 2) with the sense of cold declining more rapidly than the sense of warmth.
The design of the display ensured that participants could not use tactile cues to identify
the location of the Peltier modules and so these localization differences reflect thermal
and not tactile spatial processing.

The ability to localize a point of stimulation provides one metric that can be used to
specify the configuration of a thermal display. For example, if users cannot distinguish
between two sites of stimulation on the skin, then there is little added benefit associated
with having a large number of thermal modules in a display, particularly if independent
inputs are to be processed. A further caveat to consider in multi-element thermal displays
is that for the thermal senses changing the area of stimulation affects the perceived
intensity of the stimulus rather than its perceived spatial extent. What this means, is
that a larger stimulus in terms of area is perceptually a more intense stimulus, a unique
feature of the thermal modality. There is the potential, therefore, that when large areas
of skin are heated or cooled the stimuli may no longer be innocuous but be perceived as
painful.

4 Conclusions

As detailed in this paper, there are unique features of the thermal senses in terms of
their temporal and spatial properties that need to be considered when designing thermo-
tactile displays. In addition, due to differences between the senses of cold and warmth,
various aspects of stimulus presentation such as the duration and time-varying profile of
stimulation must be optimized for each sense. There is a considerable body of evidence
indicating that sites beyond the hand are more effective at detecting and processing
thermal cues. These locations should be considered for presenting thermal information
and when coupled with tactile cues in a wearable device do not need to be co-located.
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